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ABSTRACT: Active compound protection can allow inherently
unstable molecules to be stabilized and latent reactivity to be
masked. Synthetic receptors are attractive in terms of providing
such protection. Nevertheless, preserving the activity and
functionality of organic molecules in water poses a challenge.
Here, we show that biomimetic receptors, specifically amide
naphthotubes and an amide anthryltube, allow the efficient
preservation of functional organic molecules in water. In particular,
the amide naphthotubes were found to extend the half-lives of
acetal-containing substrates (“acetals”) against acid-catalyzed
hydrolysis by up to 3000 times. This kinetic protection effect was
ascribed to hydrogen bond-based recognition of the organic guests.
A substrate dependence was seen that was further exploited to
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e noncovalent protection
e wide substrate scope
e solvent is water

e kinetic resolution
o diverse types of reactions
e receptor can be recovered

achieve the kinetic resolution of acetal isomers. To the best of our knowledge, the present study constitutes one of the most effective
acetal protection strategies reported to date. The recognition-based protection approach reported here appears generalizable as
evidenced by the protection of eight different substrates against six distinct chemical reactions. Based on the present findings, we
propose that it is possible to design receptors that provide for the protection of specific substrates under a variety of reaction

conditions including those carried out in water.

B INTRODUCTION

The preservation of active species against undesirable chemical
transformations is important in areas as diverse as synthetic
chemistry,l’2 chemical biology,‘%’4 pharmaceutical science,™®
and material science.”® Conventional protection methods
require the covalent modification of active groups in order to
temporarily mask their inherent reactivity. Unfortunately, this
time-honored approach is often plagued by high costs,
inefficiencies associated with selecting the optimal protecting
group, as well as the labor associated with carrying out the
necessary protection and deprotection steps.” Noncovalent
protection, which relies on host—guest complexation, con-
stitutes an attractive complementary strategy.m_12 Here,
protection involves substrate capture by a receptor followed
by controlled rerelease. In favorable cases, the recognition and
release events are readily triggered by external stimuli and the
requisite receptors are both stable and readily accessible.
Previous studies with synthetic receptors have served to
highlight their ability to effect noncovalent molecular
protection, >~ "” regulate reactivity,”’">> enable site—selective
reactions,”*™?° and facilitate the kinetic resolution of
isomers.”” ™' However, achieving the noncovalent protection
of active molecules in water using synthetic receptors remains a
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7 This stands in contrast to

largely unmet challenge.
bioreceptors that shield active molecules (i.e., guests) from the
surrounding solution via their strategic inclusion within specific
binding pockets (Figure 1a).”> The protection of substrates
can be further enhanced by anchoring their constituent polar
groups within the pockets of bioreceptors through noncovalent
interactions.”

At present, the majority of synthetic receptors that are
soluble in water do not possess polar binding sites within their
hydrophobic cavity.”*** As a consequence, they display a
binding preference wherein the nonpolar portions of a guest
molecule are bound within the receptor, while polar group(s)
remain exposed to the surrounding aqueous medium (Figure
1b). Full enclosure of the entire guest molecule (Figure 1c),
rather than selectively binding only the polar groups within the
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Figure 1. Schematic representation of noncovalent protection of
functional organic molecules in water: (a) Recognition and protection
by a bioreceptor or a biomimetic cavity. (b, c) Recognition and
protection by hydrophobic cavities.

cavity, is also frequently seen. A limited number of synthetic
receptors possessin hydrophob1c pockets with polar binding
sites are known.**~" However, to our knowledge, there is only
a single report where a synthetic receptor system possessing
polar binding sites has been employed for noncovalent
protection in aqueous environments.”® Moreover, the scope
of applicable substrates was limited to acid-sensitive isonitriles.

Here, we show that biomimetic receptors, specifically amide
naphthotubes designated as 1 and 2 (shown in Figure 2a), as
well as an amide anthryltube 4 (shown in Figure 8), allow the
efficient protection of functional organic molecules in water
against canonical reactions to which they are prone. As detailed
below, the naphthotubes la and 1b proved effective in
recognizing acetal-containing substrates (“acetals”) in water, as
well as inhibiting their acid-catalyzed hydrolysis (up to 3000-
fold). Using both the amide naphthotubes 2a and 2b and the
amide anthryltube 4, the potential generality of this non-
covalent protection strategy was demonstrated with eight
distinct substrates across six different chemical reactions.
Structural evidence for substrate binding was obtained using
analogue 3 (shown in Figure 2a).

B RESULTS AND DISCUSSION

Interactions between Amide Naphthotubes and
Acetals in Water. Acetal compounds are widely utilized
protecting groups for carbonyl moieties and can serve as
responsive components in smart materials. 1239 Acetal moieties
also appear in several drugs.”’ Acetals as a class are known for
their stability in basic and neutral environments; however,
hydrolysis is facile in aqueous acid (Figure 2b). Enhancing the
stability of acetals in acidic solutions is expected to expand the
range of their applications. Although several synthetic
receptors are able to bind acetals and accelerate effectively
their hydrolysis,”> > stabilizing acetals to hydrolysis through
use of an artificial receptor remains an unmet challenge. We
felt that this challenge could be met through use of amide
naphthotubes.

In previous work, we showed that amide naphthotubes of
general structure 2 (Figure 2a) act as biomimetic receptors
that selectively bind polar organic molecules in water.”*%'
This ability was ascribed to the fact that they possess

R = CH,CO; Na' 2a
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Figure 2. (a) Synthesis of amide naphthotubes 1a and 1b (designated
as H). (i) [Cu(CH,;CN),]"PF,~, N;(CH,),NHBoc, CH,Cl,, r.t, 12
h; (ii) HCl, THF/H,0, r.t., 12 h. (b) Acid-catalyzed hydrolysis of
acetals. (c) Chemical structures of acetals considered in this study
(designated as G1—-G10).

hydrophobic cavities endowed with two inwardly oriented
hydrogen-bonding donors. The two classes of amide
naphthotubes considered in this study, represented by 1la—3a
and 1b—3b, have shapes and binding sites that were expected
to be complementary to acetal-containing substrates. This led
us to test their ability to provide for supramolecular-based
protection for acetal compounds under conditions that would
otherwise favor hydrolysis.

In order to provide protection in water, we deemed it
necessary to create amide naphthotubes that were soluble in
acidic aqueous media. Derivatives 1a and 1b (Figure 2a), were
thus synthesized. Here, so-called click chemistry was used to
convert a pair of amide naphthotubes containing alkyne side
chains 1nto ones containing solubilizing primary ammonium
groups.”’ Both 1a and 1b were obtained in yields exceeding

80% and fully characterized via NMR spectroscopy and mass
spectrometry (see Supporting Information, Figures S1—S10).

Prior to testing the present amide naphthotubes as
noncovalent acetal protecting groups, efforts were made to
test their host—guest binding characteristics. A range of acetal
compounds with different substituents (G1—G10, Figure 2c)
were synthesized (Figures S11—526) and used for these tests.
Unfortunately, no pH conditions could be found where
receptors la and 1b were both monodisperse and soluble (i.e.,
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pH < 4.6) and where acetal hydrolysis was sufficiently slow as
to allow establishment of a bona fide equilibrium. Given this,
analogues 2a and 2b were used to investigate the binding
properties of the naphthotubes in a basic aqueous medium.’
The binding cavities of 2a and 2b are identical to those of 1a
and 1b with the only difference being the side chains. These
side chains being reasonably well separated from the binding
cavity were not expected to have a substantial impact on the
binding characteristics. Support for this supposition comes
from the finding that similar binding constants are observed for
1,4-dioxane, a representative neutral guest. Specifically, a
binding constant of 2.0 X 10* M™' was found for 1a (Figures
$27 and S28). This value matches well the 3.2 X 10*> M~ seen
for 2a.°® Likewise, 1b displays a binding constant of 1.2 x 10*
M™! for 1,4-dioxane that is comparable to the 1.4 X 10* M™!
seen for 2b (Figures $29 and $30).>"

The "H NMR spectra of solutions containing 1:1 mixtures of
naphthotubes 2a and 2b and various acetal-containing
substrates revealed notable proton signal shifts compared to
the free hosts and guests. This is taken as evidence of the
binding interactions between the naphthotubes and the acetals
(Figures S31—S50). The association constants were deter-
mined by means of fluorescence spectroscopic titration
(Figures SS1—S70) and are summarized in Table 1.

Table 1. Association Constants (K,/10*, M™") of Amide
Naphthotubes 2a and 2b with G1—G10 in H,O at 298 K and
PH = 7.0, as Determined by Fluorescence Spectroscopic
Titrations”

G1 G2 G3 G4 GS
2a S1+£2 9.6 + 0.1 41 +3 76 + 1 09 £ 0.1
2b 210 £ 10 6.0 + 0.1 290 + 20 540 £ 20 1.6 +£ 0.1

G6 G7 G8 G9 G10
2a 33+02 22 +2 2.5 £0.1 19 +£2 03 +0.1
2b 7.8 £ 04 150 + 20 23+1 12 +£2 5.6 03

“Value is the average of three independent measurements.

Based on the determined binding constants, amide
naphthotubes 2a and 2b bind most acetal guests effectively
in water at pH = 7.0. Acetal compounds with larger
hydrophobic substituents, such as aromatic groups (G1, G4,
G8) and a cyclohexyl group (G7), display enhanced affinities
toward these water-soluble naphthotubes. The association
constant observed for G4 (5.4 X 10° M™") is relatively high for
a synthetic host operating in water and is noteworthy given the
relatively small size of G4.°” As a general rule, naphthotube 2b
exhibits a higher affinity for any given guest than 2a. While not
a proof, this difference is readily rationalized in terms of the
presence of a deeper hydrophobic cavity in the case of 2b.>”

The binding interaction between the amide naphthotubes
and acetals guests was explored in the solid state via single
crystal X-ray diffraction analysis. The high solubility of 1 and 2
in water stymied efforts to grow diffraction single crystals of
acetal-containing host—guest complexes. Fortunately, several
single crystals of host—guest complexes suitable for X-ray
crystallographic study were obtained from CH,Cl, using
analogues 3a and 3b as the hosts™® (Figure 3). In the structure
of G1@3Db, the acetal moiety of G1 is included in the cavity of
3b and stabilized via two apparent N—H---O hydrogen bonds
characterized by N—O distances of ca. 2.9 A. Both G4 and G7
contain an acetal group similar to GI1, but with different

substituents. G4 has a bulkier p-tolyl group, while G7 has a
cyclohexyl moiety. Analyses of crystals of G4@3b and G7@3b
revealed a binding geometry comparable to that seen in G1@
3b. Furthermore, despite the presence of a larger acetal moiety
(1,3-dioxane) in G8, the crystal structure of G8@3b is again
characterized by the existence of two N—H---O hydrogen
bonds as inferred from an N—O separation of less than 3.0 A.
Density functional theory (DFT) calculations were also carried
out on Gl@1la and G1@1b in water (Figures S71 and S72).
The results are interpreted in terms of hydrogen bond
interactions playing a key role in stabilizing the complexes
formed between the naphthotubes 1a and 1b and acetal G1.
More broadly, both the crystal structures and the calculations
provide support for the conclusion that acetal-containing
substrates can be bound within the cavities of the amide-
containing naphthotubes 1-3.

Protection of Acetal Compounds. Using amide
naphthotubes 1a and 1b as the receptors, we tested whether
the biomimetic recognition inferred on the basis of the above
studies could be used to protect acetals in acidic aqueous
environments. Benzaldehyde glycol acetal G1 was selected as
the acetal substrate for the initial study, primarily due to the
extensive use of the 1,3-dioxolane moiety as a protecting group
in synthesis and the common occurrence of the phenyl group
in a variety of organic compounds. Two additional water-
soluble macrocyclic receptors, namely f-cyclodextrin (8-CD)
and cucurbit[7]uril (CB[7]), were chosen as host molecules to
allow receptor-based comparisons. These two control systems
have hydrophobic cavities that lack inner polar moieties that
could serve as potential acetal binding sites; indeed, they
generally bind guests through inferred hydrophobic inter-
actions.”~°° In aqueous solution, f-CD and CB[7] bind G1
with association constants (K,) of 310 and 260 M},
respectively (Figures $73—S76). The binding modes revealed
by DFT calculation (Figures S77 and S78) and reference to the
literature®> ™ served to confirm that both $-CD and CB[7]
display a binding preference for the hydrophobic phenyl group
of G1, thus leaving the hydrophilic 1,3-dioxolane moiety
exposed to the surrounding aqueous medium.

The hydrolysis of G1 (0.25 mM) was monitored via 'H
NMR spectroscopy in the absence and presence of 1a, 1b, -
CD, and CB[7] (1.0 molar equiv in all cases). Here, a pD = 4.4
was maintained by means of an acetate buffer (S0 mM) at 298
K (cf. Figure 4, and Figures S79—892). The reaction progress
was evaluated by monitoring the change in the integrated value
of the proton signals corresponding to the glycol product. In
the absence of a synthetic receptor, Gl was completely
hydrolyzed to the limits of detection within 12 h (Figure 4).
The calculated half-life (t,, ¢.. = 2.6 h) and rate constant (kp,
=7.5 X 107 s7") were obtained by fitting the kinetic data to a
model predicated on pseudo-first-order kinetics.

In accord with our design expectations, the presence of
either 1a or 1b in this buffered acidic aqueous solution of G1
led to a noticeable reduction in the hydrolysis rate. Specifically,
over a period of 12 h, less than 15% and 5% of G1 underwent
hydrolysis in the presence of 1.0 molar equiv of 1a and 1b,
respectively. The half-lives of G1 exposed to 1.0 molar equiv of
la or 1b were t/500q = 31.2 h, and ¢/, poung > 160 h,
respectively. These findings are taken as evidence of a notable
enhancement in the stability of G1. In contrast, neither -CD
nor CB[7] proved effective in preventing the hydrolysis of G1.
In fact, the presence of CB[7] was found to accelerate the
hydrolysis of G1. The result is consistent with prior reports
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a)

Figure 3. Side and top views of the single crystal X-ray diffraction structures of (a) G1@3b, (b) G4@3b, (c) G7@3b, and (d) G8@3b. Green

dotted lines indicate presumed intermolecular N—H:---O hydrogen bonds.
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Figure 4. (a) Acid-catalyzed hydrolysis of acetal G1. (b) Kinetic
traces corresponding to the hydrolysis of G1 (0.25 mM) at pD = 4.4
and 298 K in the absence and presence of 1.0 molar equiv of various
synthetic receptors, namely 1a, 1b, f-CD, and CB[7]. Solid lines
represent fitting to model kinetic curves highlighting the influence of
each receptor on the hydrolysis rates.

that CB[7] can promote the acid-catalyzed hydrolysis of
various substrates.””®” The contrast between the protection
provided by 1a and 1b relative to f-CD or CB[7] underscores
the role naphthotubes can play in both acetal binding and
protection in aqueous media.

To investigate further the protective effects of naphthotubes
la and 1b on G1, a series of hydrolysis tests were carried out
using conditions expected to accelerate acetal hydrolysis
(Table 2, and Figures S93—S108). The results indicate that

Table 2. Half-lives of G1 at pD = 4.4 and pD = 2.8 in the
Absence (t, /5.4 h) and Presence (t;/;pounay 1) of Synthetic
Receptors (1a, 1b, f-CD, or CB[7]), and the Corresponding
Protection Ratios & (& = t; 5 pound/t1/2-free)

H pD [H]/[G1] £1/2-free £1/2-bound a
la 4.4 1 2.6 31.2 12
1b 4.4 1 2.6 >160 >61
B-CD 44 1 2.6 2.9 11
CB[7] 44 1 2.6 0.3 0.1
1a 4.4 2 2.6 110 42
la 2.8 1 0.05 18.1 362
la 2.8 2 0.05 59.5 1190
1b 2.8 1 0.05 30.3 606
1b 2.8 2 0.05 150 3000

the protection relative to receptor-free controls becomes
enhanced as the baseline hydrolysis rate increases. For
instance, the protection ratio (a, where & = t; /5 ounda/ b1 /2-frec)
in the presence of 1.0 molar equiv of 1a at pD = 2.8 is 30 times
higher than that at pD = 4.4. Moreover, the protection level
can be controlled via modifying the concentration of 1a or 1b.
At a pD value of 4.4, an increase in the concentration of la
from 1.0 to 2.0 molar equiv resulted in an increase in the
protection ratio from 12 to 42. Similar concentration-based
trends were observed in the presence of 1a or 1b at pD = 2.8.
In fact, using 2.0 molar equiv of la or 1b at pD = 2.8,
protection ratios of & = 1190 and 3000 were noted for 1a and
1b, respectively. Although specific comparisons are subject to
caveats related to conditions, such as substrate type, solvent,
and temperature, to the best of our knowledge, these values
represent the most efficient acetal protection reported to date.

An analysis of the hydrolysis kinetics was performed in an
effort to obtain a deeper understanding of the protection
mechanism. As illustrated in Figure S, in the presence of a host
molecule, G1 was considered likely to undergo hydrolysis via
two limiting mechanistic pathways. Model A postulates that
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a) model A b) model B
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Figure S. Kinetic models and plots of the concentration of the
benzaldehyde product P1 vs time for the acid-catalyzed hydrolysis of
G1 in the presence of 1a at pD = 4.4 showing the equations, fitting,
and simulation corresponding to model A (a), and model B (b). Red
circles and blue squares represent the experimental data in the
presence of 1.0 molar equiv and 2.0 molar equiv of 1a, respectively.
Red solid lines represent the fit of the hydrolysis data of G1 in the
presence of 1.0 molar equiv of la. Blue dash lines represent the
simulation of the hydrolysis of G1 in the presence of 2.0 molar equiv
of 1a.

the hydrolysis of G1 takes place solely within the bulk solution,
whereas model B is predicated on the assumption that G1
hydrolysis occurs both internal and external to the host cavity.
To determine which model, if either, provides the best
description, the kinetic data corresponding to the hydrolysis of
Gl in the presence of 1.0 molar equiv of the amide
naphthotube 1a at a pD value of 4.4 was used to determine
the binding constant K,(Gl@1a) and the reaction rate k.
Both parameters were then used to model the hydrolysis of G1
with 2.0 molar equiv of la. Finally, a comparison was made
between the experimental and simulated kinetic data. To
simplify the fitting process and reduce the number of
parameters, the experimentally determined values of the
association constant K,(P1@la) = 5.6 X 10> M~ and the
rate constant k = 7.5 X 107 s™' were fixed during the
calculation of the binding constant between the benzaldehyde
product P1 and 1a, as well as the hydrolysis rate of bound G1
at pD 4.4. This approach enhances the accuracy and reliability
of the model by minimizing the number of fitting parameters.

Per the above, the hydrolysis data of G1 with 1.0 molar
equiv of la were fitted to model A. This gave K,(Gl@1la) =
(1.7 £ 0.1) X 10° M™" (Figure S). The hydrolysis of G1 in the
presence of 2.0 molar equiv of 1a was then simulated using
model A. The resulting parameters were found to match well
to the experimental results, as indicated by a R? value of 0.9989
and a root-mean-square error (RMSE) value of 2.20 X 107¢ in
comparing the simulated and experimental kinetic data points.
Likewise, the hydrolysis data for G1 in the presence of 1.0
molar equiv of la was fitted to model B giving a K,(Gl@1a)
value of (1.8 + 0.1) X 10° M~ and k; = (7.5 + 2.7) X 107*
s™L. Based on model B, the calculated hydrolysis data for G1 in
the presence of 2.0 molar equiv of la closely matched the
experimental data, as evidenced by R* = 0.9990 and RMSE =
1.66 X 107° for a comparison between the simulated and
experimental kinetic data points.

It is noteworthy that both models A and B provide
acceptable fits to the experimental data. While model A
assumes that the bound G1 does not hydrolyze (k; = 0), model

B includes terms for the hydrolysis of G1 both inside and
outside of the cavity (k; # 0). In fact, the hydrolysis rate of
bound G1 in model B (k; = (7.5 + 2.7) X 107® s™* as noted
above) is approximately one-thousandth of that of free Gl
hydrolysis (k = 7.5 X 107 s7') and is therefore considered
negligible. Moreover, the binding constants derived from
model A (K,(G1@1a) = (1.7 + 0.1) X 10° M™') and model B
(K,(G1@1a) = (1.8 + 0.1) X 10° M™!) are identical to one
another within error and close to the K,(G1@2a) value of 5.1
X 10° M™! determined directly by experiment. In other words,
because the rate of G1 hydrolysis is greatly reduced within the
cavity, models A and B converge to become equivalent. As a
further check, a different hydrolysis model was derived that
presumes the hydrolysis of G1 occurs exclusively within the
host cavity (Figure S109). This latter model proved
inconsistent with the experimental data.

The hydrolysis data of G1 with 1a or 1b at pD = 2.8 were
examined using the same two models as above. Again,
comparable outcomes were noted (Figures S110 and S111).
All of these findings provide support for the design expectation
underlying the present study, namely that acetal hydrolysis is
inhibited within the biomimetic cavities of amide naphtho-
tubes 1a and 1b.

A solvent isotope effect was observed in the present
naphthotube-based protection system, with the hydrolysis of
G1 (0.5 mM) in the presence of 1 molar equiv of 1a displaying
an extended half-life in D,O (pD 4.2) compared to H,0/D,0
(9:1, v/v; pH 3.8) (Figures S112—S116). Specifically, the half-
life of G1 was 1.3 times longer in D,O. This effect is likely due
to stron§er noncovalent interactions, such as hydrogen
bonding® " and the hydrophobic effect,”"”’”> between la
and G1 in D,0. In alignment with this hypothesis, the binding
affinity of compound 2a—and by extension, compound 1a (as
discussed above)—for G1 in D,O is approximately 1.7 times
higher than in H,O (see Figure S117). These findings are
taken as further evidence of the critical role both hydrogen
bonding and the hydrophobic effect play in acetal protection in
this system.

The generality of the naphthotube-based protection strategy
was then evaluated using G2—G10 as substrates (Figures
S118—S182). As can be seen from the data collected in Table
3, in all cases the half-lives for hydrolysis were increased. A
correlation between the binding affinity and the degree of
protection () was observed. A higher binding affinity typically
results in enhanced protection for substrates with comparable
hydrolysis rates. Acetals G2—G4 have similar structures and
hydrolysis rates. The binding affinity of 2a, and by inference 1a
(see discussion above) to G4 is ca. 2-fold higher than that of
G3, and 8-fold higher than that of G2. Consequently, at both
pD 4.4 and 2.8, naphthotube 1a exhibits the highest level of
protection toward G4; it provides moderate protection to G3,
and offers the least protection to G2. This trend correlates with
the relative binding strengths seen for each of these guests in
the case of analogue 2a. On the other hand, substrate GS,
which is miscible with water and thus poorly bound by the
naphthotubes, benefited from only a 3—4 fold level of
protection. Additionally, the naphthotubes were found to
offer varying levels of protection to different acetal groups, with
stronger protection observed for acetals with less steric
hindrance. For instance, while G8 and G10 contain the same
phenyl substituent as G1, they possess bulkier 1,3-dioxane and
4,5-dimethyl-1,3-dioxolane groups, respectively. Consequently,
naphthotube 1a provides greater protection for G1 than for G8
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Table 3. Half-lives of G2—G10 in the Absence (t;5.5ce) D) a)
and Presence (t,/5.50unay h) of 1.0 Molar Equiv of Amide
Naphthotubes 1a or 1b and Corresponding Protection : pD=2.8 .
- _ —_—
Ratios a (a - tl/Z-bound/tl/Z-free) a0 070 5 min
_J/ 7/ CHO CHO
G H pD £1/2-free t1/2-bound a - - P2 P4
G2 la 44 0.6 32 S (1eq) (1eq.) without1b  100% 100%
G3 la 44 13 15.6 12 h1b 1007 5
G4 la 44 0.4 8.8 2 Wi . °
G2 la 2.8 1.2 X 1072 12 100 )\
= ==
1b 2.8 12 % 10 02 17
G3 la 2.8 23 %1072 8.2 356 +1b (1eq.) pD=2.8
1b 2.8 2.3 x 1072 22.5 978 o + ’ [ 5 min
G4 la 2.8 9.3 x 1073 3.8 409 —/
1b 2.8 9.3 % 1073 7.5 806 G2 G4@1b
Gs la 2.8 9.6 284 3 b)
1b 2.8 96 387 4
G6 la 28 64 49.0 100{without 1a/1b [with 1a [E@with 1b
1b 2.8 6.4 49.0 8 T __
G7 la 2.8 2.9 >180.0 >62 s
1b 2.8 2.9 >180.0 >62 = 75
G8 la 2.8 02 1.6 8 B
1b 2.8 02 47 24 < 504
G9 la 2.8 83 >240.0 >29 [
1b 2.8 8.3 >240.0 >29 2
@ 254
G10 la 4.4 0.4 0.7 2 &
1b 44 0.4 L1 3

at pD 2.8, and similarly, stronger protection for G1 over G10
at pD 4.4. Collectively, these findings provide support for the
suggestion that a wide variety of acetals can be protected using
the present naphthotube-based strategy. However, the level of
protection is substrate dependent.

Kinetic Resolution of Acetal Compounds. The
substrate-dependent nature of the protection effect led us to
explore whether the kinetic resolution of acetal isomers could
be achieved using amide naphthotubes la and 1b. In the
absence of a receptor, the constitutionally isomeric acetals
G2—G4 were found to display similar hydrolysis rates, thus
precluding their resolution through chemical “loss” of the
acetal functionality (cf. Figure S183). The presence of
naphthotubes 1a and 1b was expected to perturb this baseline.
To test this hypothesis, kinetic resolution experiments were
carried out using various combinations of G2—G4 and 1a and
1b (Figures S184—S189). The kinetic resolution of G2 and G4
with 1b provides a representative example. In this study, a 1:1
mixture of G2 and G4 (0.25 mM in each) was added to an
acidic solution (pD = 2.8) containing 0.25 mM 1b (Figure 6a,
Figures S186 and S187). The resulting solution was extracted
rapidly with CD,Cl, after stirring at 298 K for S min. After
treating with Na,CO; and Na,SO, to effect neutralization and
drying, respectively, the "H NMR spectrum of the organic
phase was recorded and the percentage residual acetal
determined.

The kinetic resolution studies revealed that both 1a and 1b
can be employed for the kinetic resolution of acetal isomers
(Figure 6b and Table S1). The effect is highly correlated with
the binding affinity. It is not possible to obtain an effective
kinetic resolution if two acetal isomers show similar association
constants (e.g,, G3 versus G4 in the presence of either 1a or
1b). In contrast, a reasonable kinetic resolution can be
achieved if the association constants of the two isomers differ
by approximately 1 order of magnitude (e.g., G2 versus G3

0 =l

G3G3G3 G2G4G4 G3G4G4

G2vs G3 G2vs G4 G3vs G4

Figure 6. (a) Proposed kinetic resolution of G2 and G4 (0.25 mM in
each) using 1.0 molar equiv of naphthotube 1b. (b) Results of kinetic
resolution studies among all the possible combinations of G2—G4 by
la or 1b. The bar graph shows the remaining percentage of the
slower-hydrolyzing acetal as determined by NMR spectral studies
under conditions where the more rapidly hydrolyzed acetal is all but
completely consumed.

with 1a, or G2 versus G4 with 1a). The resolution is enhanced
further if the binding constants for the two isomers differ by
roughly 2 orders of magnitude (e.g,, G2 versus G3 with 1b, or
G2 versus G4 with 1b). The most advantageous result was
observed in the kinetic resolution of G2 and G3 with 1b,
where approximately 97% of G3 was still present after G2 was
fully hydrolyzed.

Additional Protection Studies. The successful non-
covalent protection of acetals led us to investigate whether
the present amide naphthotubes could be used to protect other
reactive functionalities. The commercially available organic
molecules G11-G14 were chosen to test this possibility
(Figure 7a). Collectively, these substrates span a range of
important functional groups. For instance, the ester functional
group present in G11 is often used as a reactive intermediate
and is present in a variety of perfume constituents.”” The
phosphate in G12 is prevalent in biologically active molecules,
including pesticides.”* Dimethyl fumarate G13 is recognized as
one of the top 30 small-molecule pharmaceuticals in terms of
retail sales.”> 4-Nitrophenyl butyrate G14 is frequently used to
measure the activity of esterases.”® All four of these substrates
can be recognized by the anionic, water-soluble naphthotubes
2a or 2b in water (K, as 10°> ~ 10° M}, Figures $190—5198,
and Table S2). The use of these two anionic naphthotubes was
expected to allow for studies of base-promoted reactions that
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Figure 7. (a) Chemical structures of substrates G11—-Gl14; (b)
percent conversion of substrates G11—G14 (0.5 mM) in the absence
and presence of 1.0 molar equiv of 2a or 2b, determined at the point
where complete conversion of the free substrate was observed.
Reaction progress was monitored using '"H NMR spectroscopy for
substrates G11—G13 and UV—vis spectroscopy in the case of G14.
The specific reactions and conditions were as follows: For substrates
G11 and G12, hydrolysis was performed in deuterium oxide (D,0O) in
the presence of 10 mM sodium hydroxide (NaOH) at 298 K; for
G13, 2.0 mM mercaptoacetic acid in D,O at pD 7.8 and 298 K was
used to promote a possible addition reaction; and for G14, the
putative hydrolysis was catalyzed by carboxylesterase EC 3.1.1.1 in
water (H,0) at pH 7.4 and 310 K.

would be difficult to monitor with the cationic systems 1a and
1b. Support for the proposed encapsulation, similar to that
observed with guests G1—G10 and naphthotubes 1a and 1b,
was provided by DFT calculations (Figures $199—5202).

To test whether substrates G11—G14 could be protected by
naphthotubes 2a and 2b, reactions were chosen that were
expected to mirror expected reactivity patterns, specifically the
base-catalyzed hydrolysis of G11 and G12, addition of a thiol
to G13, and esterase-mediated hydrolysis of G14. Conversion
was then determined by loss of initial substrate as monitored
by spectroscopic means (Figures $203—S219 and Table S3).
In the case of each substrate—receptor pair, conditions were
chosen wherein near-complete depletion of the free substrate
to the limits of detection was observed. The reactions involving
G11-G13 were performed in D,O and monitored by 'H
NMR spectroscopy, while that of G14 in H,O was monitored
by UV—vis spectroscopy. Under these specific reaction
conditions, the presence of a naphthotube (either 2a or 2b
at 0.5 mM) generally resulted in less than 50% substrate
conversion, whereas complete conversion was observed in the
absence of the host molecule (Figure 7b). Consistent with a
binding-based protection mechanism analogous to that seen
with 1a and 1b and the acetal substrates (vide supra), the level
of protection for G11—G14 was found to be dependent on the
concentration of the host molecules 2a and 2b (Figure S219).
Collectively, these results highlight the ability of amide
naphthotubes 1a, 1b, 2a, and 2b to protect a wide range of
substrates from canonical reactions otherwise expected to
occur readily in aqueous media.

Given the results obtained with naphthotubes 1 and 2, we
were keen to see if other biomimetic receptors could be used
to protect molecules in water. Recently, we reported a larger

biomimetic receptor 4 (“amide anthryltube”) that binds polar
organic molecules in water effectively via a combination of
hydrogen bonding and hydrophobic effects.”” It was thus
tested for its ability to promote molecular protection in water.
Substrates G15—G18 were selected due to their recognized
utility in a variety of areas (Figure 8a). Coumarin (G15) serves
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Figure 8. (a) Chemical structures of substrates G15—G18; (b)
conversion of substrates G15—G18 (0.5 mM) in the absence and
presence of 1.0 molar equiv of 2b or 4, determined at the point where
complete conversion of the free substrate was observed. Reaction
progress was monitored using '"H NMR spectroscopy. Reaction
conditions: G15 — hydrolysis with 10 mM NaOH in D,O at 298 K;
G16 — aminolysis with 2.0 mM monoethanolamine in D,0O at pD 7.8
and 298 K; G17 — reduction with dithiothreitol in D,O at pD 7.8 and
298 K; G18 — isomerization in D,O at pD 6.9 and 298 K.

as a chromophore in a wide range of fluorescent indicators.”®
Isatoic anhydride (G16) is used in protein modification.”’
Disulfide bonds as embodied in substrate G17 play a role in
regulating protein structure and have seen extensive use in the
area of dynamic covalent chemistry.*”*" The donor—acceptor
Stenhouse adduct G18 is a prominent visible light-responsive
photoswitch.**

As above, the efficacy of anthryltube 4 in protecting these
substrates was tested by choosing reactions appropriate to the
substrates in question, including hydrolysis of G15, aminolysis
of G16, reduction of G17, and isomerization of G18 (Figures
8b, S220—S5235, and Table S4). It is notable that 4 exhibits
superior protection to G15—G18 compared with 2b. This
difference is ascribed to the presence of a larger biomimetic
cavity in the case of 4, which enables it to accommodate and
protect relatively large substrates such as G15—G18. This
inference is supported by the fact that higher binding affinities
are seen for G15—G18 in the case of the anthryltube 4 (K, =
10* ~ 10° M™") than the corresponding naphthotube 2b (K, =
10> ~ 10* M™!, Figures $S236—S244 and Table SS). The
optimized host—guest complex structures obtained through
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DFT calculations provide support for this conclusion (Figures
$245—-S8248). More broadly, the comparison between 4 and 2b
leads us to suggest that biomimetic receptors containing polar
binding motifs, such as 1, 2, and 4 of the present study, can be
expected to provide the best protection for those guests that
they are able to accommodate most effectively. To the extent
this caveat holds true, it would provide a guide to the design of
new host systems targeting the protection of guests beyond the
test set considered here.

B CONCLUSIONS

In summary, we have shown that appropriately designed
biomimetic receptors, namely the amide naphthotubes and an
amide anthryltube analogue, allow for the noncovalent
protection of functional organic molecules in water. The
prototypical naphthotube receptors la and 1b were found to
protect acetals against acid-catalyzed hydrolysis (providing
half-live extensions of up to 3000-fold in the most favorable of
cases). The generality of the present strategy was then
validated by demonstrating its utility in protecting eight
different substrates across six distinct reaction types. Here,
tested substrates included ester, phosphate, disulfide, coumar-
in, dimethyl fumarate, isatoic anhydride, 4-nitrophenyl
butyrate, and a donor—acceptor Stenhouse adduct, while the
reaction types involved hydrolysis, aminolysis, addition,
reduction, isomerization, and enzyme-catalyzed reactions. Of
note is that receptors used in the present study can be easily
recycled from the aqueous solution containing various
substrates and products with high recovery rates that in the
best cases exceed 80% (Figures $249—S251). We thus suggest
that the encapsulation-based protection strategy outlined here
could emerge as environmentally friendly and cost-effective.
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