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ABSTRACT: Herein, we describe a new bifunctional macrocyclic catalyst that employs multiple weak non-covalent interactions to
enable substrate-selective O-silylation of ammonium alcohols over more reactive aliphatic alcohols up to >20:1 substrate-selectiv-
ity. Our catalytic strategy merges i) the use of crown ethers as ammonium binding receptors and ii) the exploitation of N-methyl
imidazole as a catalytic motif. Our collective mechanistic studies reveal the importance of receptor size, conformational preorgan-
ization, and the number of hydrogen-binding acceptor units needed to achieve high selectivity within the macrocyclic binding

pocket.

Introduction

Inspired by nature’s ability to perform highly selective en-
zymatic processes, the use of multiple weak non-covalent
interactions (NCIs) has enabled significant advances in se-
lective supramolecular catalysis. Molecular recognitions
via NCIs employed in these applications often rely on the
complementary shape and size between interacting part-
ners, such as a pair of guest-host or substrate-catalyst.
These complementary features can be fine-tuned to pro-
mote new chemical reactivities (e.g., anion-binding cataly-
sis) or to achieve an array of selectivities (e.g., regio- or en-
antioselectivity)!-6. Most often, balancing the strength and
reversibility of molecular recognition is essential for devel-
oping new catalytic processes.

Substrate-selective catalysis (Figure 1A) is a canonical char-
acteristic of enzymatic reactions, and it has played im-
portant roles in industrial processes that manufacture com-
modity hydrocarbon chemicals.” Despite this, it is far less
explored than regio- and enantioselective catalysis and the
scope of substrate-selective catalysis has been mostly lim-
ited to nonpolar hydrocarbon substrates. To this end, we
were inspired to design a catalyst that could enable the sub-
strate-selective catalysis of molecular scaffolds bearing
highly polar functional groups, such as amino alcohols,
which are ubiquitous in bioactive molecules such as neuro-
transmitters, peptides, and antibiotics (Figure 1B). From a
reactivity standpoint, the presence of amino alcohols in
these molecules imparts challenges in developing

substrate-selective catalysis. Although the use of transition
metals or Lewis acid catalysts may be considered, their cat-
alytic reactivity is likely to be hampered by the strong coor-
dinative saturation by Lewis basic amino alcohols. This
challenge may be circumvented by taking an approach that
combines the use of protecting groups and NCIs, as ele-
gantly demonstrated by Kawabata and co-workers (Figure
1C). They recently reported substrate-selective O-silylation
of N-protected amino alcohols using a chiral 4-pyrrolidino-
pyridine catalyst.8 An electron-withdrawing N-protecting
group is required to unveil a strong H-bond donor in the
protected amino alcohol substrate, which undergoes a key
catalyst-substrate H-bonding interaction. Under their cat-
alyst-controlled conditions, the N-protected 1,5-amino alco-
hols were preferentially O-silylated over different chain-
length analogs. Although Kawabata and co-workers have
impressively demonstrated high substrate-selectivities, the
substrate scope of the silylation has been limited to simple
linear amino alcohols, and the method suffers synthetic in-
efficiency due to the required protecting group manipula-
tion. To date, a catalytic substrate-selective method for di-
rectly modifying unprotected amino alcohols remains elu-
sive.



OIS

+
A ®
Nu ~~
more reactive
? nucleophiles

catalyst-controlled
substrate-selectivity

B. OH

HO Norepinephrine

o
H,oN
2 N)\ Threonine-
H peptides
HO Me

Leads to selective O-silylation of

." / N-protected 1,5-amino alcohols
H

/
(¢}

Figure 1. (A) General reaction scheme for substrate-selective ca-
talysis. (B) Prevalence of amino alcohol motifs in diverse biomol-
ecules. (C) Kawabata’s proposed model for H-bond directed sub-
strate-selective O-silylation of N-protected 1,5-amino alcohols.

To accomplish such challenging processes, we envisioned
that a new supramolecular catalyst that employs multiple
weak NCIs (e.g., H-bonds) will enable selective functionali-
zation of amino alcohols. When considering the design of
such a catalyst, we were drawn to Cram’s pioneering work
on rate acceleration of transacylation using the well-known
molecular recognition between organic ammonium ions
and crown ether receptors (Figure 2A).° Moreover, macro-
cyclic crown ethers are versatile catalysts capable of spe-
cific molecular recognition for sensing applications as well
as recognition-driven reactions.310-15 Inspired by these
seminal works, we set out to develop new bifunctional aza-
crown ethers (ACE) for substrate-selective, catalytic func-
tionalization of amino alcohols by combining the following
design elements (Figure 2B and C): i) the use of a proton as
a simple, transient protecting group for amino alcohols to
generate ammonium alcohol substrates, ii) the ability of
crown ethers to bind ammonium ions, and iii) the incorpo-
ration of N-methyl imidazole (NMI) as a catalytic motif. We
hypothesize that the macrocyclic conformation of the ACE
catalyst would selectively bind to ammonium-bearing sub-
strates via multiple H-bonding interactions. The pre-asso-
ciated complex would then undergo proximity-induced O-
functionalization via Brgnsted base catalysis. Herein, we
present our work on the synthesis and studies of new bi-
functional macrocyclic catalysts for novel substrate-selec-
tive catalysis of unprotected amino alcohols via O-silylation.
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Figure 2. (A) Cram’s pioneering work on accelerated transacyla-
tion using ammonium-binding crown ether. (B) Our catalyst de-
sign for molecular recognition-driven bifunctional ACE catalyst.
(C) Our hypothesis for ammonium-directed substrate-selective
O-silylation.

Results and Discussion

We envisioned that ACE that bears a secondary amine as a
functional group handle is a suitable macrocyclic building
block, which would allow us to covalently link the macrocy-
cle and a catalytic motif in a modular way. Various ring sizes
and analogs of ACE are commercially available as well. We
synthesized several ACE catalysts via a single-step protocol
using various ACEs and aldehyde-building blocks in good
isolated yields (Figure 3A and see supporting information
for details). Next, we evaluated the abilities of these ACE
catalysts to interact with ammonium cations via multiple
NCIs. First, tH NMR spectroscopy studies were performed
by combining an equimolar amount of C1 and NH4PF¢salt in
MeCN solution at room temperature. We observed a set of
peaks in which most of the proton signals of C1 underwent
notable downfield chemical shift changes (Figure 3B). This
observation indicates the presence of multiple H-bonding
interactions occurring between the ACE C1 and NH4 salt,
leading to the fast association of the NHs under the NMR
timescale or the formation of a single, stable complex. The
proposed structure of the NHs4-bound C1 complex and the
multiple intermolecular H-bonding interactions were fur-
ther confirmed by X-ray crystallographic analysis (Figure
3C). The distances of the H-bonds (D---A) were in the range
of 2.856-2.999 A, which indicates that these interactions in
the solid state are moderately strong.16-18 Also, we investi-
gated the synthesis of N-benzyl-ACE C2, and analogous
structural studies of the NHs-bound C2 revealed that the
macrocycle alone can bind to the ammonium ion via moder-
ately strong H-bonds (2.896-2.970 A) and the NMI motif is
not required for the molecular recognition. The formation
of multiple H-bonds between C2 and NHs ion in solution



was also supported by our *H NMR spectroscopy studies
(see supporting information for details). In both cases, the
H-bond lengths are consistent with the previously reported
values for the NH4PFs-18-crown-6 complex.l® Based on
these structural data, we hypothesize that the macrocycle
serves as the main molecular recognition site for ammo-
nium species and the NMI motif may undergo a reversible
H-bonding interaction, making the Lewis basic motif availa-
ble for its catalytic activity.
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Figure 3. (A) Representative synthesis of bifunctional aza-crown
ether catalyst and its NHs-bound complex. (B) Comparison of *H
NMR spectra (MeCN-ds;, 298K) between C1 (top) and its NH,-
bound complex (bottom, PFs anion was omitted for clarity). (C)
X-ray structures of NHs-bound C1 and C2 (left and right, respec-
tively). The H-bonds (D-:-A) are indicated above (some hydrogen
atoms and PFg anion were omitted for clarity).

This hypothesis then stimulated us to investigate if the
Lewis basic NMI subunit provides a second binding site for
an additional ammonium species by performing NMR titra-
tion studies. First, we chose an organic ammonium alcohol
1a for ease of analysis and in anticipation that it would be a
good candidate for exploring our substrate-selective cataly-
sis. Analogous to our observation with the NHs-bound C1
(Figure 3), the 'H NMR spectrum of an equimolar amount of
the ammonium alcohol 1a and C1 showed the formation of
a single species with considerable downfield chemical shift
changes of the proton signals of C1 (Figure 4A top and mid-
dle, and see supporting information for details). This in-
deed suggests that both the macrocycle and the Lewis basic
arm are involved in the complexation via multiple H-

bonding interactions.2? Also, our NMR titration studies in-
dicate that the association constant (K. = 6.5 x 10* M1) is in
agreement with the reported literature values for primary
ammonium ion binding with crown ether (see supporting
information for details).1021 Furthermore, we measured the
association constant in the presence of 1 equivalent of EtsN
and obtained Ka value of 3.4 x 104 M-, which suggests that 1
equivalence of EtsN does not significantly disrupt the am-
monium-crown ether binding event. These collective data
indicate a rapid complexation of the guest and the host with
a binding stoichiometry of 1:1 ratio, even in the presence of
an excess of compound 1a. This may suggest both the mac-
rocycle and NMI motifs are fully occupied by a single mole-
cule of ammonium alcohol 1a. Although we could not ob-
tain a single crystal of the complex for X-ray crystallo-
graphic analysis to further support its structure, the solu-
tion state observations are consistent with two binding
models in a dynamic H-bonding equilibrium, as depicted in
Figure 4B. The binding model 1 involves both macrocycle
and NMI subunits H-bonded to the ammonium motif (Fig-
ure 4B, left). For binding model 2, it is reasonable that these
multiple H-bonds can be reorganized such that the NMI sub-
unit engages in an H-bonding interaction with the hydroxyl
group (Figure 4B, right). We performed DFT calculations to
determine which one of the two models is more energeti-
cally feasible. Our results indicated that the binding model
2 is 4.0 kcal/mol more favorable than the binding model 1
(see supporting information for details). Therefore, we an-
ticipate that such an H-bonding association of the NMI in the
binding model 2 will serve as the Brgnsted base activation
of the hydroxyl group, which will enhance its reactivity in
the substrate-selective catalysis.
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Figure 4. (A) Comparison of *H NMR spectra (MeCN-d3, 298K) be-
tween (i) C1 (top), (ii) 1:1 ratio of organic ammonium alcohol 1a
and C1 (middle), and (iii) 4:1 ratio of organic ammonium alcohol
1a and C1 (bottom). (B) Proposed binding models for the inter-
action of organic ammonium alcohol 1a and C1 (BF,; anion was
omitted for clarity).



These proposed binding models, along with our original hy-
pothesis about the ammonium-directed O-functionaliza-
tion, prompted us to evaluate the proposed bifunctionality
and the key structural subunits on the catalytic efficacy of
the ACE catalysts in substrate-selective catalysis. Building
on our NMR titration studies, we chose the organic ammo-
nium alcohol 1a and its non-ammonium-counterpart 1b as
a pair of starting materials. Notably, the amino alcohol mo-
tif in 1a is a common structural feature in many secondary
metabolites.?2 We chose the BF4 as a non-coordinating an-
ion, which would allow the ammonium cation to be more
accessible for binding to the ACE catalysts. Additionally, we
reasoned that the well-studied N-heterocycle-catalyzed O-
silylation23-27 is a suitable and useful protection reaction to
demonstrate the catalytic efficacy of NMI-bearing ACE cata-
lysts in substrate-selective catalysis. For ease of reaction
analysis using 'H NMR spectroscopy, the reaction mixture
was subsequently subjected to an acetylation condition at
the end of the silylation reaction to furnish the correspond-
ing acetates of the unreacted alcohols and amines (see the
supporting information for details).

First, we began our study by evaluating the baseline com-
petitive reactivity of substrate-selective silylation of the am-
monium alcohol 1a with its analogous non-ammonium al-
cohol 1b. Under standard O-silylation conditions, using a
catalytic amount of NMI, we observed that alcohol 1b was
the much faster-reacting substrate, producing a 1:1.7 ratio
of O-silylated products 2a and 2b (Scheme 1A, left). In stark
contrast, when our catalyst C1 was used instead of NMI, a
complete reversal in the substrate-selectivity of 7.4:1 ratio
of 2a and 2b was observed, predominantly generating the
desired product 2a (Scheme 1A, middle). Subsequently, we
tested the significance of covalently linking the macrocycle
and the NMI subunit to investigate our proposed bifunction-
ality of the catalysts. In the presence of catalyst C2 and NM],
we no longer observed the preference for the ammonium
alcohol 1a; instead, a similar level of substrate-selectivity as
the NMI-catalyzed reaction was obtained (ratio of 2a:2b =
1:2.2, Scheme 1A, right). This outcome strongly indicates
that the ammonium-recognition event alone is insufficient
for achieving selectivity for the ammonium alcohol sub-
strate. During the survey of various reaction conditions, we
observed increasing levels of substrate-selectivities for
compound 2a under strongly basic conditions (see Table S1,
entries 8, 9, 15, and 16). This may suggest that the ammo-
nium-binding catalysis is less operative, and it is likely that
the observed selectivity favoring the formation of com-
pound 2a proceeds through an alternative pathway. Collec-
tively, these results are consistent with our hypothesis for
designing a new class of catalysts wherein the molecular
recognition and Brgnsted base catalysis are presumed to
operate in tandem, leading to kinetically faster O-silylation
of the ammonium alcohol substrate.

Next, we turned our attention to interrogating the number
of H-bonding interactions between the ACE catalyst and am-
monium substrate and their effect on the selectivity of the
catalytic process. We anticipated that decreasing the num-
ber of H-bond acceptors in the crown ether subunit would
reduce selectivity due to its diminished ability to effectively
bind to an ammonium ion. First, we prepared a series of
NMI-bearing catalysts with a range of crown ether sizes

(Scheme 1B, compounds C3-5). As expected, catalysts C4-
C5 exhibited a trend whereby a decrease in ether oxygen at-
oms on the crown ether motif led to lower selectivity for
compound 1a (Scheme 1B). To our surprise, employing C3
gave high selectivity (8.8:1) albeit lowest conversion (54%).
The high substrate-selectivity exhibited by C3 is consistent
with the X-ray crystallographic structure of the ammonium-
bound C3 that revealed moderately strong H-bonds of
2.897-3.028 A (Figure 5, left). Previous reports?2° have
shown that the D3q symmetry of 18-crown-6 ether has an
ideal geometry for complementary H-bonding when com-
plexing to the C3v symmetry of the primary ammonium
group RNH3*, which presumably enhances selectivity for si-
lylation of ammonium alcohol 1a as observed when using
the C1 catalyst. Interestingly, the comparison between NMI
(Scheme 1A, left) and the catalyst C5 (Scheme 1B, right)
seems to suggest that the presence of a covalently linked
tertiary amine subunit is important for selectivity. It is
likely that the tertiary amine undergoes a sufficiently strong
non-covalent interaction with 1a, leading to notable altera-
tion in the substrate-selectivity. In addition, we examined
other catalyst scaffolds (Scheme 1C, compounds C6-9). For
catalysts €6 and C7 that bear two NMI subunits, we initially
expected an enhancement in substrate selectivity due to an
increase in the number of catalytic subunits that are in prox-
imity to the bound ammonium substrate. However, the ob-
served selectivities (6.9:1 and 6.2:1 ratio, respectively,
Scheme 1C, left) were found to be lower than their mono-
NMI-ACE counterparts. This observation could be ex-
plained by the crytand-like encapsulation of an ammonium
ion by catalysts C6 and C7, which is revealed by our X-ray
crystallographic structure of the ammonium-bound C6
complex (Figure 5, right). Such a strong binding event is ex-
pected to suppress the productive bifunctional catalytic
process.

Scheme 1. Investigation of the Bifunctionality of ACE Catalysts
for substrate-selective silylation of ammonium alcohols®
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Figure 5. X-ray structures of NH;-bound C3 and C7. The H-bonds
(D-:-A) are indicated above (some hydrogen atoms and PFg anion
were omitted for clarity).

As a control, we investigated the importance of cyclic con-
formation of macrocyclic subunit in C1 on reaction selectiv-
ity. We hypothesized that the pre-organized, rigid cyclic
conformation is essential for effective ammonium-recogni-
tion to achieve selective silylation. In this light, we prepared
acyclic catalyst C8 and employed it under our reaction con-
ditions (Scheme 1C). As we hypothesized, a lower level of
substrate-selectivity was obtained (3.8:1 ratio, Scheme 1C,

middle). Also, we observed that an amide-bearing catalyst
C9 exhibited a low selectivity (4.8:1, Scheme 1C, right),
which is consistent with the fact that the electron withdraw-
ing nature of the carbonyl moiety is expected to diminish
both the strength of ammonium-catalyst interaction and the
Lewis basicity of the NMI subunit. Lastly, we observed
much lower selectivity for the ammonium substrate at low
reaction temperature, giving a 1:2.7 ratio (see Table S1, en-
tries 19-20). This can be explained by the increased
strength of the H-bonds at low temperatures, which would
shift the equilibrium of host-guest interactions towards as-
sociation.3?

To test the generality of the ACE-catalyzed substrate-selec-
tive silylation, we chose to examine diverse ammonium al-
cohols that are substructures of biomolecules, such as ami-
noglycosides and peptides (Scheme 2). We chose to employ
C1 due to its high substrate-selectivity and good reactivity.
First, we observed that employing a catalyticamount of NMI
to a mixture of substrates 1b and threonine 1c - an amino
acid with an OH-side chain - gave mostly product 2b (1:4.0
product ratio of 2c and 2b). However, when the same mix-
ture was treated with catalyst C1, the inherent product dis-
tribution was overturned to give a ratio of 5.3:1, favoring
the silylation of threonine 1c. Similarly, a high level of over-
riding an inherent selectivity was observed for the 1,3-am-
monium alcohol substrate 1d - a hydroxybutyric acid sub-
unit of amikacin. With NMI as a catalyst, a 1:1.3 ratio was
observed, whereas catalyst C1 showed excellent selectivity
for the silylation of compound 1d (>20:1 ratio).

Seeing the difference in the catalyst-controlled silylation ra-
tios of trans-1,2-amino cyclohexanol 2e and trans-1,4-
amino cyclohexanol 2f (6.3:1 and 2.8:1, respectively), it is
evident that catalyst C1 shows much better capabilities at
overriding substrate selectivity of the NMI-catalyzed silyla-
tion of 1,2-amino alcohols. We suspect that the dimension
of catalyst C1 is more suitable for selectively silylating 1,2
and 1,3-ammonium alcohol substrates. In contrast, the con-
formationally restricted trans-1,4-ammonium alcohol 1f,
where the hydroxyl group is distal from the ammonium
group, is not the ideal substrate-catalyst match and hence
does not undergo recognition-driven, selective silylation.
Additional studies are underway to identify the optimal
complementary catalyst-substrate fit by modulating the
linker length of the catalytic subunit.

We noticed that the product conversion is generally lower
for the aza-crown ether catalyzed silylation than the NMI-
catalyzed silylation. We postulate that the buildup of acidic
protons in the silylation reaction medium may slow down
the catalysis due to the protonation of the aza-crown ether
catalyst, which bears a 3° alkyl amine motif. Also, it is plau-
sible that the protonated 3° alkyl amine motif could engage
in an intramolecular H-bonding interaction with the imid-
azole motif, hindering silylation of any alcohol substrates.
Although this protonation is likely reversible, we anticipate
that it may slow down the binding of the ammonium sub-
strate. Nonetheless, these catalysts allow overturning of the
substrate selectivity.

Scheme 2. Scope of BF;-ammonium alcohols in substrate-se-
lective silylation?
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Next, we evaluated the catalytic efficacy of C1 in the pres-
ence of a more complex mixture of alcohol-bearing natural
product substrates (cholesterol and protected «o-D-
allofuranose, Scheme 3). When comparing the product dis-
tribution of NMI and C1-catalyzed reactions, we observed a
clear catalyst-controlled, recognition-driven selectivity
where the product distribution for the target product 2a
was significantly increased from 14% to 68%. Employing
these substrates under substrate-selective silylation condi-
tions further strengthens our proposed mode of catalysis
and reveals a consistent trend of the bifunctional catalyst
overriding the inherent substrate-controlled selectivity.

Scheme 3. Substrate-selective silylation of ammonium alco-
hol in the presence of more reactive biomolecules
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On the basis of our studies, we propose a molecular recog-
nition-driven catalytic cycle for the bifunctional catalysis
(Scheme 4). First, the ammonium substrate binds to the
macrocyclic catalyst via multiple H-bond interactions (com-
plex I). Then, the NMI subunit of the catalyst initiates a
Brgnsted base activation of the hydroxyl group (complex
II). The substrate then undergoes a nucleophilic attack to-
wards the electrophile to give the silylated product (com-
plex III). The ammonium substrate replaces the ammonium
product to turn over the catalytic cycle. Alternatively, the
NMI-catalyzed nucleophilic activation of TESCI may be op-
erative.253132 We anticipate that this activation pathway
will lead to the proximity-induced O-silylation of the ammo-
nium substrate upon binding to the catalyst. Also, we con-
sidered the possibility of another mechanistic scenario in-
volving the N to O silyl-migration pathway for the observed
substrate-selectivity. Although we cannot completely rule
out this possible alternative pathway, our control reactions
using a catalytic amount of NMI have shown much higher
selectivity for non-ammonium alcohol substrates. Thus, we
suspect that this pathway is unlikely under our reaction
condition.

Scheme 4. Proposed catalytic cycle
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Conclusion

We have successfully developed a new class of bifunctional
macrocyclic catalysts for recognition-driven, substrate-se-
lective silylation of transiently protected, diverse amino al-
cohols. Our detailed mechanistic studies support an ammo-
nium-directed O-silylation by the bifunctional ACE catalysts
that utilize multiple cooperative NCIs for molecular recog-
nition and catalytic activation. The results herein showcase
potential for future applications in molecular recognition-
based sensing, separations, and substrate-selective func-
tionalization in a complex mixture of compounds. Also, this
class of catalysts could have a wide range of applications for
site-selective functionalization of complex biomolecules.
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