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Abstract: Enzymes achieve high substrate and product selectivities by orientating and activating
the substrate(s) appropriately inside a confined and finely optimized binding pocket. Enzyme
catalysis is generally regarded as the ultimate role model for chemical catalysis, and some basic
aspects of enzymes have already been mimicked successfully with man-made catalysts. One
fascinating facet of substrate activation inside enzyme pockets, which has not been mimicked with
man-made catalysts so far, involves proton wires. A proton wire facilitates the dual activation of a
nucleophile and an electrophile via a reciprocal proton transfer, enabling highly stereoselective
reactions under mild conditions. Here we present evidence for such an activation mode inside the
supramolecular resorcin[4]arene capsule and demonstrate that it enables catalytic and highly B-
selective glycosylation reactions. Extensive control experiments provide very strong evidence that
the reactions take place inside the molecular container. The communicating dual activation mode
enabled by the proton wire is, to our knowledge, unknown in supramolecular and molecular

catalysis so far.

Enzymes have functioned as role models for chemists working in the broad field of catalysis. They
enable conversions in an aqueous environment by binding the substrate(s) inside a hydrophobic
binding pocket. The finely optimized environment of such binding pockets facilitates the highly
selective conversion by orientating and activating the substrate(s) appropriately. Some aspects of

enzymes, for instance, the binding pocket, have already been mimicked successfully with
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supramolecular catalysts. Early work by Breslow, Sanders, Cram, Diederich, and others focused
mainly on covalently modified cyclodextrins, cyclic porphyrin oligomers, spherands, and
cyclophanes.!™ An alternative approach that requires less synthetic work utilizes the self-assembly
of smaller building blocks to form discrete molecular cages and capsules.*® Molecular capsules,
first reported by Rebek in the early 1990s,’ are self-assembled, closed host structures that allow
the reversible binding of guest molecules. Molecular cages are structurally related but feature
openings large enough for solvent and, usually, also guest exchange. It has been demonstrated that
the entrapment inside capsules and cages can lead to different reactivities and selectivities
compared to regular solution chemistry.>”1%-23 One fascinating facet of substrate activation inside
enzyme pockets, which has not been mimicked with man-made catalysts so far, involves proton
wires. Proton wires enable the facile transfer of protons over long distances via hydrogen bonds.
For instance, the two active sites of the enzyme complex pyruvate dehydrogenase communicate
with each other via the transfer of a proton over a wire of approx. 20 A in length.>* The proton
wire consists of acidic amino acid side chains and water molecules which are linked via hydrogen
bonds. This sophisticated non-covalent connection enables efficient proton transfer via a process
that is often referred to as the “Grotthuss mechanism”.?* Recently, in 2015, an inverting cellulase
enzyme was studied in detail using neutron diffraction and high-resolution x-ray diffraction
analysis, which enabled the visualization of the detailed hydrogen bond network.? It was found
that a proton wire connects the nucleophile (water, red arrow in Fig. 1A) with the general acid
(Asp'!', green arrow) that activates the electrophile (glycosidic oxygen). The electrophile requires
a general acid, while the nucleophile depends on a general base for deprotonation. A reciprocal
proton transfer over a multitude of bonds, enabled via the proton wire, satisfies the requirements
of both reaction partners for activation (light blue bold circular arrow in Fig. 1A), enabling the
stereoselective reaction under mild conditions without the need for a strongly acidic activation
agent. Such a communicating dual activation mode is, to our knowledge, unknown in
supramolecular and molecular catalysis so far. Here we present evidence for such an activation
mode inside the supramolecular resorcin[4]arene capsule I (Fig. 1B) and demonstrate that it

enables highly p-selective glycosylation reactions.
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Figure 1. (A) Active site of an inverting cellulase enzyme.?® A proton wire connects the
nucleophile (water, red arrow in Fig. 1A) with the general acid (Asp'!*, green arrow) that activates
the electrophile (glycosidic oxygen). (B) We report that the supramolecular capsule I enables a
similar activation mode inside its binding pocket. The catalyst activates the nucleophile (red arrow)
and electrophile (green arrow), and synchronizes both reaction partners via seven hydrogen bonds.
These seven hydrogen bonds are depicted as green dotted lines. (C) Catalyst I self-assembles from
six resorcin[4]arene units 1 and eight water molecules. (D) Glycosides exist in the o- and the
thermodynamically less stable B-form. (E) Prototypical Sx1 or Snx2 mechanisms for the

glycosylation reactions.

The hexameric capsule I, originally reported by the Atwood group,?’ self-assembles via
hydrogen bonds from six resorcin[4]arene units 1 and eight water molecules in apolar solvents
(Fig. 1C).2%3% The first two examples for catalysis inside I were reported by the groups of Reek
and Scarso.*!*? Subsequently, our group,!! and others'? utilized the capsule for the catalysis of a
variety of reactions. Although I itself exhibits decent Bronsted acidity (pKa approx. 5.5),> a strong
Bronsted acid co-catalyst (HCI) is required for several reactions.** However, even in these cases,
the reactions take place inside the cavity, presumably via a proton shuttle mechanism.*’ Inspired
by a report from Aoyama®® in 1990 on the formation of methyl B-ribofuranoside from ribose using
superstoichiometric amounts of resorcin[4]arene 1, we investigated the possibility of performing

glycosylation reactions inside capsule I. One main challenge in glycosylation chemistry remains
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the stereoselective formation of the glycosidic linkage that can yield two isomers; the a-isomer
featuring the glycosidic bond anti to the substituent at C5 (Fig. 1D), and the thermodynamically
less stable B-isomer with its syn relationship. Although tremendous progress has been achieved,*”
4 the stereoselective chemical synthesis of carbohydrates remains challenging.*” While the
glycoside donor (electrophile) with the leaving group in a-configuration is readily available
stereoselectively due to its thermodynamic stability, its stereoselective conversion is challenging.
Conceptually, two different reaction pathways are possible (Fig. 1E): A clean Sx2 pathway would
deliver B-product 3 selectively. In contrast, the Sn1 pathway with its cationic intermediate 4 would
usually lead to o/p mixtures. In practice, however, the stereoselective substitution at the anomeric
carbon is much more complex since a wide continuum of mechanisms between these two
prototypical cases has been observed.*® The exact pathway is influenced by all reaction parameters
involved; not only the solvent, concentration, temperature, catalyst/activating agent, and the
nucleophile, but also all aspects of the substrate itself: its substitution and the configuration of the
substituents, its conformation that is strongly influenced by the protecting groups utilized, and also
the leaving group. Although numerous methods have been developed, usually many different
parameters have to be optimized to achieve excellent selectivity. A general approach to [3-
glycosides exists for glycoside donors (electrophiles) featuring an equatorially configured ester
group at C2. Due to neighbouring group participitation, high B-selectivity for the glycosylation
can be obtained, delivering trans-1,2-B-products. However, cis-1,2-, and 2-deoxy-p-products are
not accessible via such a neighboring group effect. In 2017, the Jacobsen group reported an
approach that allows the catalytic B-selective construction of a wide range of glycosidic linkages,
including the challenging cis-1,2-, and 2-deoxy-products, utilizing a macrocyclic bis-thiourea
catalyst.*>° We here report, that the communicating dual activation mode discovered in capsule

I, enables a rather general B-selective glycosylation, that is only limited by the cavity size.
Results and discussion

An initial screening revealed that the chloride leaving group displayed promising reactivity in
combination with capsule I. Exposing tetra-O-methyl-a-D-glucosyl chloride 6 (Fig. 2A; 0.10 M
in chloroform, with neutral aluminum oxide (alox) as HCI scavenger) to 5 eq. methanol for 8 h in
the presence of 10 mol% capsule, delivered the methyl glycoside 7 in 79% isolated yield and
excellent B-selectivity (a:f < 5:95). The high B-selectivity was surprising. To further optimize the
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reaction conditions, the challenging permethylated a-D-mannosyl chloride 8 (Fig. 2B) was utilized
as the glycoside donor (see SI chapter 4 for details). Due to its C2-substituent being in an axial
orientation, B-selective glycosylation is not only electronically but also sterically disfavored.*®
Interestingly, the same reaction conditions were successful; only the temperature was reduced from
30 °C to 20 °C as it slightly increased the dr. Under these conditions, the product formed in 11:89
a:f-selectivity and was isolated in good yield (75%). Even higher selectivities were obtained with
the permethylated a-mannosyl fluoride 10 as the donor (Fig. 2C). Although glycosyl fluorides are
very stable donors,’! an excellent 7:93 a:B-selectivity and a good yield (74%) were obtained at

only slightly elevated temperature (50 °C), but otherwise identical reaction conditions.

10mol% |
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Figure 2. Summary of the screening results. (A) Initial results with glycosyl chloride 6. (B) The
same conditions (at a reduced temperature, 20 °C) were also applicable to the challenging
mannosyl chloride 8 with its C2-substituent in the axial position. (C) An even higher selectivity

was observed for the mannosyl fluoride 10 (7:93); for details see SI chapter 4.

Control experiments

The unusually high B-selectivity obtained for the glycosylation of the three substrates (6, 8, and
10, Fig. 2) indicates that the glycosylation takes place inside the cavity of I. In solution, such a
selectivity would not be expected as extensive research has demonstrated.>”*> Indeed, without the
capsule catalyst, under otherwise identical conditions, only a 7% yield of a diastereomeric product
mixture (o/p =43:57) and some hydrolysis product was observed (Fig. 3A, entry 2). Nevertheless,
a series of further control experiments were performed to learn more about the role of the capsule

catalyst. Blocking the cavity of I with an excess of a high-affinity guest (EtsaNBF4),3? should
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efficiently prevent the glycosylation reaction from taking place inside the capsule (Fig. 3A, entry
3). Only small amounts of a diastereomeric product mixture (o/f = 44:56) were formed,
presumably mainly outside of I. Disassembling the catalyst, either via the addition of DMSO (entry
4) or by the use of acetone as a polar solvent (entry 5), prevented product formation in good
selectivity, or even completely. The same was true when capsule I was replaced by the closely
related hexameric pyrogallolarene (PG) capsule II (entry 6; see Fig. 3B for structure of PG and
the corresponding capsule II).">>* Although the substrates were encapsulated inside II (see SI,
page S11), no formation of the glycoside product was observed. This control experiment will be
discussed in the context of the reaction mechanism (next chapter) in more detail. Also attempts of
replacing I with a structural subunit, 4-hexylbenzene-1,3-diol, unable to assemble to a capsule,
failed to reproduce the high yields and selectivities (entry 7). The same was true when replacing
the mildly acidic capsule catalyst I with Bronsted or Lewis acids under otherwise identical reaction
conditions. Even in a larger excess (200 mol%), only a trace of conversion was observed with
acetic acid (entry 8) or trifluoroacetic acid (entry 9). The use of superstoichiometric amounts of
boron trifluoride led to an acceptable conversion (51% yield, entry 10), however, like the other

acids employed, failed to induce diastereoselectivity.

All results obtained are consistent with the B-selective glycosylation taking place inside the cavity
of catalyst I. If the reaction takes place inside the closed cavity, a substrate size selectivity should
be obtainable. Therefore, size competition experiments were performed. In the first set of
experiments, the a-configured glucosyl chloride 6 was reacted with a 1:1-mixture of differently
sized nucleophiles (methanol and 1-docosanol, Fig. 3C). Under capsule catalysis, only the methyl
glycoside 7 was detectable by 'H-NMR, and as expected was obtained in excellent B-selectivity.
Under regular solution conditions (200 mol% BF3.Et20, CDCl3, 50 °C) both nucleophiles reacted,
to deliver a product mixture in a ratio of approx. 60:40 (7/11). Both of these products were formed
as o/P-mixtures in ratios of 58:42 and 45:55, respectively. In the second set of experiments, a
mixture of differently sized glycosyl donors (6 and 12) was utilized (Fig. 3D). While capsule
catalysis delivered the smaller product 13 exclusively, and in excellent B-selectivity, the solution
experiment again delivered mixtures. These experiments provide very strong additional evidence
that the high B-selectivity stems from a reaction inside the capsule and not on the outer surface, or
in solution. To the best of our knowledge, there is no alternative man-made catalyst available that

selectively glycosylates mixtures of donors or acceptors of similar reactivity that only differ in
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size. Furthermore, the reaction does not suffer from significant product inhibition as demonstrated

for glucosyl chloride 6 and methanol (see SI chapter 7).
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Figure 3. Control experiments concerning the role of the capsule catalyst. (A) Different reaction
conditions that prevent reactions inside the capsule (entries 2-7), and regular solution reactions
(entries 8-10) failed to induce high B-selectivities. (B) Structures of pyrogallolarene (PG) and the
corresponding capsule II utilized in A, entry 6. (C) A size competition experiment with two
different nucleophiles was performed and indicated that a high B-selectivity can be obtained only
inside the capsule catalyst. (D) A size competition experiment with two different donors was
performed, indicating that a high B-selectivity can be obtained only inside the capsule catalyst.
“standard reaction conditions for glycosyl chloride [10 mol% capsule, CDCls, 30 °C, alox as

additive]; ®determined by "H NMR analysis of the reaction mixture.

Mechanistic investigations

To learn more about the glycosylation mechanism inside capsule I, several experiments were
performed. First, the dependence of the stereochemical outcome on the electrophile configuration

was explored. Due to their superior stability, the a- and B-fluorinated glucosyl donors were
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prepared in pure anomeric form. While invertive substitution was observed with the a-configured
glucosyl fluoride a-15 (72% yield, a:p = 6:94, Fig. 4A), the B-configured donor B-15 delivered an
anomeric mixture of the product with a small preference for the a-isomer (54% yield, a:3 = 64:36,
Fig. 4B). Furthermore, kinetic investigations were performed. For the determination of the
secondary kinetic isotope effect (SKIE), the deuterated substrate D-a-15 (Fig. 4C) was prepared
(see SI, page S6). An SKIE value of 1.19 £0.021 (50 °C), corresponding®* to a value of 1.21
(25°C), was determined from the H/D ratios in the isolated product and starting material (see SI,
page S85). However, the interpretation of the value is not straightforward when comparing with
other literature values. Values of 1.16-1.20 (23 °C) were interpreted as consistent an intermediate

33 or a “loose SN2 transition state”.>® Therefore, we

with “significant oxo-carbonium ion character
decided to investigate the reaction order of the nucleophile methanol (Fig. 4D). Interestingly, close
to the standard reaction concentration of methanol (0.50 M), approx. zero-order in methanol was
observed. The slightly negative trend likely stems from the destabilization of the capsule via the
polar additive methanol. However, at lower methanol concentrations (0.025 — 0.100 M), a first
order in methanol was observed. First order was also observed for the glycosyl fluoride substrate
a-15 over the whole concentration range investigated (see SI page S67). The first order in
methanol observed excludes a potential Snx1 mechanism, while the approx. zero-order at higher
methanol concentrations indicates saturation of the capsule with methanol, likely via incorporation
into the hydrogen bond network.’’ Based on the SKIE and the zero reaction order of methanol
observed, the very high B-selectivity most likely stems from a loose Sn2-mechanism. For the a-
configured substrate (Fig. 4A), the SN2 inversion takes place efficiently providing very high to

quantitative inversion. However, for the B-configured substrate 3-15 (Fig. 4B), the SN2 mechanism

is stereoelectronically disfavored, providing only reduced invertive a-selectivity.
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Figure 4. Mechanistic Investigations. (A) An invertive substitution was observed for the a-
configured glucosyl fluoride a-15. (B) A substantially reduced invertive selectivity was observed
for the B-configured glucosyl fluoride B-15. (C) The SKIE was determined from a competition
experiment of a mixture of regular a-15 and its deuterated analog at low conversion (23%). (D)
Logarithmic plot of the initial rate of product formation versus methanol concentration. The slope
of the trend line represents the order of the reaction. For methanol concentrations < 0.100 M the
reactions show first-order behavior. Concentrations > 0.100 M lead to a saturation-like behavior,

the negative slope likely stems from a partial disassembly of the capsule at higher methanol
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concentrations. (E) Proton inventory study for the conversion of a-15. “standard reaction

conditions for glycosyl fluoride [10 mol% capsule, CDCIs, 50 °C, alox as additive]

The unusually mild reaction conditions, devoid of any strong hydrogen bond donor and acceptor,
combined with the excellent, and substrate independent, -selectivities observed, indicated that
there might be more at work than a regular loose Sn2-mechanism. Due to their stability, glycoside
fluorides usually require strong activation.”! However, in the capsule catalyst, only hydrogen
bonds from water and phenol groups are available. As mentioned in the section on control
experiments, the closely related PG capsule II did not catalyse the glycosylation reaction (Fig. 3A,
entry 6). This control experiment is important in the context of the mechanistic discussion, as it
indicates that the sole encapsulation of the substrates is not sufficient for catalysis. In addition to
encapsulation that is also observed in the PG capsule (see SI, page S11), an additional activation
has to take place inside capsule I. It has been demonstrated that encapsulation can perturb the pKa
of guest molecules and accelerate reactions in other host systems.’®> For capsule I, an increased
acidity of the capsule/increased basicity of the guest was reported.*> However, this increased
acidity (pKa approx. 5.5-6) alone is not sufficient for the conversion observed, as demonstrated by
the control experiment (Fig. 3A, entry 8) with acetic acid (pKa approx. 5). Interestingly, all the
hydrogen bonds of I are communicating, as a proton can be freely shifted over the whole network
of 60 hydrogen bonds. This prompted us to postulate a synchronized activation of the electrophile
and nucleophile by the hydrogen bond network (Fig. 1B). The electrophile requires a general acid,
while the nucleophile depends on a general base for activation. A reciprocal proton transfer
enabled via the capsule’s hydrogen bond network may satisfy both reaction partners’ requirements

for activation.

To learn more about this potential activation mode in atomistic detail, we performed a
QM/MM enhanced sampling molecular dynamics (metadynamics)®®®! simulation. We defined a
collective variable (CV) as an antisymmetric linear combination of the interatomic distances dci
(distance between the chloride leaving group and the anomeric carbon) and dwme (distance between
the anomeric carbon and the methanol oxygen nucleophile). The resulting CV, in the form dci-dme,
describes the nucleophilic substitution without any a priori assumption on the mechanism (see SI

chapter 16). In Fig. 5A, we report the free energy profile of the reaction obtained by statistical
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reweighting of the metadynamics trajectory. The left and right basins are associated to the reactant
and product states respectively, and are separated by a free energy barrier of 48 kJ/mol (12
kcal/mol) and their relative free energy difference is approximately zero (see SI-Fig. S17 showing
the convergent behavior of the free energy estimation). Overlayed to the free energy profile in Fig.
5, we report three representative structures for the reactant, transition, and product states,
respectively. In the reactant state, the chlorine atom is hydrogen-bonded to a water molecule at a
corner site of the capsule (Fig. 5A) as previously observed for a Friedel-Crafts reaction in static
quantum chemical calculations by Neri and coworkers.®* At the same time, the methanol OH group
is dynamically hydrogen bonded to both the corner-sharing water molecule on the opposite side
and to a phenol group. This particular arrangement is fundamental for enabling the reaction. To
initiate the transition, water donates a proton to the chlorine atom and begins to abstract another
one from an adjacent phenol group. After the cleavage of the carbon-chlorine bond, the hydrogen
bond network between the leaving group and the nucleophile strengthens/rigidifies, thus, allowing
at the same time the stabilization of the SN2 transition structure and the fast proton migration from
the methanol OH group to the leaving chloride anion. To further investigate the mechanistic
aspects of the reaction, we calculated reactive quasi-classical trajectories (QCT, see for
example®>%) starting from a transition structure extracted from the metadynamics trajectory (see
Fig. 5B and SI for details). As described in a recent study,*> we extracted two fundamental pieces
of information from QCT. First, when the system is initialized at t=0 the difference between dci
and dwme is small (0.1 A) and varies concertedly during bond breaking and formation, indicating a
synchronous SN2 mechanism. It is worth noting that when the C-Cl bond is cleaved, the chloride
anion is neutralized by a proton from a water molecule on the capsule’s surface. This causes the
non-monotonic increase of dci in the QCT analysis. Second, we estimated the time gap between
bond-cleavage (dci > 2.3 A) and bond-formation (dme < 2.3 A). The median time of the transition
corresponds to 529 fs, which is particularly long if compared to simpler reactions in the gas

6667 and compares well with recent literature findings,% indicating an “energetically

phase,
concerted®®® Joose Sn2 transition state for which high levels of stereospecificity are expected.
These observations are in accordance with the experimental findings (see above) and with

theoretical investigations.®
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Figure 5. (A) Free energy profile for the reaction obtained by statistical reweighting of the
metadynamics trajectory, and structures representing the reactants, transition state, and products.
Color code: carbons (light grey); chlorine atom (green); oxygen (red); hydrogen (white). (B) QCT
analysis for the dc and dme distances, showing the transition region in pale red (starting when
median dci > 2.3 A and median dme < 2.3 A), and a magnification of the transition point at t=0 and

the corresponding bond distances.

To gain some experimental insights into this mechanism, we decided to perform a proton
inventory study.”®’! Such experiments enable the identification of exchangeable protons that are
involved in the rate-limiting step by generating a kinetic isotope effect. The study involves the
measurement of the kinetic isotope effect at different deuterium/protium (D/H) ratios. The shape
of the curve indicates the number of exchangeable protons involved in the rate-limiting step. Such
studies have been used for the identification of proton wires.”® A single participating proton would
result in a linear relationship between the D/H ratio and kn/kp, while two protons would result in
a quadratic relation. The reaction of I with a-15 (Fig. 4E) does not follow a linear or a quadratic
behavior, but rather an exponential progression (SI chapter 15.6). Such exponential curves indicate
the participation of multiple exchangeable protons in the rate-limiting step, in agreement with the

proton wire mechanism identified in the metadynamics simulations.

To conclude the mechanistic discussion, we summarize the key observations: (1) The unusually
high B-selectivity cannot be rationalized by a conversion in solution, outside of the supramolecular
capsule, as the extensive literature on glycosylation has demonstrated. (2) Rate-acceleration due
to a high local concentration as a consequence of encapsulation of the substrates was excluded, as
the closely related PG capsule that showed uptake of the reaction partners, did not lead to product

formation. (3) Proton inventory studies indicated that more than two protic sites are involved in
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the rate-limiting transition state. (4) The capsular network of hydrogen bonds would enable a
communicating dual activation (proton wire) of the electrophile and the nucleophile. (5) QM/MM
metadynamics simulations also indicated such a proton wire mechanism. Therefore, we conclude
that a synchronized activation is the most likely mechanism in this catalyst system. A proton
transfer over seven hydrogen bonds (Fig. 1B) elegantly satisfies the opposing catalytic
requirements of the nucleophile and electrophile. Intriguingly, this mechanism is reminiscent of
invertive cellulases® that also link a general base and a general acid via a proton relay (Fig. 1A).
Although such mechanisms are known in nature, to our knowledge they have not been reported

for man-made catalysts before.

Substrate scope

After having identified the likely mechanism, several further nucleophiles were explored (Fig.
6A). Besides primary alcohols, also more hindered secondary alcohols, specifically cyclohexanol
and methyl lactate, were explored. For all mannosylations (16a-e), excellent B-selectivities were
observed, and in most cases the a-isomer was barely detectable in the crude reaction mixture by
"H NMR (a:B < 5:95). Even more interestingly, the reaction conditions were also applicable to
alternative glycosyl donors. For instance, L-rhamnosyl fluoride also delivered the -products (17a-
e), again a 1,2-cis substitution pattern, in high selectivity. The reaction conditions were
furthermore applicable to the 2-deoxy substrates. 2-Deoxy substrates are inherently challenging
due to the lack of the C2-substituent able to direct the anomeric selectivity.”? For both electrophiles
investigated, 2-deoxy-D-glucosyl fluoride and 2-deoxy-D-galactosyl fluoride, excellent -
selectivities and generally very high yields were observed (18a-e, 19a-e). To complete the
electrophile scope, also the formation of 1,2-trans substituted products (13a-e, 20a-e) was
explored. D-Glucosyl chloride and D-galactosyl fluoride were glycosylated with all five
nucleophiles in excellent B-selectivity and yields. In the case of the D-glucosyl chloride, the
match/mismatch situation with the enantiomeric nucleophiles, methyl (S)-lactate and (R)-lactate,
was explored. Both nucleophiles gave excellent B-diastereoselectivities (7:93 and <5:95). After
having demonstrated the broad scope of glycoside donors, the scope of nucleophiles was extended
(Fig. 6B). A whole variety of primary alcohols, carrying sensitive functionalities like an alkyl

bromide (13i), epoxide (13k), or an acetal (131) were successfully attached in excellent -

13



selectivity. The limitations became visible with the weak nucleophile 2,2,2-trifluoroethanol (13g)
that resulted in a reduced yield (32%) under the standard reaction conditions. A lower yield (34%)

was also obtained for the product containing an epoxide moiety (13Kk).
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construction of cis-1,2-, 2-deoxy-, and trans-1,2- B-glycosidic linkages. (B) Additional oxygen-
and sulfur-nucleophiles were explored. (C) Complex nucleophiles and cleavable protecting groups
were explored that delivered disaccharides and fully deprotectable products in excellent -
selectivity. “Unless noted otherwise, reactions were performed with glycosyl fluoride (100 pmol,
10 1.0 equiv.), nucleophile (500 umol, 5.0 equiv.), capsule (66.3 mg, 10 mol%), alox (100 mg) in
CDClI;s (1.00 mL) at 50 °C; Isolated yields; Diastereomeric ratios were determined by '"H NMR of
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the reaction mixture. °Glucosyl chloride was used instead of the corresponding fluoride. ‘Reactions
were performed at 20 °C. “alox basic was used instead of alox neutral. 3.0 equivalents of acceptor

were used. ‘Methyl (R)-lactate was used. £ large scale reaction was performed in CHCl3

Moreover, phenol, thiol, and thiophenol nucleophiles proved to be suitable glycosyl
acceptors (13n-13r, Fig. 6B), making this transformation useful for the preparation of known

saccharide donors.”?

Finally, the use of larger, more complex nucleophiles was explored (Fig. 6C). Tetramethyl D-
mannitol delivered the disaccharide product 13s in excellent diastereoselectivity. Also 2,3-O-
isopropylidene-D-ribonic ~ y-lactone and 1,2:3,4-Di-O-isopropylidene-a-D-galactopyranose
worked well as nucleophiles, yielding products 13t and 13u in good yields and excellent selectivity.
Due to the size limitation inside I, no fully deprotectable disaccharide can be accessed. To explore
the size limits of the glycosylation inside the cavity of I, we turned to a steroid nucleophile.
Androsterone was converted to the glycoside 13v, in slightly reduced B-selectivity. Molecular
modeling (see SI, page S66) indicates that the reagents indeed fill most of the cavity space
available. In total, 37 heavy atoms (carbon, oxygen, chlorine) have to be encapsulated to perform
this reaction inside the capsule. This is close to the size limitation for reactions inside of I, in

agreement with encapsulation studies of tetraalkyl ammonium guests.?®

After having explored the substrate scope with methylated donors, the use of cleavable protecting
groups was investigated (Fig. 6C). Due to the reaction taking place inside the confined space of
capsule I (approx. 1400 A3), there are obviously limits concerning the reactants’ sizes.
Nevertheless, both allyl and acetate protecting groups are tolerated very well, providing the
products 21a, 21e, 22, and 23 in good yields and excellent diastereoselectivity (a:p < 5:95). The
synthesis of B-glucoside 21e was also performed on gram scale. It was isolated in 85% yield
(1.09g) and excellent B-selectivity, demonstrating the scalability of the procedure. Importantly,
catalyst I can be easily recovered by a simple precipitation procedure (see SI chapter 9), and used
at least six times without any loss in activity and selectivity. Furthermore, the protecting groups in
21e were cleaved to deliver the unprotected -D-glucose derivative S-8 (see SI, page S58). The
challenging 2-acetamido substrate substitution pattern was also explored. This pattern usually

leads to unreactive oxazoline intermediates, requiring alternative protecting groups for the nitrogen
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at C2.% In contrast, with the capsule catalyst clean formation of the B-substituted product 24 in

excellent selectivity was observed, further underscoring the versatility of this catalyst system.

Synthesis of known p-saccharides

To demonstrate the applicability of the catalyst for the synthesis of known B-glycosides, two 2-
deoxy compounds were synthesized. B-Nonyl 2-deoxy arabinose 27 (Fig. 7A) was chosen as a
target as it displays mesomorphic behavior, in contrast to its a-isomer.”* In the literature, it was
prepared from a thioglycoside donor that was activated with stoichiometric amounts of N-
iodosuccinimide and catalytic amounts of trimethylsilyl trifluoromethanesulfonate (TMSOTY),
failing to induce stereoselectivity (both isomers were formed in 30-35% yield).”* The methodology
presented in this paper yielded a high B-selectivity (10:90) in the glycosylation of the allyl
protected glycosyl fluoride 25. Product 26 was obtained in 70% yield and was successfully
deprotected to deliver the mesomorphic compound 27. Additionally, also the potent anti-tumor
agent 31 (Fig. 7B)”® was readily accessible with the methodology developed. The key step
delivered the B-glycoside 28 in high yield (71%) and excellent selectivity (a.:3 = 7:93). After acetal
cleavage, first the primary and subsequently the secondary alcohols were alkylated to deliver 30.
A final deprotection delivered the anti-tumor agent 31 in excellent overall yield and
diastereoselectivity. The synthesis developed compares favourably to the literature route that relies
on the anchimeric assistance of a 2-acetoxy group for -selectivity. The required acetoxy group
had to be removed subsequently in a lengthy procedure (three steps), leading to a long synthetic
sequence of ten linear steps, and fifteen total steps.”” The methodology presented here enabled the

synthesis of 31 in only eight total steps.
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A mesomorphic glycoside
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Figure 7. (A) Application of the methodology for the -selective synthesis of the mesomorphic
glycoside 27. (B) Application of the methodology for the B-selective synthesis of the anti-tumor
agent 31. DMBA: 1,3-dimethylbarbituric acid.

Summary

We report strong evidence for a proton wire-enabled dual activation mode inside the
supramolecular capsule I. While such a mechanism has been identified in enzymes, to our
knowledge, it is novel for man-made catalysts. This mechanism enables the activation of glycosyl
chlorides and even fluorides at ambient or slightly elevated temperatures (50 °C), although no
strong hydrogen bond donors or acceptors are present. The activation is achieved solely by
hydrogen bonding of water molecules and phenol moieties that are part of the molecular container.
Control experiments provided very strong evidence that the selective glycosylations take place
inside the capsule’s cavity. Consistent with these results, size-selective glycosylation was achieved

for the first time with a man-made catalyst.

Catalyst I is commercially available or readily prepared in large quantities (>300g batches) in one
single step, and displays excellent 3-selectivity for cis-1,2-, trans-1,2-, and 2-deoxy-products, as
long as the substrates fit the cavity of the capsule. The glycosylation reaction is scalable without a
loss in yield or diastereoselectivity. The catalyst can be readily recycled by a simple precipitation

procedure and used at least six times without any loss in activity and selectivity. The reaction
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conditions are compatible with a wide range of functional groups, including alkenes, alkynes, alkyl
chlorides and bromides, esters, alcohols, acetals, allyl ethers, amides, ketones, as well as epoxides.
Due to the ready availability of the catalyst and the excellent B-selectivities obtained for a wide
range of donors and acceptors, we expect the methodology to be useful to the community. As first
applications, two known 2-deoxy saccharides with physicochemical or biological functions were
efficiently prepared via this methodology. We are confident that this finding will stimulate the
discovery of further powerful glycosylation catalysts relying on this synchronized proton wire

activation mode.
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