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Catalytically active supramolecular porphyrin boxes: acceleration of the
methanolysis of phosphate triesters via a combination of increased local
nucleophilicity and reactant encapsulationt
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Box-like tetrakis(metalloporphyrin) supramolecular assemblies possessing Zn and Al metal sites can
catalyze the methanolysis of phosphate triesters with a high rate enhancement, up to 430 times faster
than the uncatalyzed reaction. Mechanistic studies suggest that the observed rate enhancement can be
attributed to a high local concentration of methoxide ion that operates in concert with

a solvophobically driven encapsulation of substrates by the porphyrinic assembly.

Introduction

A broad range of strategies has been used in designing supra-
molecular structures that exhibit catalytic potency exceeding
those of the isolated molecular components."* Among the
supramolecular assemblies that have been investigated for
catalysis, those based on metalloporphyrins have been among
the most popular.>® The attractiveness of porphyrin lie in its
rigidity, tunable periphery, and structural similarity to cofactors
(such as heme groups) essential for catalysis by many metal-
loenzymes.” While coordinative self-assembly has been used to
create topologically well-defined and active site-isolated supra-
molecular catalysts based on metalloporphyrins,®*! these
systems often rely on weak coordinative interactions that are not
stable in polar solvents or at high temperatures. As such, many
researchers'>'* have begun to explore the use of more stable,
covalently linked cyclic multiporphyrin assemblies in supramo-
lecular catalysis. Since the metalloporphyrins are permanently
linked in such structures, catalysis with Lewis-basic, coordi-
nating substrates can be affected without concern for the stability
of the assembly. For example, pyridine- and imidazole-contain-
ing substrates have been pre-organized into optimal transition-
state-like geometries for acyl transfer'> and Diels-Alder'®
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reactions using the metal centers in covalently linked tris(por-
phyrin) assemblies, leading to substantial reaction rate
enhancements.

We!¢ and others'*® have demonstrated the facile preparation
of covalently linked hollow metalloporphyrin assemblies using
templated ring-closing metathesis (tRCM). This versatile
strategy can serve as a general route to a multitude of synthetic
multiporphyrin hosts with tunable cavity size from a single
modular building block. Furthermore, because the tRCM
linkage chemistry is compatible with a wide range of porphyrin
modification chemistries, such synthetic hosts can readily be
tuned to engender supramolecular recognition capabilities and
catalysis activities that are not expressed in single-porphyrin
systems. Beyond the transition-state-stabilization effect that had
been explored for accelerating bimolecular reactions,'*!* we were
intrigued by the possibility that the multi-metallic environment
within a polyporphyrin cavity could also lead to increased local
concentration of a metal-ligating reagent inside the cavity and
thus further increases in reaction rate, similar to that observed
recently in a porphyrin-containing metal-organic framework.?

In addition to coordination and hydrogen bonds, van der
Waals forces and solvophobic effects can also play key roles in
enzyme catalysis through attractive noncovalent interactions
that stabilize transition states and lower kinetic barriers to
reactions.?! Without the need for covalent bonds, a combination
of these interactions can allow a host cavity to bring reactants
together at an active site in a conformation that is close to the
transition state of a reaction. For example, a highly hydrophobic
host molecule such as a multiporphyrin assembly can interact
favorably with a hydrophobic substrate in aqueous media,
essentially “encapsulating” it inside the cavity. Together with the
aforementioned “increased local concentration effect” of
a metal-ligating reagent, this “solvophobic substrate encapsula-
tion” can work synergistically to increase reaction rates. To test
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this hypothesis, we chose the bimolecular methanolysis of
phosphate triesters in a concentrated methanol environment as
a test model. As substrates, aromatic phosphate triesters are ideal
for this type of investigation: they have weak Lewis basicity and
do not bind strongly to the metalloporphyrin under high MeOH
concentrations, thus allowing for facile turnover. Furthermore,
one can envision their hydrophobic aromatic substituents inter-
acting well with the hydrophobic, aromatic plane of the
porphyrin.

Herein, we report a large rate acceleration for the methanolysis
of phosphate tri(aromatic esters) catalyzed by a tetrakis(me-
thoxyaluminum porphyrin) assembly, that can be attributed to
a combination of enhanced local methoxide concentration and
solvophobic substrate binding. By incorporating nucleophilic
Al-OMe centers into a hydrophobic tetrakis(porphyrin)
assembly, a cavity containing a high concentration of methoxy
ligands is created that enhance the methanolysis of a sol-
vophobically encapsulated phosphate triester. Such an environ-
ment would not be available in reactions catalyzed by either the
analogous tetrakis(zinc porphyrin) assembly or by the
(methoxyaluminum porphyrin) monomer, which are expected to
yield only modest rate enhancements.

Results and discussion
Synthesis and characterization of metalloporphyrin boxes

The syntheses of covalently linked hollow tetrakis(metallopor-
phyrin) boxes (Zn-PP); and (MeO-Al-PP); are outlined in
Scheme 1. Our modular design allows for the facile synthesis of
two distinct robust metalloporphyrin assemblies from a single
porphyrin building block (Zn-PP, [[5,15-bis(4-(1-pentenyloxy)
phenyl)-10,20-bis((trihexylsilyl)ethynyl)]porphinato]zinc(ir)) in
three steps or less. The judicious incorporation of the meso-tri-
hexylsilyl ethynyl substituents into the porphyrin monomers
allows these building blocks and the assembled (Zn-PP)4 and
(MeO-AI-PP), tetramers to remain soluble in common solvents
such as methylene chloride, chloroform, toluene, and tetrahy-
drofuran. In the presence of 0.25 equiv of the tetrakis(4(4’-pyr-
idyl)-3,5-dimethylphenyl))porphyrin (Py-MesP) template and
Grubbs second-generation catalyst** (35 mol%), Zn-PP mono-
mer (0.5 mM) readily undergoes tRCM to afford the covalently

R1
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linked, templated tetramer ((Zn-PP)4-(Py-MesP) in 74% yield.
The 'H NMR spectrum of this product differs significantly from
those for Zn-PP and the Py-MesP template (Fig. 1). The
appearance of broad singlets at 5.75 and 5.87 ppm (1 : 9 ratio,
Fig. lc), attributed to the E and Z isomers of internal olefin
linkages, respectively, support the covalently linked nature of the
assembly.'”*® In addition, the o and B-pyridyl protons of the
encapsulated Py-MesP template display substantial upfield shifts
(2.74 and 7.50 ppm) (cf. Figs. la and c¢), indicative of a strongly
shielded environment and consistent with coordination of the
pyridyl groups by Zn(porphyrin) centers.?-**

For the ring-closing reactions to proceed to completion, the
size of the template should match well with that of the corre-
sponding box: formation of the covalently linked (Zn-PP),
structure was not observed by matrix-assisted laser desorption
ionization time-of-flight (MALDI-ToF) mass spectrometry
when the assembly was attempted with the smaller template,
5,10,15,20-tetrakis(4-pyridyl)porphyrin. Hollow (Zn-PP)4 can
be readily obtained from the templated (Zn-PP)4-(Py-MesP)
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Fig. 1 'H NMR spectra of: (a) Py-MesP template, (b) Zn-PP, (c) (Zn-
PP),-(Py-MesP), (d) (PP)4, and (e) (MeO-Al-PP),. Spectra a-d were
obtained in CDCl;, whereas spectrum e was obtained in a CDCls/
CD;OD (8.8:1 v/v) solvent mixture due to insufficient solubility of
the assembly in CDCl;. For a larger version of this figure, please see
Fig. S14 in ESIf.
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Scheme 1 Syntheses of porphyrin molecular boxes by tRCM.
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precursor by size-exclusion chromatography in a mixture of
CH,Cl,/pyridine (9 : 1 v/v). Interestingly, the Py-MesP template
could not be re-inserted into this hollow assembly, presumably
due to geometrical isomers that is generated by some trans C=C
bonds in the assembly (Fig. S15, ESI{). This observation
suggests that the initial templation is a less-than-optimal tight fit
and E/Z isomers make the assembly smaller than usual.
However, the smaller template 5,15-bisphenyl-10,20-bis(4-pyr-
idyl)porphyrin (DPyDPP) can be easily encapsulated by hollow
(Zn-PP), (Fig. S15, ESIt). The Zn ions in (Zn-PP)4 can be
removed by treatment with aq HCI in CH,Cl, to yield the free-
base assembly (PP)4, which can be remetallated with AlMe; to
provide (MeO-Al-PP), in quantitative yield.

The MALDI-ToF mass spectrum of (Zn-PP)4-(Py-MesP)
exhibited two intense molecular ion peaks at m/z 1033.94 and
5116.91 (Fig. 2a), respectively, consistent with the release of Py-
MesP template from the (Zn-PP)4 cavity before or during the
ionization process. While the (Zn-PP), assembly does not show
significant fragmentation in the presence of a mildly acidic
matrix such as dithranol, the (MeO-Al-PP),4 hollow box is much
less stable toward demetallation during MALDI-ToF ionization
in this matrix: peaks with successive AlIOMe losses can clearly be
observed (see Fig. S10, ESIT and the associated discussion). Such
progressive demetallation has been previously reported for
a cyclic tris(Zn-porphyrin) assembly under MALDI conditions,
albeit in the absence of a matrix.>® In the presence of a neutral
pyrene matrix, (MeO-Al-PP), is more stable against demetalla-
tion: only a molecular ion peak at m/z 5000.05, consistent with
loss of two methoxides and one Al atom (M — AlOMe —
OCHj3;]"), can be observed together with related species (in order
of increasing mass: [M — AlOMe — CH;]*, [M — AlOMe]*, [M —
OMe — CH;]", and [M — OMe]", see Fig. 2c). We note that loss
of axial ligand is commonly observed for oxophilic metal-
loporphyrins (e.g., Sn' or AI") under MALDI-ToF MS
conditions, especially in the presence of an acidic matrix®® or
a coordinating additive.?’
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Fig. 2 MALDI-ToF mass spectra of: (a) (Zn-PP)4-(Py-MesP), (b)
(PP)4, and (c) (MeO-Al-PP),.

Fortunately, analysis of the (MeO-Al-PP), sample by high-
resolution electrospray ionization mass spectrometry (HRE-
SIMS) does not result in any demetallation. The ESI mass
spectrum of (MeQO-Al-PP)4 exhibited two strong peaks at mi/z
2512.57 and 2526.57 that are consistent with [M — 20Me]** and
[M + H — OMe]** species (Fig. S12, ESIt). The experimentally
observed isotopic patterns for both peaks nicely matched the
predicted isotopic distribution patterns (Fig. S13, ESIY), allow-
ing us to be confident about the structural assignment of (MeO-
Al-PP),. Additional evidence for the homogeneity and purity of
(MeO-AI-PP), is provided by its '"H NMR spectrum (Fig. S9b,
ESIY): integrating the two aromatic porphyrin B-proton reso-
nances against the broad alkoxy resonance at 4.4 ppm (attributed
to the axial CH;O resonance?” and the resonance of the CH,O
group in the 4-octenyl linkers) gave the expected 32 : 28 ratio,
suggesting a complete metallation of the (PP)4 starting material
with Al-OMe.

Additional evidence for the formation of the aforementioned
tetrakis(metalloporphyrin) assemblies comes from gel-perme-
ation chromatography (GPC) analysis.'®*® As expected, the GPC
retention time is inversely proportional to the assembly size,
where (MeO-Al-PP), clutes well before MeO-Al-PP, and (Zn-
PP), elutes faster than Zn-PP. In addition, the faster elution time
of the templated (Zn-PP)4-(Py-MesP) structure (5.3 min)
compared to either the hollow (Zn-PP), assembly (5.9 min) or
Zn-PP monomer (6.9 min) suggests that the templated box is
rigidified against distortion (Fig. S19, ESIT). Consequently, it
spends less time in the pores of the column packing materials
than the flexible hollow structure and the smaller monomer.

The apparent hydrodynamic radii of the aforementioned
porphyrin box species can also be qualitatively compared using
solution-phase pulsed-field-gradient (PFG) NMR measure-
ments* (Figs. S20-S24, ESIt), following literature prece-
dents.’*3? As determined using the Stokes—Einstein relation,*?
the calculated hydrodynamic radius of (MeQ-Al-PP), is slightly
larger than that for (Zn-PP)4-(Py-MesP), which in turn is larger
than that for hollow (Zn-PP)4 (Table 1). All of the boxes are
much larger than the corresponding MeO-Al-PP and Zn-PP
monomers.

Catalytic activity of metalloporphyrin boxes

As mentioned in the introduction, because both (MeO-Al-PP),
and (Zn-PP), contain large hydrophobic cavities with multiple
Lewis-acidic metalloporphyrins, we anticipated that they would

Table 1 Diffusion constants (D) and calculated hydrodynamic radii («)
for the porphyrin box species’

Diffusion constant, Hydrodynamic
Porphyrin species DJ107"° m? 7! radius, a/A
Zn-PP 541 £0.12 72402
(Zn-PP), 2.57 +0.02 15.1+0.1
(Zn-PP),-(Py-MesP) 2.51 +0.02 155+ 0.1
MeO-Al-PP 423 4+0.12 92403
(MeO-Al-PP), 2.43 £+ 0.09 16.0 + 0.6

“ Al NMR diffusion measurements were performed on 3.2-mM samples
at 298 K in either CDCl; (Zn species) or (to enhance solubility) a CDCls/
CD;OD (8.8 : 1 v/v) solvent mixture (Al species).
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be good catalysts for the methanolysis of phosphate triesters in
the presence of a high methanol concentration. We anticipated
that the methanol reagent and the relatively hydrophobic
phosphate substrate might be simultaneously bound inside the
cavity of these supramolecular assemblies, leading to enhanced
reactivity. The alcoholysis of phosphate triesters, particularly
methanolysis, has important implications for the degradation
of phosphate-type nerve agents** and the decomposition of
biologically relevant phosphate diesters such as the nucleic
acids.®® The acceleration of such reactions has been extensively
investigated by Brown and co-workers using a wide range of
Lewis-acidic metal ions such as La*',’¢ Cu?',’” and Zn*" as
catalysts.?® In Nature, however, organophosphorus hydrolases
(OPHs), enzymes that promote the hydrolysis of phosphate
esters, often possess active sites containing two Zn" ions where
one metal coordinates the substrate, which then undergoes
intramolecular attack by a hydroxide coordinated to the second
metal (Fig. 3).* Thus, we reasoned that the cavities of the (Zn-
PP)4 and (MeO-Al-PP), assemblies (Fig. 4), with their multiple
metal centers, might well provide environments that mimic, at
least conceptually, the active sites of OPHs. While the dianionic
porphyrin ligand environment prevents the Zn" centers from
(Zn-PP), to carry methoxide ions, the Al centers in (MeO-Al-
PP)4 can deliver a bolus of this nucleophile to the local envi-
ronment around this latter assembly and should be more active
catalytically. The hydrophobic environment of the free-base
(PP)4 assembly then would serve as a convenient control to
allow us to evaluate the effect of solvophobic encapsulation
alone.

The catalytic methanolysis of p-nitrophenyl diphenyl phos-
phate (PNPDPP), a common simulant for nerve agents,* was
carried out in the presence of catalytic amounts of each of
several porphyrin species. (MeQO-Al-PP), is highly active for
this reaction, showing a ~120-fold rate enhancement relative to
the MeO-Al-PP monomer and is ~430 times faster than the
uncatalyzed reaction, converting 50% of the PNPDPP substrate
within 10 h (Fig. 5 and Table S1 in ESIY). As expected, the use
of (Zn-PP)4 as a catalyst results in a much-lower rate than with
the (MeO-Al-PP), assembly, reaching only 12% conversion
after 59 h. However, this is still 5 times greater than the rate
obtained with the corresponding Zn-PP monomer (Table S1 in
ESIt) and 14 times faster than the rate of the uncatalyzed
reactions.
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Fig.3 A proposed structure for the hydrolysis of a phosphate triester in
the active site of a phosphotriesterase enzyme. Adapted from ref. 39.
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Fig. 4 Proposed catalytic methanolysis of phosphate triesters in the
cavity of: (a) (MeO-Al-PP)4 and (b) (Zn-PP),. The “box-like” geometry
drawn herein for both isomers is idealized to focus the readers on the
bimolecular catalysis processes inside the cavities. In reality, both struc-
tures are much more flexible and far from being box-like given the 4-
octen-1,8-diyl linkages between the porphyrins. The E/Z isomerism
within the 4-octen-1,8-diyl linkages additionally gave rise to six different
geometrical isomers for each structure, many of which are elongated in
shapes (see Fig. S16 and the associated discussion in ESIY).

Proposed mechanism

The metal center in zinc porphyrin is well-known to bind one
additional axial ligand and become five-coordinate.** If a phos-
phate ester becomes encapsulated within (Zn-PP)4 and subse-
quently activated by a Lewis-acidic Zn" center, it can undergo
accelerated methanolysis by reacting with free methanol in the
supramolecular assembly (black arrows in Fig. 4b) or with other
alcohol nucleophiles that are coordinated to the remaining Zn"
centers. However, the oxygen atom of a methanol coordinated to
Zn" metal sites is much less nucleophilic than that of free
methanol*> and presumably would not be a significant
contributor.

In an attempt to confirm the Lewis acid activation of PNPDPP
in (Zn-PP),, the methanolysis of PNPDPP was carried out with 3

NO,
e | Porphyrin catalyst 2
onN— H—0-B-opn MeO-P-OPh  +
A\ / OPh CHCly/MeOH (1:1 viv), 333 K OPh S
PNPDPP OH
25 -
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E 15|
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] ® (3 MM Zn-PP)
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Fig. 5 Reaction profiles for the methanolysis of PNPDPP (25 mM)
carried out at 333 K, in CHCI3/CH;0H (1 : 1 v/v) and in the presence of:
(=) 0.75 mM (MeO-Al-PP),, (+)0.75 mM (Zn-PP),, (o) 3 mM MeO-Al-
PP, (m) 3 mM Zn-PP, and (e) no catalyst. The product was monitored by
'P NMR spectroscopy. For a larger version of this figure, please see
Fig. S26 in ESIf.
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mol% of demetallated (PP)y in CHCI/CH3OH (1:1 v/v) at
333 K. The initial reaction rate for PNPDPP methanolysis in the
presence of (PP)y4 is three times lower than that for the corre-
sponding Zn-PP monomer and much slower than that for (Zn-
PP)4 (Table S1, ESIt). That this rate is nearly the same as the rate
of the uncatalyzed reactions confirms the presence of the Lewis
acidic Zn" ions, whether in (Zn-PP)4 or Zn-PP, as being essential
for enhanced catalysis. Presumably, the methanolysis of the
phosphate triester substrate is enhanced if it is first activated by
coordinating to the Lewis-acidic Zn" centers.

In the case of (MeOQ-Al-PP),, the ability of (porphyrin)AI™ to
coordinate an additional sixth oxygen ligand*** also affords
a methanolysis-by-free-methanol mechanism (black arrows in
Fig. 4a). However, the presence of an additional axial methoxide
ligand per Al center led us to believe that a phosphate ester
encapsulated and activated by the (MeO-Al-PP), assembly
would be able to access an additional, even faster methanolysis
pathway by reacting with the methoxide nucleophiles that are
coordinated to the remaining AI" centers (red arrows in Fig. 4a).
The supramolecular effect in catalysis by (MeO-Al-PP),4 is
accentuated by the observation that (MeO-Al-PP), is ~30 times
more active than the (Zn-PP), assembly. Such differences in rate
acceleration are best explained as arising from a high local
concentration of methoxide within the cavity of (MeO-Al-PP),
that would not be present for either the MeO-Al-PP monomer or
the (Zn-PP)4 assembly.

That the MeO-Al-PP monomer shows a methanolysis rate
that is similar to that of Zn-PP monomer (1.2 vs. 1, respectively,
Table S1, ESIt) suggests that the methanolysis catalyzed by both
monomers is primarily attributable to free methanol, which
attacks PNPDPP substrates coordinating to Lewis-acidic A" or
Zn" centers (Figs. S27a and b, ESI}). The aforementioned small
difference in rate can partly be ascribed to the slightly higher
Lewis acidity of AI" compared to Zn". This hypothesis is sup-
ported by the slightly larger (~1.6-fold) binding constant of
PNPDPP (K,pnpppp) to MeO-Al-PP monomer than to Zn-PP
monomer (Table 2), as measured by fluorescence titration (Figs.
S39 and S40, ESIt). The other component responsible for the
higher catalysis rate by MeO-Al-PP would be the presence of the
axial methoxide, which can attack PNPDPP, both free and
coordinated. The methanolysis of PNPDPP by (porphyrin)M-
coordinated methanol (Path 1 in Figs. S27a and b, ESIY) is
expected to be a very small contribution to the overall rate for
both monomers, a consequence of the reduced nucleophilicity of
the coordinated alcohol.

Table 2 Experimental and predicted* binding constants (K,) for
PNPDPP of porphyrin species in CHCIl;/CH;O0H (1 : 1 v/v) at 296 K

Porphyrin species Experimental K,“/M~! Predicted K,’/M~!
Zn-PP <3 —

MeO-Al-PP 45+0.6 —

(Zn-PP), 17.3 +£0.7 43+03
(MeO-Al-PP), 269 £2.6 53+£03

“ Fluorescence titration experiments of PNPDPP were carried out on
0.02 pM solution of the porphyrin tetramers and 0.04 uM solution of
the porphyrin monomers. ? See section XII in ESIt for a detailed
calculation of the predicted K, values and their standard errors.

High local concentration of methoxide in the vicinity of (MeO-
Al-PP),

The significance of the high local methoxide concentration in the
vicinity of the (MeO-Al-PP), assembly is immediately apparent
from comparing the methoxide concentrations localized at the
(MeO-AI-PP); assembly and the MeO-Al-PP monomer
(Fig. S29, ESI¥). As estimated in section IX of ESIf, the local
concentration of methoxide in the vicinity of the (MeO-Al-PP),4
assembly (0.33-0.6 M) is ~110-200 times the concentration of
methoxide near the MeO-Al-PP monomer (0.003 M), suggesting
that the former is a major contributor for the observed rate
acceleration in the methanolysis of PNPDPP by (MeO-Al-PP),.
Additional support for this idea is provided by the ~125 M
effective molarity (EM)*’ value calculated for the methanolysis of
PNPDPP catalyzed by (MeO-Al-PP), (see section IX of ESIY).
That this value is in the same range as the 110-200 fold higher
local methoxide concentration for the tetramer assembly (in
comparison to the monomer) agrees well with the geometrical
estimate. We note that the local methoxide ion concentrations
for both the tetramer and monomer are several orders of
magnitude greater than the methoxide concentration in pure
MeOH (4.5 x 10 M, calculated from its autoprotolysis
constant, see section IX in ESI¥).

Because (MeO-Al-PP), and (Zn-PP); have essentially the
same structures except for the identity of the central metal ion
and the axial methoxide ligand, we would expect the local
concentrations of Lewis-acidic sites to be the same. Indeed, the
1.6 ratio of K,ipnpppp) values for (MeO-Al-PP), relative to (Zn-
PP), is essentially the same as that for the corresponding
monomers (Table 2). Taken together with the aforementioned
estimates of local methoxide ion concentrations, these data
suggest that the observed ~30-fold rate enhancement for (MeO-
Al-PP), relative to (Zn-PP), is primarily a consequence of the
high local [TOMe] available with (MeO-Al-PP),.

The versatility of tetrakis(metalloporphyrin) assemblies in the
catalytic methanolysis of phosphate triesters can be extended to
a wide range of p-nitrophenyl dialkyl phosphates. Consistent
with a methoxide-induced mechanism, the (MeO-Al-PP)4-cata-
lyzed methanolysis of p-nitrophenyl dimethyl phosphate
(PNPDMP) is 2.5 times faster than that of p-nitrophenyl
dipropyl phosphate (PNPDPrP) and 3 times faster than that of p-
nitrophenyl dibutyl phosphate (PNPDBP) (Table S2, ESIt). This
is similar to the typically observed order of reactivity for the
hydrolysis of phosphate triesters in the presence of base,*® where
steric encumbrance of the phosphorus center can retard the
reaction rate. In contrast, other metalloporphyrin species show
nearly identical reaction rates for the methanolysis of different p-
nitrophenyl dialkyl phosphates (~1 x 10~ M s~! for (Zn-PP)y,
~2 x 107 M s7! for Zn-PP monomer, and ~3 x 10~° M s~! for
MeO-Al-PP monomer, respectively, Tables S3 and S4, ESIY)
that is typical of a Lewis-acid-activation mode.

Solvophobic encapsulation of the PNPDPP substrate by (MeO-
Al-PP),4 and (Zn-PP),

Interestingly, at high concentrations of MeOH, the ratio of the
PNPDPP methanolysis rates in the presence of (MeQO-Al-PP),,
vs. MeQO-Al-PP, skews further in favor of the tetramer (Fig. 6
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Fig. 6 The ratio of product formation rates between (MeO-Al-PP)4 and
MeO-Al-PP at various MeOH concentrations. Reported catalyzed rates
were background-corrected from uncatalyzed reactions.

and Table S5, ESIt). This observation implies that the even faster
increase of the initial rate with (MeO-Al-PP),4 could be a result of
stronger binding of the hydrophobic PNPDPP in the cavity of
(MeO-AI-PP), as the hydrophilicity of the solvent is increased.
Indeed, it was observed that the binding constant of PNPDPP
for (MeO-Al-PP), is ~3-fold larger than that for MeO-Al-PP
monomer in pure CHCl; (see section XII in ESIt) but becomes 6-
fold larger in a 1 : 1 v/v CHCI3/CH;0H solvent mixture (Table
2) Considering that the predicted Ka(prDpp) of (MeO-Al-PP)4
in this solvent mixture appears to be negligible (5.3 M, Table 2),
it is clear that there is a component of the experimentally
observed binding constant (26.9 M~!, Table 2) that is not based
on simple Lewis acid—Lewis base interactions. We attribute this
extra component to the solvophobic encapsulation of the rela-
tively hydrophobic PNPDPP substrate by (MeO-Al-PP),, which
increases as the concentration of hydrophilic MeOH increases
outside the cavity (Fig. 7b). Interestingly, such a mechanism has
been used by Moore and co-workers to elucidate the binding of
monoterpenes inside mPE foldamers in a mixture of H,O/
CH;CN* but has not been associated with a supramolecular
catalytic system in a solvent mixture. We note that while many
examples of enhanced catalysis via hydrophobic supramolecular
encapsulation effect have been reported,®>* these studies have
often been carried out in single-component solvents and not in
a mixture of organic solvents as reported herein. For

Fig. 7 Schematic description of the solvophobic encapsulation of
PNPDPP in the presence of: (a) MeO-Al-PP and (b) (MeO-Al-PP), in
a CHCI3/CH;O0H (1 : 1 v/v) solvent mixture.

supramolecules with large cavities such as those reported in this
work, solvophobic effects play an important role at high MeOH
concentrations by boosting the binding constant for PNPDPP
encapsulation.

That the experimental K,pnpppp) of (Zn-PP),4 is much higher
than the predicted K,pnpppp) (Table 2) clearly points to the
existence of the solvophobic effect in (Zn-PP)4 under the catal-
ysis conditions. Interestingly, the ~6-fold higher K,pnpppp) for
(Zn-PP)4 vs. Zn-PP monomer in a 1:1 v/v CHCI/CH;OH
solvent mixture (Table 2) is well-matched to the observed ~5-
fold enhancement in reaction rate. This implies that the stronger
binding of PNPDPP inside the cavity, whether by Lewis-acid
activation or solvophobic encapsulation, is a major contributor
to the observed rate acceleration in the methanolysis of PNPDPP
by (Zn-PP)4.>*

Unfortunately, our attempts to observe the solvophobic
encapsulation of PNPDPP in (MeO-Al-PP)4 or (Zn-PP), using
variable-temperature (VT) and PFG NMR spectroscopies,*
were not successful. While Ballester and co-workers were able to
identify separate signals in 1D and PFG NMR spectra for
the inclusion of trimethylphosphine oxide in a tightly closed
tetraurea calix[4]pyrrole host,?” we were unable to detect distinct
resonances for the encapsulated PNPDPP under a wide range of
conditions (section XIII in ESIY). These observations suggest
that the exchange of PNPDPP between solution and the open
tetrakis(porphyrin) cavities is too rapid to be observed under the
conditions of our experiments.

Conclusions

In summary, we find that covalently linked hollow metal-
loporphyrin boxes possessing tunable Lewis-acidic metal sites
can substantially catalyze the methanolysis of phosphate triest-
ers. Tuning the active sites inside the cavities of these large
tetramers,*® such as replacing the Zn centers in the multi-
porphyrin assembly with Al-OMe moieties, affords a new
nucleophilic environment where a high concentration of methoxy
ligands becomes available for enhanced reaction with encapsu-
lated phosphate triester. This combination of increased local
nucleophilicity and supramolecular encapsulation effect is
reminiscent of certain features in enzymatic systems and points
to the vast potential that mimicking biological design can bring
to supramolecular catalysis.
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