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ABSTRACT: We present methods for -selective 2-deoxy and 2,6-dideoxyglucosylations of natural products, carbohydrates,
and amino acids using bis-thiourea hydrogen-bond-donor catalysts. Disarming ester protecting groups were necessary to
counter the high reactivity of 2-deoxyglycosyl electrophiles toward non-stereospecific Sn1 pathways. Alcohol and phenol nu-
cleophiles with both base- and acid-sensitive functionalities were compatible with the catalytic protocol, enabling access to a

wide array of 2-deoxy-f3-O-glucosides.

B-Configured 2-deoxy glycosides are integral compo-
nents in various biologically active natural products (Fig-
ure 1A).12 The most conceptually straightforward ap-
proach to the synthesis of 3-2-deoxyglycosides involves ste-
reospecific invertive displacement of appropriate and often
readily available a-configured glycosyl electrophiles. How-
ever, these electrophiles are highly prone to inherently a-
selective non-stereospecific Sn1-like pathways due to the
electron-rich nature of the site of nucleophilic substitution
relative to fully oxygenated analogs (Figure 1B).3-7

As such, application of otherwise (-selective glycosyla-
tion protocols to 2-deoxyglycosylations has proven chal-
lenging,8-10 and the synthesis of 2-deoxy-f-glycosides has
remained a long-standing challenge in the field.!* The Ben-
nett group devised a strategy of in situ generation of a-gly-
cosyl sulfonates and stereospecific displacement by
strongly nucleophilic potassium alkoxides, allowing the
synthesis of B-linked 2-deoxyoligosaccharides and 2-deox-
yglycoside natural products.'>-17 However, the need for
strongly basic conditions limited its application with base-
sensitive functionalities. Li and coworkers developed a di-
recting-group strategy with trimethylsilyl trifluoro-
methanesulfonate catalysis.'®1° Excellent [(-selectivities
were obtained, but the requirement for a strongly Lewis
acidic catalyst renders the method incompatible with
Lewis-basic functionalities. An alternative strategy, re-
ported by Niu and coworkers, employs palladium catalysis
to achieve stereo- and chemoselective 2-deoxy glycosyla-
tions of phenols across a remarkable scope of nucleophiles
and electrophiles.?? This notable advance in functional-
group-compatible 2-deoxy glycosylations notwithstanding,
a mild and general protocol for the 2-deoxy-f-glycosylation
of both phenols and alcohols remains elusive. Other meth-
ods, including umpolung strategies,?!-2# C-2 auxiliaries,?5-28
boronic acid catalysis,?® supramolecular capsules,?® and
acid-catalyzed substitutions at cryogenic temperatures,31-34
which similarly lack generality in nucleophile scope or re-
quire multi-step protocols.
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Figure 1. (A) Selected examples of natural products bearing
B-linked 2-deoxyglycosides. (B) 2-Deoxyglycosyl electro-
philes are highly reactive towards Sn1-like pathways, re-
sulting in inherent bias toward formation of a-glycosides.
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(C) The approach to catalytic, 3-selective 2-deoxy and 2,6-
dideoxyglucosylations presented herein.

Our group previously developed stereospecific f3-glyco-
sylations with glycosyl phosphates promoted by bis-thiou-
rea hydrogen-bond-donor (HBD) catalysts.35-3% Extensive
experimental and computational evidence has been ad-
vanced consistent with a mechanism of substitution involv-
ing dual activation of both the electrophile and nucleophile
via general acid/base interactions (Figure 1C). Precise ge-
ometrical preorganization and matching of the hydrogen-
bond-donating and -accepting domains of the catalysts
were critical for achieving high levels of stereospecificity.
Here, we report the successful extension of this dual activa-
tion strategy to B-selective 2-deoxy- and 2,6-dideoxygluco-
sylations of amino acids, carbohydrates, natural products,
and pharmaceuticals. The approach relies on precise tuning
of the bis-thiourea catalysts together with utilization of pre-
cisely tuned phosphate leaving groups and disarming pro-
tecting groups3%40 to attenuate the inherent reactivity of the
deoxy- and dideoxy-glucosyl electrophiles.

Our initial studies found that glycosylations with
armed394° 2-deoxyglucosyl chlorides yielded promising re-
sults with highly nucleophilic primary and secondary alco-
hols.#* However, subsequent efforts to effect glycosylation
of complex nucleophiles with 2-deoxyglycosyl chlorides
proved unsuccessful, as we found that the HCl byproduct
generated could not be trapped efficiently enough to avoid
substrate decomposition via Ferrier rearrangements.4243
Given the especially successful application of glycosyl phos-
phates in stereospecific glycosylations promoted by bis-thi-
oureas, we refocused our efforts towards identifying 2-de-
oxy glucosyl phosphate derivatives with the appropriate
balance of stability and reactivity properties.35-38 Glucosyl
phosphates bearing electron-rich arming394% protecting
groups such as benzyl ethers were found to undergo imme-
diate decomposition during attempted preparation and/or
isolation. Even disarmed 2-deoxyglucose derivatives bear-
ing carboxylate protecting groups proved too unstable in
the case of diaryl phosphate derivatives. However, analo-
gous dialkyl phosphate derivatives were synthesized from
the corresponding thioglucosides** and found to be bench-
stable and readily purified. Evaluation of this class of elec-
trophiles in the 2-deoxyglucosylation of threonine deriva-
tive 3aled to identification of glucosyl phosphate 2a as dis-
playing the most promising levels of reactivity and selectiv-
ity for formation of the $-glucoside product. Extensive eval-
uation of reaction conditions revealed the optimal solvent,
concentration, temperature, and reaction time for the
model 2-deoxyglucosylation of 3a and molecular sieves as a
crucial additive to sequester the phosphoric acid leaving
group and minimize electrophile hydrolysis (see

Supporting Information for details).35-38 Catalyst optimiza-
tion efforts included extensive variation of the pyrrolidine
substituents, as these components had proven to be crucial
handles for tuning reactivity and selectivity in previous gly-
cosylation studies.3¢38 In the case of the model 2-deoxyglu-
cosylation reaction, bis-thiourea derivative 1a, which bears
an electron-rich 5-N-methyl indolyl substituent in the
“northern” fragment and an unsubstituted pyrrolidine in
the “southern” fragment, was found to be the most effective
with respect to both B-selectivity and yield, the latter fea-
ture resulting from minimization of glucal side-product for-
mation arising from elimination.

The scope of suitable nucleophilic partners in 2-deoxy-f3-
glucosylation reactions with electrophile 2a promoted with
catalyst 1a was explored (Figure 2). Focus was placed on
couplings where mild conditions would be advantageous
compared to existing protocols that rely on either stoichio-
metric metal amide base or catalytic strong Lewis acids. Re-
actions were performed with two equivalents of 2a to com-
pensate for unproductive consumption of electrophile
through elimination and hydrolysis pathways. Alcohols
bearing base-sensitive functional groups, such as protected
amino acids (3a-3b) or pleuromutilin (3e), which possesses
an enolizable stereocenter, underwent reaction with high f3-
selectivity without erosion of stereopurity. Deoxy-sugar-
based acceptors (3¢ and 3d) were excellent substrates,
yielding disaccharides with high selectivity and efficiency.
Alcohols with acid-sensitive functionalities, including hem-
iacetals (3f and 3j), tertiary amines (3g and 3i), and aro-
matic heterocycles (3h), also underwent 2-deoxyglucosyla-
tion by the catalytic approach. Basic alumina was required
for substrates with basic-nitrogen functionality (3g-3h,
3m) to prevent the formation of ammonium phosphate
salts, which inhibit thiourea catalysts. The particularly chal-
lenging alcohols 3h-3j possessing both base- and acid-sen-
sitive functionality were also found to be suitable substrates
under the catalytic conditions.

Phenolic nucleophiles were also demonstrated to be use-
ful partners in the catalytic couplings, albeit under a slightly
modified reaction protocol. Increased dilution relative to
the glucosylation of alcohols ([4]o = 0.025 M vs. [3]o = 0.2
M), and addition of basic alumina were found to enhance §3-
selectivity (Figures S§9, S12). Phenols bearing functionality
such as amides (4a) and indoles (4b) proved to be effective
coupling partners. In addition, tertiary-amine-containing
(4c) and sterically hindered (4d) phenols underwent 2-de-
oxyglucosylation with good levels of B-selectivity, albeit in
modest yields. Finally, glucosylation of (3-estradiol 4e was
observed to occur with moderate selectivity for the phe-
nolic position.
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Figure 2. Scope of nucleophiles for 2-deoxy-f3-glucosylation. Reactions were performed on a 0.15 mmol scale. Selectivities
were determined by 'H NMR analysis of crude product mixtures except 5e (see SI for details). 248 h reaction time. PRegiose-
lectivity was defined as the measured signal-to-noise ratio of the anomeric signal peak in the crude spectrum as only one
regioisomer was detected by 'H-NMR spectroscopy of the crude reaction mixture. ‘Diastereomer ratio with respect to the
acetal stereocenter derived from hemiacetal of 3f, which is prone to epimerization in organic solvent (ref. 45, see SI for de-
tails). 4With Al203 (Brockmann Activity I, basic). ¢96 h reaction time.

We then investigated whether principles used in 2-deoxy-
-glucosylations could be applied to the more challenging
2,6-dideoxy-B-glucosylations. Disarmed diacetoxy-substi-
tuted derivatives were too unstable for isolation and appli-
cation in the catalytic reaction, so we evaluated a series of
2,6-dideoxy-L-glucose derivatives with various protecting
group schemes and phosphate leaving groups. Bis-trichlo-
roacetyl (TCA) derivative 7a was identified as displaying
the best compromise between reactivity and stability. Thre-
onine derivative 3a displayed poor reactivity as a nucleo-
phile, so tyrosine derivative 4a was used as the model sub-
strate in catalyst optimization studies to enable accurate de-
termination of o/f-selectivities by 'H-NMR analysis of
crude reaction mixtures. In a survey of bis-thioureas with
different arylpyrrolidine substituents, the 2-naphthyl sub-
stituted ent-1b, previously effective in site-selective glyco-
sylations,3® provided the best yields and (3-selectivity (Fig-
ures S14-S15). As observed in prior studies, the absolute

stereochemistry of the catalyst influenced reaction out-
comes (Figure S16A).).35-37 ent-1 catalysts induced im-
proved yield and (-selectivity with 2,6-dideoxy-L-glucose
derivatives (7), whereas the enantiomeric 1 catalysts were
more effective with the pseudo-enantiomeric 2-deoxy-D-
glucose derivatives (2).

The scope of nucleophiles in 2,6-dideoxyglucosylation reac-
tions is shown in Figure 3. It was observed that unavoida-
ble yield losses attributable to partial loss of the TCA pro-
tecting groups were occurring during product isolation, so
a quantitative deprotection procedure was developed, iso-
lating products as unprotected 2,6-dideoxyglucosides (8 or
9). Alcohols and phenols generally reacted with moderate
B-selectivity, including functionally rich amino acids (3a-b,
4a), natural products (3e, 4e-4g), and synthetic pharma-
ceuticals (3h, 3d). B-Estradiol (4e) reacted with modest
chemoselectivity for the phenol, yielding the phenolic
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glucoside with good B-selectivity. The N-heterocycle-con-
taining substrate 3h was glucosylated in good yield, how-
ever substrates with strongly basic and nucleophilic amines
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Figure 1. Scope of nucleophiles for 2,6-dideoxyglucosylation. Reactions were performed on a 0.10 mmol scale. Crude yields
(in parenthesis) were determined using 1,3,5-trimethoxybenzene as an internal standard. Selectivities were determined by
H NMR analysis of crude product mixtures. The difference between crude and isolated yield was caused by difficulties with
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electrophile.

Previous studies on glycosylation reactions of fully oxy-
genated a-glycosyl donors promoted by bis-thiourea HBD
catalysts have provided evidence that (3-selectivity arises
from predominant stereoinvertive substitution at the ano-
meric position.3>-3%41 However, and as noted above, 2-deox-
yglycosyl donors are far more prone to undergo epimeriza-
tion or substitution via Sn1 pathways (Figure 1B). To probe
the origin of B-selectivity in 2-deoxyglucosylations pro-
moted by 1a, compound 2a was prepared in two different
levels of anomeric purity (o:f = >20:1 and 3.3:1) and sub-
jected to the optimized reaction conditions for glucosyla-
tion of 3a and 4a. Very similar (3-selectivities were observed
regardless of the anomeric purity of 2a (Figure 4A). These
results are consistent with product distribution governed
by either Curtin-Hammett control over rapidly equilibrat-
ing anomers of 2a, stereospecific reaction via a single
anomer of 2a, or stereoselective nucleophilic substitution
through a common reactive intermediate. To distinguish
these two scenarios, the glycosylation of 3b with different
anomeric mixtures of 2a (o: = >20:1 and 2.5:1) was halted
at low conversion and the anomeric composition of uncon-
sumed 2a in each reaction was determined (Figure 4B).
The observed lack of convergence in the anomeric ratio of
2a, despite a significant degree of product formation, is in-
consistent with the rapid equilibration reflective of Curtin-
Hammett control. In contrast to the findings depicted in

Figure 4A, an analogous set of experiments with the 2,6-
dideoxyglucosyl phosphate revealed different levels of B-se-
lectivity are obtained using 2b with different initial levels of
anomeric purity (Figure 2C). Thus, the two different classes
of deoxyglucosyl phosphates appear to undergo substitu-
tion with different levels of stereospecificity.

Heterogenous additives play a critical role in the deoxyglu-
cosylation reactions described above. As in previously stud-
ied HBD-catalyzed glycosylations with glycosyl phos-
phates,35-38 added 4A molecular sieves are required to se-
quester the phosphoric acid byproduct formed during the
glycosylation. Our present study has further shown that use
of basic alumina improves the (-selectivity of phenolic 2-
deoxyglucosylations. In the absence of both 4A molecular
sieves and basic alumina, a-enriched 2,6-dideoxyglucosyl
phosphate 7a was observed by NMR to undergo anomeriza-
tion to approximately 6:1 a: mixtures, followed by rapid
decomposition (Figure 4D). Anomerization was not ob-
served in the presence of 4A molecular sieves, indicating
that small amounts of phosphoric acid likely promotes the
anomerization process. In addition, the combination of
basic alumina and 4A molecular sieves was found to im-
prove the efficiency of sequestering soluble phosphoric acid
(Figure S24). We propose that such efficient sequestration
is needed for reaching optimal levels of 3-selectivity in phe-
nolic glucosylations by suppressing both undesired,
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phosphoric acid-catalyzed background reactions as well as
in situ anomerization to 3-phosphates. However, low con-
centrations of soluble phosphoric acid do not appear to
have the same deleterious effect on glucosylations of alco-
hols.
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Figure 2. (A) Stereoselectivity of 2-deoxyglucosylation as a
function of the a: ratio of phosphate electrophile. (B) Com-
parison of unconsumed glycosyl phosphate stereopurity as
a function of its starting o:f3 ratio at low conversion. (C) Ste-
reoselectivity of 2,6-dideoxyglucosylation as a function of
the a:f3 ratio of phosphate electrophile. (D) In situ anomeri-
zation in absence of 44 molecular sieves.

In summary, we have developed catalytic and (3-selective 2-
deoxy and 2,6-dideoxyglucosylations, providing a viable
new approach to these longstanding challenges in glycosyl-
ation chemistry. The versatility of these methods is demon-
strated by the successful synthesis of 2-deoxyglucosides
with various nucleophiles featuring both acid- and base-
sensitive functionalities. Successful glucosylations with
both 2-deoxy and 2,6-dideoxysugars necessitated specific
modifications to electrophiles and catalysts. Together with
the observation of different degrees of stereospecificity be-
tween these two systems, our results underscore the chal-
lenges of stereoselective glycosylations with deoxy sugars.
We are hopeful that the strategies applied in this work will
help spur further advances in selective glycosylation with
different classes of deoxysugars.
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Hydrogen-bond-donor-catalyzed, p-selective 2-deoxy- and 2,6-dideoxyglucosylation
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