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Abstract: While developing boron-catalyzed glycosylations using glycosyl fluoride donors and trialkylsilyl ether
acceptors, competing pathways involving productive glycosylation or glycosyl exchange were observed.
Experimental and computational mechanistic studies suggest a novel mode of reactivity where a dioxolenium ion is
a key intermediate that promotes both pathways through addition to either a silyl ether or to the acetal of an
existing glycosidic linkage. Modifications in catalyst structure enable either pathway to be favored, and with this
understanding, improved multicomponent iterative couplings and glycosyl exchange processes were

demonstrated.

Introduction

Carbohydrates are crucial to a broad array of biological processes relevant to human health and
wellbeing.!l Research in this area is complicated by the broad diversity of possible structures ! and the
heterogeneity of carbohydrates in biological systems.?! This understanding of the crucial role of carbohydrate
building blocks has led to a surge in demand for enabling tools, answered by significant advances in mass
spectrometry of complex mixtures” and labeling approaches to image or detect carbohydrates expressed on cell
surfaces.”! Various perspectives!® and funding agencies!”! have recognized that the synthesis of complex
carbohydrates is a limiting step for advancement in the glycosciences due to difficulties in controlling regio-®! and

diastereoselectivity!® as well as challenges in preparing the appropriately protected building blocks.™%!

A recent focus of our lab is the development of efficient catalytic methods for glycosylation, using the
combination of glycosyl fluorides as the glycosyl donor and silyl ethers as the glycosyl acceptor.!*!! Glycosyl

fluorides are an important class of glycosyl donors!*? for which a wide variety of acid activators have been



reported, including conditions developed by Mukayamal*®! and Nicolaou.** These approaches to glycosidic bond
formation have provided optimal reactivity in several challenging syntheses, including a recent, notable report that
employed glycosyl fluorides to carry out a [31+30+30+30+30] glycosylation en route to a 151-mer
polysaccharide.l*> Silyl ethers have rarely been employed as glycosyl acceptors, although previous methods using a
range of catalyst types have been developed in both inter-%1 and intramolecular *”! glycosylations. The reduced
Lewis basicity of silyl ethers compared with free alcohols and the tunable nature of silyl ethers present unique

opportunities in the development of catalytic glycosylation methodology.

Our recent work has developed the coupling of glycosyl fluorides and silyl ethers into a versatile method
that accesses challenging glycosidic bonds while introducing preparative simplicity, robustness, and opportunities
for iterative couplings.'¥] The use of B(CsFs)s as catalyst offers desirable characteristics including short reaction
times, low catalyst loadings relative to the state of the art methods,*® and simple reaction conditions that are
tolerant of moisture and air. Furthermore, the method enables access to each of the four possible C1-C2
stereochemical relationships through either inter- or intramolecular glycosylation, and iterative couplings can be
achieved through the judicious choice of silyl protecting group to modulate the reactivity of competing hydroxyl
nucleophiles. Notably, the iterative approach allows trisaccharides to be prepared in a site-selective, one-pot
fashion from monosaccharide precursors (Scheme 1). A key aspect of the feasibility of the approach in the
synthesis of more complex oligosaccharides is addressing the reversibility of glycoside bond formation. The
suppression of glycoside scrambling is essential to the synthesis of oligosaccharides, whereas the promotion of
glycoside scrambling may have important implications in chemical glycorandomization processes.** The focus of
this study is to evaluate the factors that enable or inhibit the glycosyl exchange under the conditions of boron-
catalyzed glycosylation of glycosyl fluorides and silyl ethers and adds to a rich history of mechanism-based

optimizations of the glycosylation reactions.?%
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Scheme 1. Divergent outcomes observed herein.

Results and Discussion

A representative example of a three-component coupling plagued by competing glycosyl exchange is
shown in (Scheme 2A), wherein glycosyl fluoride 1 first reacts with acceptor 2 to form the intermediate
disaccharide 3. This then serves as an acceptor upon addition of glycosyl fluoride 4 resulting in the formation of
trisaccharide 5. This reaction proceeds with excellent regiocontrol based on the size of silyl ether protecting group
with the final trisaccharide retaining the TIPS group intact. To our surprise, we observed the unusual formation of
disaccharide 6 in a similar yield to our desired trisaccharide product 5. When isolated disaccharide 3 was subjected
to the reaction conditions to form trisaccharide 5 (Scheme 2B) the formation of disaccharide 6 was again observed,
ruling out our initial hypothesis that this side product was being formed from unreacted 2. This observation led us
to conclude that disaccharide 6 must result from the formal cleavage of the glycosidic bond in 3 followed by
insertion of 4. A literature survey revealed little precedent for this kind of reactivity, with most methods for the
chemical cleavage of glycosidic bonds occurring in protic solvents, in the presence of strong Brgnsted acids,?!! or

promoted by Lewis acids using strong nucleophiles such as thiols.??
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Scheme 2. (A) Initial observation of crossover in a three-component coupling. (B) Confirmation of the involvement
of intermediate 3.

We considered three mechanistic hypotheses for the exchange process (Scheme 3). Our first hypothesis
involved the formation of an electrophilic silyl species, which could coordinate to the glycosidic oxygen, promoting
the formation of a dioxolenium ion as well as a new silyl ether linkage. A second possibility was that B(CsFs)s itself
is a sufficiently strong Lewis acid to coordinate to the glycoside linkage and promote the scission of the glycosidic
bond to form a dioxolenium ion with a boronate counterion. The glycosyl boronate formed by acetal cleavage
through this pathway could then act as a glycosyl acceptor towards the glycosyl fluoride added last, resulting in the
observed scrambled products. A third possibility is that B(CsFs)s and glycosyl fluoride 1 combine to form an
oxocarbenium ion pair that can directly react with the glycosidic linkage in 6 resulting in the net exchange of
dioxolenium ions. This final pathway is in direct analogy to the mechanism proposed by Li and Gildersleeve!®! to

explain the phenomenon of glycosyl exchange, commonly observed when employing thioglycoside acceptors.
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Scheme 3. Mechanistic possibilities considered for glycosyl exchange.

In our previous report on fluoride migration glycosylations,'**! we employed methyl glycosides as
acceptors in high-yielding glycosylations, under similar conditions employed herein, without observing glycosyl
exchange. To explore this seeming inconsistency, we synthesized methyl glycoside acceptors with differing
protecting groups and anomeric stereochemistry. Methyl glucoside acceptors that featured C-2 benzyl ethers (7, 8)
were the least susceptible to glycosyl exchange, with productive glycosylation completely outcompeting methyl
glycoside exchange (Scheme 4A). However, acceptors that featured a-mannosyl methyl glycosides (11, 12) were
more prone to glycosyl exchange. Methyl a-mannoside acceptor featuring a C-2 benzyl ether 11 resulted in 3 %
crossover, whereas the analogous acceptor with a C-2 acetate 12 provided of the methyl 7 % crossover product 15
(Scheme 4B). These simplified systems are useful for highlighting structural influences of acceptors, without the

need for tedious multistep syntheses of disaccharide acceptors.
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Scheme 4. (A) C-4 selective glycosylation of methyl glucosides. (B) C-4 selective glycosylation of methyl mannosides

and isolated crossover products.

The size of the silyl ether acceptor additionally plays a dramatic role on the reaction outcome. Use of
trimethyl silyl ether acceptor, 16 results in the clean formation of the desired trisaccharide 5 in 82 % yield (Scheme

5), a dramatic improvement when compared to acceptor 3.
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Scheme 5. Effect of silyl ether size.

B(CsFs)s is a strong Lewis acid and has been shown to promote carbocationic cascades and
rearrangements.’?* We evaluated the capabilities of this borane catalyst to reversibly promote the cleavage of
glycosidic bonds. Glycosylation of 17 under standard B(CgFs); catalyzed conditions yielded the corresponding
trisaccharide product 18 in 41 % along with disaccharide 6 in 15 % yield (Scheme 6A). This result confirmed that C-
2 esters are not required for this scrambling process, however, their absence appears to reduce the yield of the
crossover product. When anomerically pure disaccharide 19 with an B-configuration, featuring a C-2
nonparticipating benzyl ether, was subjected to catalytic amounts of B(CsFs)s, no epimerization or consumption of
the substrate was observed (Scheme 6B). Similarly, the a-epimer of this disaccharide, 20 was also recovered
unchanged from these same conditions (Scheme 7B). If the catalyst alone were reversibly activating this glycosidic
bond, then we would expect to observe epimerization of this anomeric linkage towards its thermodynamic

anomeric ratio (Scheme 6C).
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disaccharides.

There is extensive literaturel?*>% 25 precedent on the deoxygenation of ethers using silanes in the
presence of catalytic B(CsFs)s, that invoke the intermediacy of transient silylium species. We therefore postulated
that there might be a possibility of B(CsFs)s-mediated cleavage of silyl ether linkages or activation of the silyl
fluoride product. This could allow access to an electropositive silicon species that could coordinate to the glycosidic
bond and promote ionization to a dioxolenium and generation of a silyl ether. The newly formed silyl ether could
then act as an acceptor for the formation of the glycosyl exchange product, consistent with our experimental
observations. To eliminate any possibility of silyl cation-mediated glycosyl exchange, we designed an experiment
that removed all the potential silyl sources from the reaction medium (Scheme 7A). We subjected disaccharide 6
and methyl ether protected mannosyl fluoride 21 to catalytic amount of B(C¢Fs)s. After 16 h, we recovered 42 % of
the initial disaccharide 6, as well as the crossover product 22 in 40 % yield. This crossover experiment confirms that
the exchange of one glycosidic linkage for another does not require a silylium source or a silyl ether. These findings

can be replicated in the methyl glycoside series, activating both o (Figure 7B) and [ (see SI) diastereomers of 23.
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Scheme 7. (A) Methyl ether labeled crossover of a protected disaccharide. (B) Methyl glycoside exchange from

glucose to mannose.

One open question about the reaction mechanism that remained was the fate of the excised sugar at the
end of the reaction. We envisioned two competing possibilities: adventitious moisture, resulting in the formation
of the hemiacetal and subsequently a complex mixture of uncharacterized byproducts. Alternatively, the fluoride
from the donor could potentially be transferred, resulting in the formation of a new glycosyl fluoride. We
attempted to engineer a model system such that the newly formed glycosyl fluoride would be stabilized and
isolable after quenching the reaction. After disaccharide 25 was subjected to the reaction conditions, the a-
glucosyl fluoride 26 was isolated in 36 % yield (Scheme 8). This product is sufficiently unreactive due to various
stabilizing factors including the enhanced anomeric stabilization of a-glucosyl fluorides?® as well as being cis to the
C-2 participating group 2”1 and therefore unable to undergo anchimeric assistance by the carbonyl oxygen. This
experiment demonstrates that the isodesmic exchange of one glycosyl fluoride for another is viable under these

reaction conditions.
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Scheme 8. Isolation of glycosyl fluoride crossover products.



Based on the experimental observations that both a glycosyl fluoride source and the Lewis acid are
required for glycosyl exchange, we propose that this process is mediated directly by the
oxocarbenium/dioxolenium species that is generated in situ. The feasibility of this process was extensively
evaluated using quantum mechanical simulations?® (wB97X-D3/(SMD, Toluene)/def2-TZVP//B97-D/B1, see
computational details in SI), employing a model featuring methyl ethers. We compared the reaction pathways for
productive glycosylation with the glycosyl exchange process and found that both pathways were viable at room
temperature. Relatively small differences in the energetic landscape are consistent with a reaction that provides
close to a 1:1 distribution of products. Both pathways (Scheme 9) begin with the ionization of the glycosyl fluoride
by B(CsFs)s3 to provide 28, a dioxolenium ion pair, which is 4.2 kcal/mol uphill from 27. The predicted exchange
pathway proceeds via the interaction of this dioxolenium ion to the glycosidic ether through lone pair donation,
providing 29. Next, a sterically congested oxonium species featuring three appended glycosides 30, is formed with
a 13.1 kcal/mol barrier TS2. This oxonium then collapses to a stabilized dioxolenium ion 31 via TS3, which is the
highest point on this reaction profile at 14.1 kcal/mol. Dioxolenium 28 can alternatively enter a productive
glycosylation pathway, through coordination with the Lewis basic silyl ether to provide 33. The formation of a
transient oxonium 34 via a nucleophilic attack of the silyl ether on the oxocarbenium with rupture of the five
membered ring of 33 proceeds with an activation barrier of 13.0 kcal/mol TS4. Finally, facile delivery of the

fluoride to the triethylsilyl ether results in the formation of trisaccharide 35.
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Scheme 9. Simulated energetic (Gibbs Free Energy) profile of divergent glycosylation outcomes using wB97X-

D3/(SMD, Toluene)/def2-TZVP//B97-D/B1. Energies are provided in kcal/mol.

Catalyst design and structural effects

Based on the reaction pathways in Scheme 9, we were interested in studying how the catalyst structure
affects the relative rates of the two competing processes. We initiated our investigation by systematically
preparing analogues of B(CsFs)s, that feature fewer electronegative fluorine atoms, resulting in weaker Lewis
acids'®® and therefore, tighter bound anions. There is little change in reactivity from B(CsFs)s to B(2,3,5,6-CsF4H)s,
however, B(2,4,6-CsFsH,)s provides a significant increase in the yield of the glycosylation product 5 (67 % yield) as
well as an improved ratio of glycosylation to glycosyl exchange products (from 1:1 to 4:1). B(CsF;Hs); also provides
improved yields of 5; however, the reaction is very slow, requiring increased catalyst loading and a longer reaction
time to proceed to completion, and is not preparatively useful for enabling efficient multi-component couplings.
The ability of weaker Lewis acids to inhibit oxocarbenium scrambling suggests that the identity of the counterion in
both pathways is crucial to the reaction outcome, with more weakly-coordinating anions promoting increased

rates of side reactivity.
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Table 1. Effects of catalyst structure.

B(CsFs)s and related boranes are known to form stable adducts with various Lewis bases. We studied the
effect of Lewis basic additives in order to understand the degree of attenuation of Lewis acidity. Utilizing the
preformed monohydrate of B(CsFs)s,*° we observed (Table 1, entry 6) a significant decrease in the yield of the
glycosyl exchange product 6, with no corresponding increase in the production of the glycosylation product 5. The
diminished mass balance is likely due to competing hydrolysis of various reactive intermediates. The diethyl ether
adduct of B(CsFs)s provided a favorable reaction rate, an increased yield of trisaccharide 5 and improved selectivity

(approximately 3:1) for direct glycosylation (Table 1, entry 7).

We then probed the role that steric environment of the Lewis acid and resulting counterion played in the
selectivity of these reactions. There are various competing measures for Lewis acidity,’** many of which are

sensitive to the steric environment around the acid and it is impossible to completely decouple Lewis acidity from



steric size. We picked three Lewis acids of similar acidity that feature different steric profiles. Increasing the size of
the Lewis acid, by introducing a 2,6-dichloro substitution pattern on one of the aryl substituents, did not
dramatically change the reaction outcome (Table 1, entry 5). The minor improvements in the ratio of products
when using B(CsFs)2(CsCl2Hs) is also consistent with this borane being a weaker Lewis acid as compared to
B(CsFs)3.2°% BF3#OFt; is the most practical small borane of similar Lewis acidity, and when this is used as the
catalyst, there is a marked changed in the reaction outcome (Table 1,entry 8), 5 was isolated in 83 % yield, as
compared to 5 % of 6. Use of BF;eTHF also provided similar results (Table 1, entry 9), but with a diminished

reaction rate, consistent with tetrahydrofuran being a more coordinating Lewis base than diethyl ether.

We reexamined the computed reaction pathways for the productive and crossover reactions utilizing
BF3#OEt; and B(CsFsHa)s. Consistent with literature findings®?® B(CsFs)s, the strongest Lewis acid of this series,
provided an ion pair that is endergonic by only 4.2 kcal/mol, whereas B(C¢FsH,)s results in an ion pair that is
energetically uphill from the reactants by 14.7 kcal/mol. On the other hand, BF3¢OEt; had to first lose the stable
coordination provided by the Lewis basic diethyl ether before accessing the ion pair. Hence, in the case of BF;¢OFEt;,
the ion pair formation is significantly endergonic, (20.7 kcal/mol above the starting fluoride and borane: Entry 3,

Table 2).

The considerably higher energetic cost towards ionization in the cases of BF;#OEt, and B(CsFsH,); may
influence the selectivity between glycosylation and glycosyl exchange pathways, since the preferential stabilization
of each pathway depends on the character of the Lewis acid. The overall reaction rate is thus influenced since
BF3¢OEt; requires a higher barrier to oxonium formation (see Sl) resulting in prohibitively kinetically slow glycosyl
transfer. However, the iterative glycosylation pathway nonetheless remains kinetically accessible in case of BF3¢OEt;

and thereby produces the trisaccharide preferentially.
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Table 2. Accessibility of ion pair for various Lewis acids.

Having systematically studied our model system, we then proceeded to extend these findings to one-pot,
three-component couplings. The original conditions using B(CsFs)s resulted in 27 % yield of the desired
trisaccharide product 5 as well as 31 % yield of disaccharide 6, whereas switching to the structurally related, but
less Lewis acidic B(CgFsH2)s provided 58 % 5 as well as 19 % 6. Consistent with our findings in simplified systems, as
well as our computational predictions, BF;#OEt, performed best out of all the catalysts screened, providing 5 in 61

% yield as well as the cleanest reaction profile (Scheme 10).
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Scheme 10. Catalyst controlled suppression of glycosyl exchange.

Another benefit of using this catalytic system is its tolerance towards thioglycoside acceptors. B(CsFs)s
catalyzed coupling of 4 with 36 results in an approximately 1:1 mixture of thioether transfer product to the
productive glycosylation, consistent with our mechanistic picture and in direct analogy to the findings of
Gildersleeve.?® Moving to BF3*OFEt; results in a dramatic improvement in the distribution of products, including a

56% isolated yield of 36. This result also translates to multicomponent couplings, where treating 39 with 40 in the



presence of 10 mol % BF3;¢OEt; leads to clean conversion to the intermediate disaccharide 41, which then further

reacted in the presence of 4 to yield 42 in 45 % yield (see Sl for details).
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Extension to three component couplings. # Isolated, * via *H NMR vs internal standard.

The opposite outcome can also be favored by employing fully protected disaccharides as substrates and
B(CsFs)s as the catalyst. The glycosyl exchange of substrate 25 is particularly effective due to the enhanced stability
of the resulting a-glucosyl fluoride and employing a per-acetylated furanose donor (1 equiv.) allows for simplified
purification of the resulting mixture due to the larger differences in polarity between starting materials and the
glycosyl exchange product. Employing xylose fluoride 43 gave the corresponding disaccharide 45 in 49 % yield,

whereas the analogous reaction using ribose fluoride 44 provides disaccharide 46 in 55 % yield.
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Scheme 12. Substrate enhanced glycosyl exchange utilizing equimolar quantities of disaccharide 25 and glycosyl

fluorides 42-43.
Conclusions

Herein, we study an alternate reaction pathway for chemical glycosylations of sterically hindered or weak
nucleophiles, involving the direct activation of glycosidic C-O bonds and their replacement with a different
glycoside. Through a combined computational and experimental approach, we provide evidence that this process
occurs via the direct insertion of a weakly coordinated dioxolenium into an existing glycosidic bond to provide a
new glycosidic bond. This process is in a complex equilibrium and can be kinetically competitive with productive
glycosylation!*Y, especially when employing bulkier silyl protecting groups. More reactive Lewis acids such as
B(CsFs)s lead to fast, productive, and selective reactions between glycosyl fluorides and trimethylsilyl ethers with
little glycosyl exchange. With silyl groups larger than trimethylsilyl, as required in iterative approaches, the glycosyl
exchange process becomes competitive and is promoted most effectively with B(CsFs)s. When the glycosyl
exchange process is undesired, as with iterative couplings, weaker Lewis acids such BF;#OEt; are most effective at
promoting glycoside bond formation while inhibiting glycoside exchange involving existing glycosidic linkages. This
understanding allows conditions to be rationally tailored to allow for selective activation of glycosidic bonds when
desired. Favoring direct glycosylations will improve the outcomes of complex multicomponent couplings of this
nature, with the potential of dramatically simplifying the synthesis of linear and branched medium-sized
oligosaccharides. Alternatively, favoring glycosyl exchange presents an intriguing approach towards the activation
of seemingly inert bonds and offers a novel approach for the glycodiversification of natural products, which will be

the subject of future work in our lab.
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