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Abstract 
Though many enzymes can promote chemical reactions by tuning substrate properties 
purely through the electrostatic environment of a docking cavity, this strategy has proven 
challenging to mimic in synthetic host-guest systems.  Here we report a highly-charged, 
water soluble, metal-ligand assembly with a hydrophobic interior cavity that 
thermodynamically stabilizes protonated substrates and consequently catalyzes the 
normally acidic hydrolysis of orthoformates in basic solution, with rate accelerations of 
up to 890-fold.  The catalysis reaction obeys Michaelis-Menten kinetics, exhibits 
competitive inhibition, and the substrate scope displays size selectivity consistent with 
the constrained binding environment of the molecular host.     
 

Synthetic chemists have long endeavored to design host molecules capable of 
selectively binding slow-reacting substrates and catalyzing their chemical reactions.  
While synthetic catalysts are often site-specific and require certain properties of the 
substrate to insure catalysis, enzymes are often able to modify basic properties of the 
bound substrate such as pKa in order to enhance reactivity.  Two common motifs used by 
nature to activate otherwise unreactive compounds are the precise arrangement of 
hydrogen-bonding networks and electrostatic interactions between the substrate and 
adjacent residues of the protein.(1)  Precise arrangement of hydrogen bonding networks 
near the active sites of proteins can lead to well-tuned pKa-matching,(2) and can result in 
pKa shifts of up to eight units, as shown in bacteriorhodopsin.(3)  Similarly, purely 
electrostatic interactions can greatly favor charged states and have been responsible for 
pKa shifts of up to five units for acetoacetate decarboxylase.(4)  Attempts have been 
made to isolate the contributions of electrostatic versus covalent interactions to such pKa 
shifts; however this remains a difficult challenge experimentally.  This challenge 
emphasizes the importance of synthesizing host molecules that, like enzyme cavities,  can 
enhance binding of small molecular guests and, in a few cases, catalyze chemical 
reactions.(5-7)   

 
Supramolecular assemblies with available functional groups have been used to 

generate solution-state pKa shifts of up to two pKa units (8-11) and to catalyze chemical 
reactions.(12, 13)  Synthetic hosts often rely on hydrogen-bonding or ion-dipole 
interactions for guest inclusion, and numerous studies have investigated the effects of 
charge on guest binding affinities in supramolecular host-guest systems.(14, 15)    We 
report here a synthetic supramolecular host assembly that relies exclusively on 
electrostatic and hydrophobic interactions for thermodynamic stabilization of protonated 
substrates.  As nature has exploited pKa shifts to activate otherwise unreactive substrates 
toward catalysis, this stabilization is exploited to promote acid-catalyzed hydrolyses in 
strongly basic solution.   
  
 During the past decade, the Raymond group has reported the formation and guest-
hosting properties of supramolecular assemblies of the stoichiometry M4L6 (M = GaIII 
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(1), AlIII, InIII, FeIII, TiIV, or GeIV, L = N,N’-bis(2,3-dihydroxybenzoyl)-1,5-
diaminonaphthalene).(16, 17)  These components self-assemble in solution to form 
tetrahedral clusters with chiral metal ions at the vertices and bridging ligands spanning 
each edge (Figure 1).  The strong mechanical coupling of the ligands transfers chirality 
from one metal vertex to the others, thereby leading exclusively to ΔΔΔΔ or ΛΛΛΛ 
configurations with respect to the vertices.  These enantiomers are stable, non-
interconverting and resolvable.(18)  The metal-ligand assembly 1 is able to encapsulate a 
wide variety of small monocationic guests in a 300 – 500 Å3 cavity protected from the 
bulk solution.  The naphthalene walls render the interior hydrophobic while the tetra-
anionic ligands in combination with the trivalent metal centers confer a 12- overall charge 
to the assembly.  As a host, 1 stoichiometrically mediates(19, 20) as well as catalyzes(5, 
21) several important organic and organometallic reactions.  In addition, it stabilizes 
reactive guests such as the tropylium cation,(22) phosphine-acetone adducts(23) and 
iminium cations(24), all of which rapidly decompose in water and are only stable under 
anhydrous or extremely acidic conditions. 
 

The binding strength of monocationic guests prompted our investigation into the 
ability of 1 to thermodynamically drive the mono-protonation of guest molecules within 
the cavity.  Neutral guests could then be either stoichiometrically or transiently 
protonated to promote acid-catalyzed reaction on encapsulation.  To test our hypothesis, 
we added a variety of amines and phosphines to solutions of 1 in D2O. Upon addition of 
N,N,N′,N′-tetramethyl-1,4-diaminobutane (2) or N,N,N′,N′-tetraethyl-1,2-diaminoethane 
(3), upfield Nuclear Magnetic Resonance (NMR) resonances characteristic of 
encapsulation were observed, corresponding to a 1:1 host-guest complex.  Similarly, 2D 
1H Nuclear Overhauser Effect Spectroscopy (NOESY) (Figure S1) clearly shows strong 
through-space correlation between the naphthalene protons of the assembly and the 
encapsulated guest.(25)   

 
In order to confirm that these weakly basic compounds were being encapsulated 

in their conjugate acid forms, an isostructural phosphine, 1,2-
bis(dimethylphosphino)methane (4) was added to 1 and probed by 31P NMR 
spectroscopy.  As with both amines, new upfield resonances corresponding to [4-H+⊂ 
1]11- (⊂ denotes encapsulation) were observed both in the 1H NMR and 31P NMR spectra.  
In D2O, the proton-decoupled phosphorus (31P{1H}) NMR spectrum showed a 1:1:1 
triplet with 1JDP = 75 Hz.  In H2O, the undecoupled 31P NMR spectrum showed a doublet 
(1JHP = 490 Hz) corresponding to a one-bond P-H coupling that definitively establishes 
binding of a proton to phosphorus.   Because similarly-substituted amines and phosphines 
exhibit analogous base strengths, by inference the encapsulated amines must be 
protonated as well, even at high pH. 

 
For the amines encapsulated in 1, the magnitude of the effective shift in basicity was 

investigated by monitoring 1:1 host guest complexes as a function of pH.    In order to 
confirm that the encapsulated amines were exchanging with the amines in free solution 
and 1 was not acting as a kinetic trap, the guest self-exchange rates of the encapsulated 
amines were measured (26) using the Selective Inversion Recovery (SIR) method (27) 
and were found to be exchanging on the NMR timescale (2: k320K = 0.24(3) s-1, 3: k320K = 
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0.13(2) s-1).(28)  We carried out the SIR experiments at five different temperatures from 
300K to 340K to extract the activation parameters (Figure S3).  The activation parameters 
for guest exchange for 2 were ΔG‡

298 = 19(2) kcal/mol, ΔH‡ = 10.8(9) kcal/mol, ΔS‡ = -
28(4) e.u. and for 3 were ΔG‡

298 = 19.9(8) kcal/mol, ΔH‡ = 16.7(6) kcal/mol, ΔS‡ = -
10.9(6) e.u.  These values are consistent with those for the self-exchange activation 
parameters of tetraalkylammonium cations encapsulated in 1, suggesting that the same 
exchange mechanism is present.(29)  Upon monitoring 1:1 host-guest solutions of [2-H+ 
⊂ 1]11- and [3-H+  ⊂ 1]11- at different pHs, the free energies of binding (–ΔG°) for the 
amines were found to be 5.2(5) kcal/mol and 4.8(4) kcal/mol, respectively.  Heating the 
host-guest complexes to 75 °C for 24 hours and returning the sample to room temperature 
did not change the ratio of encapsulated to free guest, confirming that the thermodynamic 
equilibrium had been reached.  While the pKa of 3-H+ is 10.8 in free solution, 
stabilization of the protonated form by 1, which can be calculated as the product of the 
pKa and the binding constant of the protonated amine, shifts the effective basicity to 
14.3.(30)  This dramatic shift highlights the significant stabilization of the protonated 
species over the neutral species upon encapsulation in the highly-charged cavity.(31)  

 
We next sought to apply this host-induced shift in effective basicity to promote 

reaction chemistry. We focused on the hydrolysis of orthoformates, HC(OR)3, a class of 
molecules responsible for much of the formulation of the Brønsted theory of acids almost 
a century ago.(32)  Although orthoformates are readily hydrolyzed in acidic solution, 
they are exceedingly stable in neutral or basic solution.(33)  However, we found that in 
the presence of a catalytic amount of 1 in basic solution, triethyl orthoformate is quickly 
hydrolyzed (t1/2 ~ 12 minutes, pH = 11.0, 22 °C) to the corresponding formate ester, 
HC(O)(OR), and finally to formate, HCO2

-.(34) We monitored the reaction by 1H NMR 
spectroscopy and observed that the resonances of host 1 shifted upon substrate addition, 
suggesting that 1 is intimately involved in the reaction.  The substrate C-H resonance 
broadens to v1/2 = 14.3 Hz compared to the non-encapsulated v1/2 = 3.2 Hz, which is 
suggestive of fast guest exchange.  Increasing the concentration of 1 to 80 mM makes the 
encapsulated substrate observable (Figure S3).  With a limited volume in the cavity of 1, 
substantial size selectivity was observed in the orthoformate hydrolysis with 
orthoformates smaller than tripentyl orthoformate being readily hydrolyzed with 1 mol % 
of 1 (Figure 2). 

 
To further establish that the interior cavity of 1 was catalyzing the hydrolysis, we 

explored the propensity of a strongly binding guest, NEt4
+ (–ΔG° = 6.20(8) kcal/mol), to 

inhibit substrate binding.  As expected, addition of NEt4
+ to the solution completely 

inhibited the hydrolysis of orthoformates.  In the presence of NEt4
+ the orthoformate 

methine resonances sharpen to v1/2 = 3.4 Hz confirming lack of encapsulation.   
 
We probed the reaction mechanism using triethyl orthoformate as the substrate at pH 

11.0 and 50 °C.  First-order substrate consumption was observed under stoichiometric 
conditions (Figure S4).  Working under saturation conditions (see below), kinetic studies 
revealed that the reaction is also first-order in proton concentration and first-order in the 
concentration of 1 while being 0th-order in substrate (Figure S4).  When combined, these 
mechanistic studies establish that the rate law for this catalytic hydrolysis of 
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orthoformates by host 1 obeys the overall termolecular rate law: rate = 
k[H+][Substrate][1] but under saturation conditions reduces to rate = k′[H+][1].   

 
We conclude that the neutral substrate enters 1 to form a host-guest complex, leading 

to the observed substrate saturation.  We considered the possibility that saturation is due 
to complete protonation of substrate outside of the assembly; however, it would not be 
possible to attain saturation at pH 11 as protonated orthoformates have estimated pKa’s of 
approximately -5. (30) Similarly, we considered that protonation of the interior of the 
assembly was the first step in the mechanism; however, this mechanism would require a 
binding constant of H+ in the assembly to be greater than 1010 which is not attainable.  In 
the next step of the cycle, the encapsulated substrate is protonated, presumably by 
deprotonation of water, and undergoes two successive hydrolysis steps in the cavity, 
liberating two equivalents of the corresponding alcohol.  Finally, the protonated formate 
ester is ejected from 1 and further hydrolyzed by base in solution (Figure 3).(35)  

 
The reaction mechanism in Figure 3 shows direct parallels to enzymatic pathways 

that obey Michaelis-Menten kinetics due to an initial pre-equilibrium followed by a first-
order rate-limiting step.  Lineweaver-Burk analysis (Figure S5) using the substrate 
saturation curves affords the corresponding Michaelis-Menten kinetic parameters of the 
reaction.  Representative Michaelis-Menten parameters for triethyl orthoformate (Vmax = 
1.79 x 10-5 M s-1, KM = 21.5 mM, kcat = 8.06 x 10-3 s-1) and triisopropyl orthoformate 
(Vmax = 9.22 x 10-6 M s-1, KM = 7.69 mM, kcat = 3.86 x 10-3 s-1) show substantial rate 
acceleration over the background reaction.  When compared to the background hydrolysis 
reactions under the same reaction conditions (triethyl orthoformate: kuncat = 1.44 x10-5 s-1, 
triisopropyl orthoformate: kuncat = 4.34 x 10-6 s-1), the rate accelerations (kcat/kuncat) for 
triethyl orthoformate and triisopropyl orthoformate are 560 and 890, respectively.  
Further analysis of the Michaelis-Menten kinetic parameters yielded additional 
information about the catalytic reaction.  Assuming a fast pre-equilibrium with respect to 
kcat, KM is essentially the dissociation constant of the encapsulated neutral substrate.  In 
order to compare how efficiently 1 catalyzes the hydrolysis of different substrates, the 
specificity factor (kcat/KM) can be examined.  This parameter corresponds to the second-
order proportionality constant for the rate of conversion of pre-formed enzyme-substrate 
complex, in this case [orthoformate ⊂ 1]12-, to product thus providing a measure of the 
effectiveness with which two substrates can compete for the same site.  Triethyl 
orthoformate and triisopropyl orthoformate have specificity constants of 0.37 M-1 s-1 and 
0.50 M-1 s-1, respectively, showing that triisopropyl orthoformate is more efficiently 
hydrolyzed by 1.   

 
Also characteristic of enzymes that obey Michaelis-Menten kinetics is that suitable 

inhibitors can compete with the substrate for the enzyme active site, thus leading to 
inhibition.  The binding of an inhibitor to the enzyme active site prevents the substrate 
from entering and impedes the reaction.  If the inhibitor binds reversibly to the enzyme 
active site, then the substrate can compete for the substrate and at suitably high 
concentrations will completely displace the inhibitor, leading to competitive inhibition.  
In order to test for competitive inhibition for the hydrolysis of orthoformates with 1, the 
rates of hydrolysis of triethyl orthoformate were measured in the presence of a varying 
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amount of the strongly-binding inhibitor NPr4
+ (–ΔG° = 2.7(2) kcal/mol).  The lower 

binding constant of NPr4
+ with respect to NEt4

+ facilitates the competitive binding 
experiments by allowing for the weakly binding substrate, HC(OEt)3, to more readily 
compete for the binding cavity of 1.  By varying the concentration of substrate for each 
amount of inhibitor, the saturation curves were compared using an Eadie-Hofstee plot 
(Figure 4).(36, 37)    The saturation curves intersect on the y-axis, signifying that at 
infinite substrate concentration the maximum reaction velocity is independent of the 
amount of inhibitor, confirming competitive inhibition.  If NPr4

+ were competing for a 
different site than the active site of 1 responsible for the catalytic hydrolysis, such as an 
exterior ion-pairing site, then the saturation curves in the Eadie-Hofstee plot would be 
parallel.  Back calculation of the binding constant of the NPr4

+ inhibitor affords –ΔG° = 
2.8(1) kcal/mol, which is consistent with the known affinity of this guest.   

 
Using synthetic hosts to modify the chemical properties of encapsulated substrates 

was used to greatly enhance the reactivity of orthoformates and promote the acid 
catalyzed hydrolysis in basic solution.  Similar strategies could be used to hydrolyze 
other acid-sensitive molecules in which the charged transition state of the reaction can be 
stabilized by a molecular host.  The size selectivity in synthetic molecular hosts is a 
property often used by nature but rarely incorporated into standard homogeneous or 
heterogeneous catalysis.  This type of selectivity could be used to differentiate reactive 
sites of a substrate which would otherwise exhibit equivalent reactivity toward standard 
organic, organometallic, or inorganic catalysts.  Such strategies would be synthetically 
useful for common organic protecting groups such as acetals or ketals and could also be 
applied to more biologically relevant substrates such as amides or phosphate esters, 
furthering the analogy to enzymatic systems.  (38) 
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 Figures  

 

Figure 1. Left: A schematic representation of the host M4L6 assembly.  Only one ligand 
is shown for clarity.  Right: A model of [2-H+ ⊂ 1]11-; hydrogen atoms on the host 
assembly are omitted for clarity. 

 

Figure 2 (A) Reaction and substrate scope for orthoformate hydrolysis in the presence of 
catalytic 1.  (B-D) All spectra taken with 50 equiv. of triethyl orthoformate with respect 
to 1 at pD 11.0, 100 mM K2CO3, 22 °C, in D2O.  (B) Initial spectrum.  (C) Spectrum after 
60 minutes.  (D) Spectrum of 1 with 2 equiv. NEt4

+ after 60 minutes.  Key: 1 (■), 
HC(OEt)3 (▼), NEt4

+ (● exterior, ○ interior), product HCO2H (▲). 
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Figure 3 Mechanism for catalytic orthoformate hydrolysis in the presence of catalytic 1.  
 

 
 
Figure 4  Eadie-Hofstee plot showing competitive inhibition of the hydrolysis of 
HC(OEt)3 by NPr4

+ in H2O, pH = 11.0, 50 °C, 4.0 mM 1. 
 


