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Abstract:

A straightforward and scalable method for the sgsih of protected 2-hydroxyglycals is describede Th
approach is based on the chlorination of carboligettarived hemiacetals, followed by an elimination
reaction to establish the glycal moiety. 1,2-debgtitorination reactions were studied on a rangglyafosyl
chlorides to provide suitable reaction conditions this transformation. Benzyl ether, isopropylidesand
benzylidene protecting groups, as well as inteagidic linkage, were found to be compatible witlis th
protocol. The described method is operationally pgmand allows for the quick preparation of 2-

hydroxyglycals with other than ester protectingugr®, providing a feasible alternative to existingtinods.
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1. Introduction

Glycals are 1,2-unsaturated cyclic enol ether d#ities of carbohydrates. These compounds, formally
classified as derivatives of 1,4- or 1,5-anhydrditals, are an important class of intermediatesatural
product synthesis, mainly due to the presenceegtiol ether double bond and the broad possikildfats

derivatization. [1,2]

Among glycals, compounds containing an oxygen abi@-2 (derivatives of 2-hydroxyglycals) have gaine
considerable attention owing to their closer redamde to the native carbohydrate scaffold. Acetgtgcted

2-hydroxyglycals have been studied extensivelyttieir Ferrier rearrangement [3,4], which is widaled in



carbohydrate chemistry. However, other common ptiotg groups such as ether or acetal groups hase be
introduced, providing higher stability towards adesi range of reaction conditions. On 2-hydroxyglyca
protected with other than acyl protecting groupsiltiple types of transformations have been desdribbese
include the addition of sulfur [5] and carbon [6+8tlicals, cyclopropanation [9] (in some casefedld by
ring expansion to septanosides) [10-12], epoxiddti&], ring-opening arylation with arylboronic dsi[14],

as well as an attempt at C-1 lithiation [15].

The preparation of 2-hydroxyglycals bearing estetgqrting groups can most conveniently be carrigidby
an anomeric bromination of peracetylated carboltgdraith HBr followed by dehydrobromination by esba
[16,17] This method is well established and gemerstraightforward, but it requires the presenceaof
anomeric acyl group and is furthermore limitedubstrates with acid-stable protecting groups.

R = protecting group
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Figure 1. General methods for the synthesis of protectegdzexyglycals.

Therefore, alternative methods are needed to atéouthese limitations and to provide a synthegiproach
to 2-hydroxyglycals with acid-sensitive protectidm.the past, several such methods emerged, asexiith
Figure 1. The more general approaches inclsgteelimination reactions of glycosyl sulfoxides [18hd
selenoxides [19]. Although these methods work wibk, starting thio- and selenoglycosides are netys

readily available. Moreover, these approaches ianded by the inherensynperiplanar stereochemical



requirements which narrow the range of utilizahlbstrates to 1,B-ans derivatives only. Another published
method [20] uses an oxidative addition of Pd(O)getoin situ generatedjlycosyl mesylates followed by
spontaneoug-hydride elimination of the anomeric palladium mmediate. Besides that, the synthesis of 2-
benzyloxyglucal 3a has been reported via bromolysis of a correspgngientenyl glycoside [9] or
halogenation of D-acetyl-2,3,4,6-tetr®-benzylb-glucopyranose [21,22]. However, none of these ntspo

demonstrated the compatibility with acid-labile teiciion.

Herein, we provide a simple way of converting redgc carbohydrates to variously protected 2-
hydroxyglycals by a two-stage chlorination-dehydiodnation protocol. The described method is ajgtile

to both 1,2eis and 1,2trans glycosyl chlorides and is carried out under aprotinditions, allowing for the
use of acid-sensitive protecting groups and thasiging an approach to previously undescribed petsdu
Additionally, improved synthetic pathways to seVexartially protected carbohydrate-derived hemialseare
described.

2. Resultsand discussion
2.1.Preparation of substrates

In order to develop the proposed methodology, aetanf hemiacetal substrates have been synthesized
2,3,4,6-tetrad®@-benzylb-glucopyranoséda [23], 2,3,4,6-tetrdd-benzylb-galactopyranosib [24] and
2,3-di-O-benzyl-4,60-benzylidenes-glucopyranoselc [25] have been synthesized following literature

procedures.

Regarding the synthesis 2f3:4,6-diO-isopropylidenes-mannopyranoséd, some conflicting evidence can
be found in the literature. A thermodynamic prodofcaicetonation ob-mannose is the diisopropylidebne
mannofuranosék [26]; however several reports describe direct kingtetonation to the pyranose. In our
experience, these methods result in an insepanaiateire of pyranose and furanose diacetonittbaind 1k,
and isolation via the recrystallization of the amoim acetaté is needed to obtain the pure pyrantdeas

described in the original report by Gelas and Hof&Y]. (Scheme 1)

The 2,3:4,6-dP-isopropylidenes-glucopyranosele and -galactopyranos# are currently only available
through the hydrogenolysis of their benzyl glycesid28,29]. Nevertheless, this reaction is comtdiddy

over-reduction to the corresponding 2,3:4,8disopropylidene alditols. Herein, we used an aproti
deallylation of the known allyl glucosidé [30] and galactosid® [31] by allylic rearrangement and

ozonolysis. (Scheme 2)

To test the compatibility of the presented methaith \an interglycosidic linkage, the hepfabenzyllactose
1g was synthesizedExisting synthetic approaches to this compound lievperacetylated lactosyl bromide

[32-36], lactose peracetate [37,38], lactosucr89¢ ¢r octa©-benzyl lactose [40] as key intermediates. We



developed an alternative approach based on thefymperidine as a temporary anomeric protectirgugrof

lactose, as revealed in Scheme 3.

Next, 2,3,5-triO-benzyl aldopentofuranoses withribo (1h [41]), D-arabino (1i [42]) andD-xylo (1 [43])
configuration have been prepared by the hydrolyteeir methyl glycosides. Additionally, at thent of the

writing of this manuscript compounds, 1b, 1h, 1i and1k are also available from commercial suppliers.
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Scheme 1. Synthesis of 2,3:4,6-dd-isopropylidenes-mannopyranosid. [27]
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Scheme 3. Synthesis of hept@-bengyl lactosdg via its N-piperﬂjine derivativel 1.
2.2.Chlorination-Dehydrochlorination

Having the partially protected hemiacetals in hamel considered the possibilities of convertingahemeric

hydroxyl to a suitable leaving group. This type todinsformation is well documented in carbohydrate

chemistry, with sulfonate esters or halogens baimgmmon choice. We decided to use anomeric clelerid

as they can be obtained from hemiacetals by sekeoaln methods under aprotic or mildly protic cdiwhis.

Notably, chlorination with Vilsmeier reagent [44]45diphenyl chlorophosphate [46],

2-chloro-1,3-

dimethylimidazolinium chloride (DMC) [47], a mixterof pyridine and triphosgene [48], as well asApeel

reaction [49-51] were described.



Base-promoted 1,2-dehydrochlorination reactions ghfcosyl chlorides were previously describeah
perbenzylated lactosyl and maltosyl chlorides [A2]l also reported a number of times as an unwasided
reaction in minor amounts [52-58]. Other than thats important transformation was to this date not
systematically studied with respect to reaction ditions, substrate configuration and protectingugro

compatibility.

To address this problem, 2,3,4,6-teéfrdenzyla-D-glucopyranosyl chlorid@a was prepared by chlorination with
Vilsmeier reagent and purified by column chromadpdy. The chlorid®a was then used for a screening of
multiple bases and solvents as summarized in Thbléree of the evaluated bases were found tofeetiee

in promoting the dehydrochlorination 8 and gave the glycaa in excellent yields. The use of NaH in
DMF at room temperature provided gly&alin 91% yield in the reaction mixture, as deterrdiby *H NMR
with an internal standard (Table 1, entry 3). Shiiig to acetonitrile led to a yield of 85% after th6of
reaction at room temperature (Table 1, entry 2)yéher, raising the temperature to 50 °C increakedield

to 99% with a shortened reaction time of 2 h (Tablentry 1). NaH also provided excellent resuit§ HF
(96%, Table 1, entry 4), but reflux temperature amleased amounts of NaH (10 equivalents instéd o
were required. We also found that eliminationti8uOK in THF at room temperature resulted in 98%ld/i

of 3a (Table 1, entry 5), making it a promising candidfatr this transformation.

Finally, several tertiary amine bases were evatLataler several conditions (Table 1, entries 6)-vtith
DBU being the only efficient of them. DBU providadyood result in acetonitrile (90%, Table 1, e@)put
was less effective in other solvents (Table 1,iest¥ - 9). Experiments with weaker amine bases sisc
DABCO, DIPEA or DMAP led to low or no conversiond the chloride2a and did not provide the

elimination product in any measurable amount.

Table 1. Screening of elimination conditioffs.

O_.\Cl o)
BnO ' conditions BnO |
BnO" "“OBn BnO" OBn
2a OBn 3a OBn
Entry Base (eq.)  Solvent T[*®] Time [h] NMR conversion NMR yield
6] 6]
1  NaH (5  MeCN 50 2 100 99
2  NaH()  MeCN it 16 100 85
3  NaH(5) DMF rt 2 100 91
4  NaH(10) THF 80 16 100 96
t-BuOK
5 (2.5) THF rt 2 100 98
6 DBU(4)  MeCN rt 16 100 90



CH2C|2/MeCN

7 DBUM) ) rt 16 100 73
8 DBU@) CHCl 50 24 100 62
9 DBU@) DMF rt 16 85 57
10 DABCO (4) CHC, 50 24 23 0
11 DIPEA(4) DMF It 24 7 0
12 DIPEA(4) CHCl, 50 24 5 0
13 DMAP (4) DMF rt 24 0 0
14 DMAP (4) CHCl, 50 24 0 0

[a] All reactions carried out with 100 mg (179 upnof 2a. [b] Oil bath temperatur:
except for rt. [c] Corresponds to a calculated nutermined byH NMR of the reactiol
mixture after work-up using 1,3,5-trimethoxybenzeasean internal standard.

With several promising conditions for tlfieelimination of glycosyl chlorides identified, theersatility of
these conditions was tested on a wider range aftsatbs. In some casdsBuOK was found to provide
significant amounts of byproducts arising frogR$rocesses, as pictured in Scheme 4. Notablyetaion
of benzyl protected-D-galactopyranosyl chloridgb led to the formation of the desired eliminatiomghuct
3b in 43% yield together with 46% ¢ért-butyl B-glycosidel2. The reaction ofi-D-mannofuranosyl chloride
2k provided the @& productl3 in a very clean fashion in quantitative yield. $&eesults suggest that with
BuOK, the relative rates of elimination and nucleitip substitution can vary significantly acrosdfelient
glycosyl chlorides and the outcome of the readsastrongly substrate-dependent.

We have also discovered that DBU, albeit successfahénelimination of chlorida, was not effective in
promoting dehydrochlorination on other substratessas found to be more sensitive to the configomadn
C-1 relative to C-2. This effect can be seen amobmannopyranose diacetonidel (Scheme 5). The
chlorination of this substrate with a triphosgegefine mixture leads to the 2:1:1 ratio of thechloridea-
2d, B-chloride3-2d and the glycal produ@&d, which is formed spontaneously during the chldrora This
mixture of chlorination products, upon treatmenthvidBU in acetonitrile, converts to an equimolaixtie
of a-2d and 3d and the reaction does not proceed further eveh Vaihger reaction time or higher

temperature. This shows that only the intermedihteride withf3-configuration-2d underwent elimination

under the given conditions.

Overall, NaH was found to be the most potent bas¢his transformation; however, other factors sasthe
reaction solvent and temperature were identifiedg@mportant as well. The most consistent reguits best
yields were obtained using acetonitrile as a sdalaeb0 °C.
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Scheme 4. Competition betweeny@ andp-elimination pathways on selected glycosyl chloside
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Scheme 5. Chlorination/elimination ofld with DBU.

2.3.Substrate scope
To test the generality of the aforementioned precése partially protected sugar hemiacetask were
subjected to a two-stage protocol consisting obmhtion and subsequent elimination under the itond

established earlier. The results of this endeansammarized in Table 2.

Several known chlorination methods were tested fiosobtain the best results. Initially, the Vilsere
reagent[44] was used for chlorinations, but it i@sd to give inferior results in this protocol, ssen in
Table 2, entries 1 and 2. Moreover, this chlororatnethod was problematic on 2,3:4,6adisopropylidene-
D-mannopyranoséd, as the treatment of this substrate with the Vi@nreagent provided a mixture of the
expected 2,3:4,6-dD-isopropylidenes-mannopyranosyl chloridad with the 2,3:5,6-dP-isopropylidenes-
mannofuranosyl chloridgk in the 1:20 ratio. This rearrangement to a fivasnbered ring is likely catalyzed

by a hydrogen chloride, which is generated in tbkiteon during the chlorination. A similar resultas
reported on the same substrate under Appel conditi69]. Thus, our investigations turned to the ase
combination of pyridine and triphosgene in the i&tlo as described originally by Mobashery [60] dauer
adapted by Norris [48]. With this system, no reagements were observed, and the reaction proceeded

cleanly under aprotic conditions.



Nevertheless, the use of pyridine proved probleznati more reactive furanose substraths 1i and 1j,
where significant amounts of anomeric pyridiniunitssavere recovered from the reaction mixture after
chlorination. These pyridinium products arise fréine displacement of the anomeric chlorine atom with
pyridine and were observed on substrates that gtighv electrophilicity on the anomeric center. Iresh
cases, the problem was overcome by the use of daskeophilic 2,6-lutidine, which facilitated the
chlorination of these substrates effectively. Caather hand, 2,6-lutidine showed little or no teéy on the

less reactive substrates, indicating that the tipgradine or lutidine should be considered competary.

The scope of this method was then explored withetnghasis on acid-sensitive substrates, as theseoar
easily accessible by current methods. The 2-berygwycals 3a and 3b derived frombD-glucose and-
galactose were obtained in 85% and 71%, respegtipebviding two-step one-chromatography approach t

these important substrates from commercially alkglanaterials.

Benzylidene protecting group was found to be comfgts well, even though a lower yield of 54% and
somewhat more sluggish reaction was observed inabe of glucaBc. Another acetal group, isopropylidene,
was generally well tolerated, although some diffees in reaction yields were observed betweenrdiitéy
configured hemiacetals. The 2,3:4,6@hsopropylidenes-glucal 3d was obtained in 74% yield upon using
diisopropylidenedD-mannoseld and the elimination protocol employing NaH in acetrile, as seen in Table
2, entry 4. The same glycal was obtained from giispylideneD-glucopyranosele, although elimination
with t-BuOK provided better yield than NaH in this cag8%, Table 2, entry 5). All things considered, our
results provide a relatively straightforward apmtodrom D-mannose obD-glucose to glucaBd, which is
currently only available in acceptable yield via tbelenoxide method [19]. 2,3:4,6@Hisopropylidenes-
galactal3f can be accessed by this protocol as well, alhedt inoderate yield of 37% after elimination with
NaH (Table 2, entry 6). Despite lower yield, thigmithetic approach to galactal is valuable, as no other
approach to this compound was described to this alay according to our experience, the galagftad not
accessible by the selenoxide elimination (see Supghtary material, S2.3.). Importantly, interglyidas
linkage is tolerated in this protocol, as demonsttaon the transformation of hemiacetglto 2-benzyloxy
lactal 3g in 68% yield (Table 2, entry 7). This transformati@as already reported earlier under very similar
conditions. [12]

The effort to extend this chlorination-dehydrochtation methodology to furanose hemiacetals hag owt
with limited success. The chlorination of pentofwseslh, 1i andlj required the use of 2,6-lutidine instead
of pyridine for the reasons mentioned above. Algtothe furanosyl chloridezh, 2i and2j could be obtained
using this approach, their elimination was sucegsshly in the case of ribosyl chloridgh, giving 2-
benzyloxyb-ribal 3h in 75% yield after elimination withBuOK. The same product was also obtained from
protectedd-arabinoseli, but only in negligible yields of 4 - 8% (Tableehtry 9) due to a major degradation
under the elimination conditions. Similarly, thenghation of D-xylofuranosyl chloride2j resulted in

complete decomposition to an unidentified mixturé products. Furthermore, the chlorination of



diisopropylidene D-mannofuranoselk proceeded smoothly with triphosgene/pyridine tovegithe
correspondingi-chloride 2k, as reported earlier. This chloride, however, ptbto be particularly resilient to
1,2-dehydrochlorination reactions. The treatmerthwaH in acetonitrile led to double aldol condditsa
with acetonitrile yielding an unstabM-glycoside producil4.[61] The reaction witit-BuOK resulted in a
clean {2 reaction to givetert-butyl3-dD-mannofuranosidd3 (Scheme 4). Further attempts to use other

elimination conditions from Table 1 or more forciognditions did not provide the desired glycal ith

To put our observations into the stereochemicatecanthe chlorination reactions resulted in mastes in
the formation of glycosyl chlorides with-configuration. However, in the case of chlorid#s2h and?2j,
major amounts of th@-isomer were observed. It is worth noting that tieserved anomeric ratio for
chlorides2d and2f is influenced by a partial elimination which tak#ace under the chlorination conditions
(Table 2, entries 4 and 6). For this reason, the stereochemical preference of the reaction coatdbe

determined in these cases.

The anomeric configuration of the glycosyl chlosdid not seem to have a major influence on theesscof
the elimination reactions, as seen in Table 2jes¢ and 8. In these cases, the intermediateidb&#id and
2h have mainly 1,2rans configuration, which would be generally considekess favorable for elimination.
Yet, the elimination proceeded in favorable oveyatlds of 74% and 75%. This observation suggdss t
1,2-dehydrochlorination reactions of glycosyl cides with NaH ort-BuOK do not necessarily rely on a
bimolecular mechanism and unlike with DBU, the tig&a configuration on C-1 and C-2 is not critic@ther
factors, such as the stability of the chloride osceptibility to substitution reactions or otherwamted

processes, seem to be more important.

Table 2. Scope of the chlorination-dehydrochlorination aftjally protected hemiacetdfs.

,,O\E:OH chlorination LOCl elimination .0 ‘
o AorBorC N \E DorE | I
7 OR or=or 7 OR or 77 OR
1 2 3
Chlorination  Chloridea/f  Elimination Isolated yield
Entry Substrate method ratio method Product over 2 steps [%]
BnO O ~.OH A D BnO O 85
. L] 2a ]
BnO" “OBn a only BnO" OBn
1a OBn C D 3a OBn 64
BnO O._~OH A D BnO 0 71
) . 2 |
BnO “0Bn a only BnO OBn
1b OBn C D 3p OBn 61
O._.OH (0]
?\ 2c C‘)\ ‘
3 PR OY OBn A a only D PR SO OBn 54
1c OBn 3c OBn



O _+OH 0]
o) 2d o) |
4 So (e} A a/p/3d D Sov 0 74

o) 2:1:1 0
1d 3d

o O._,OH A b o 0 ‘ 36
s oty . Tor
0 o) o only 0 0
o O._.OH A o o
é‘/\/\f 2 E | 36
6 #\o “0 A o/p/3f 7ko 0

1:1.5:1
. OT/\ . OT/\
o
0 o :
! BnO OBn a only OBn
BnO “0Bn 1g BnO “'OBn

OBn oBn %9
O_..oH B oh D o) 24
1h BnO  ©OBn B 17 E 3hBnO  OBn 75

O ~OH B 2i D

0
9 B”Om alB Bnom
B 1:0.2 E 4

3h BnO OBn

B 2i D NDM
10 alB -

B 1:1.3 E ND[b]

A D NDI[78]
11 2k i

A a only E NDU

[a] All reactions were carried out with 2 mmol ofabstratela-k. Isolated yields over 2 steps after column chrogw@phy are given.
Conditions:A: triphosgene/pyridine, THF, rt, 1 B; triphosgene/2,6-lutidine, THF, rt, 1 &; Vilsmeier reagent, CiLl,, 0 °C, 30 min
[44] ; D: 60% NaH, MeCN, 50 °C, 2 IE: t-BuOK, THF, rt, 2 h. [b] Decomposition. [c]3 reaction was observed (see Scheme 4).
[d] Elimination was carried out for 30 min at 0 &8d then for 30 min at rt; ND = not determined

3. Conclusion

In this paper, base-promoted dehydrochlorinaticactiens of glycosyl chlorides have been explored an
suitable conditions for the preparation of a variet protected 2-hydroxyglycals have been iderdifi€he
presented synthetic approach is particularly achgedus in the cases where the partially proteceddcetal
substrates with a free anomeric hydroxyl group raaglily available. For this reason, improved sytithe

access to several known hemiacetal substratesunmmotected sugars has been developed.

This method is carried out as a two-step one-chtognaphy protocol and it relies on chlorinationtbé

anomeric position of carbohydrates and subsequ@ntidhydrochlorination to establish the glycal deub

10



bond. The aprotic conditions of this protocol eeatle use of acid-sensitive substrates and protggtioups.

Moreover, it provides a concise approach to sevemabrtant 2-benzyloxy glycals.

Under the identified elimination conditions (methDdor E), both 1,Zis and 1,2trans glycosyl chlorides
have been found to undergo 1,2-dehydrochlorinatimwever, differences in yields (4 - 85%) were obed
through differently configured substrates and seuoiestrates even proved entirely resilient or uhstabder

the reaction conditions.

4. Experimental section
General considerations, experimental procedurethiopreparation of substrates, other experimefetlils,

and copies ofH and**C NMR spectra are included in the Supplementanerat
Method A (triphosgene/pyridine) [48]:

Triphosgene (1 mmol, 0.5 eq.) was added to a soludf substratd (2 mmol, 1 eq.) in anhydrous THF (10
mL) under Ar atmosphere. The solution was coole® tt&C and pyridine (3.2 mmol, 1.6 eq.) was added
dropwise. The formation of a white precipitate {gixium chloride) was observed immediately durihg t
addition. The reaction was stirred at room tempeestor 1 h and then filtered. The filtrate was camtrated
under reduced pressure, dissolved in EtOAc (100 anid) washed with D (2 x 100 mL). The organic layer
was dried over anhydrous MggQiltered and concentrated under reduced pres3ure.resulting oil was

kept under high vacuum for 1 h.

Method B (triphosgene/2,6-lutidine)

The same as Method A, except that 2,6-lutidine f31®l, 1.6 eq.) was used instead of pyridine.

Method C (Vilsmeier reagent) [44]:

Oxalyl chloride (3 mmol, 1.5 eq.) was added dropwis the solution of the substrdt€2 mmol, 1 eq.) and
DMF (3.4 mmol, 1.7 eq.) in Ci&I, (15 mL) under Ar atmosphere at 0 °C. An exotherragction with gas
evolution was observed. The reaction mixture wésasad to warm to room temperature and stirred for 3
min. Then, the mixture was poured into ice watet diiuted with CHCI, (100 mL). The organic phase was
washed with chilled KD (150 mL), dried over anhydrous Mg$@iltered and concentrated under reduced

pressure. The resulting oil was kept under highuuatfor 1 h.

Method D (NaH in MeCN):

The crude glycosyl chlorid@ obtained with chlorination Method A, B or C wassblved in anhydrous
MeCN (15 mL) and NaH (10 mmol, 5 eq. relative tdosvatel, 60% in mineral oil) was added. The

heterogeneous mixture was stirred at 50 °C for &fter the elimination was finished, MeOH (5 mL) sva

11



added slowly at 0 °C and the solvents were evapdnahder reduced pressure. The residue was didsiolve
EtOAc (100 mL) and washed with,& (100 mL). The aqueous phase was separated amedvasth EtOAC
(100 mL). The combined organic phases were drieat amhydrous MgSgfiltered and concentrated under

reduced pressure. The residue was purified by aoketmomatography on silica gel.

Method E (-BuOK in THF):

The crude glycosyl chlorid2 obtained with chlorination Method A, B or C wassblved in anhydrous THF
(20 mL) andt-BuOK (5 mmol, 2.5 eq. relative to substrédjevas added. The reaction mixture was stirred for
2 h at room temperature and then quenched wit (3 mL). The reaction mixture was extracted betwee
EtOAc (100 mL) and KD (100 mL). The aqueous phase was then washedBw@Ac (2 x 100 mL), the
combined organic phases were dried over anhydrogSQy filtered and concentrated under reduced

pressure. The residue was purified by column chtognaphy on silica gel.
Practical considerations:

1. In general, when running chlorination reactionssofiar hemiacetals to form glycosyl chlorides, TIsC i
not an entirely reliable method to track the cosimr of the reaction. Frequently, the starting make
would display on the TLC plate, when in fact thaat#on is fully completed. This is likely due toeverse
hydrolytic reaction happening on the silica geltgldor reliable determination of the reaction @msion,
'H NMR is more suitable.

2. In the Mobashery chlorination protocol involvingptrosgene/pyridine mixture, it is recommended td ad
pyridine relatively slowly, dropwise, to avoid ctied local excess of pyridine. If pyridine is added
rapidly, there is a higher risk of secondary nuplelic substitution and formation of anomeric pynidm

salts on some substrates.

4.1.1,5-Anhydro-2,3,4,6-tetra-O-benzytarabino-hex-1-enitol3a):

Methods A and D: Following Method A, substratka (1.1 g, 2 mmol) was reacted with triphosgene (2@7
1 mmol) and pyridine (258 pL, 3.2 mmol). Then, dating Method D, the crude chlorid® was reacted with
NaH (400.0 mg, 10 mmol, 60% suspension in mindtpallsolated yield 891 mg (85%).

Methods C and D: Following Method C, substrata (1.1 g, 2 mmol) was reacted with oxalyl chlori@&T
pL, 3 mmol) andN,N-dimethylformamide (263 uL, 3.4 mmol). Then, folloy Method D, the crude chloride
2a was reacted with NaH (400 mg, 10 mmol, 60% suspens mineral oil). Isolated yield 665 mg (64%).

Isolation: The produci3a was purified by column chromatography on silich @r&exane/EtOAc 10:1) and
obtained in the form of a colorless oil which sdied upon standing. The characterization data were

consistent with the literature. [9,19]
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R; = 0.52 (Hexane/EtOAc 5:1)n.p. 64 - 66 °C (acetoneja]*, = - 4.6 € = 0.3 in CHC)); 'H NMR (401
MHz, Chloroformd): 6 = 7.41 — 7.19 (m, 20H; Ar-H), 6.32 (s, 1H; H-1)74 - 4.69 (m, 4H; BPh), 4.62 (d,
Jgem= 11.5 Hz, 1H; €Ph), 4.60 (dJyem= 11.7 Hz, 1H; EIPh), 4.56 — 4.54 (m, 2H;HPh), 4.27 (dJs 4= 4.7
Hz, 1H; H-3), 4.13 — 4.07 (m, 1H; H-5), 3.91 (dds = 6.7 Hz,J,3 = 4.7 Hz, 1H; H-4), 3.78 (ddger = 10.6
Hz, Jsas = 6.0 Hz, 1H; H-6a), 3.69 (ddgem = 10.6 Hz,Jg5 = 3.5 Hz, 1H; H-6b);*C NMR (101 MHz,
Chloroformd): & = 139.0 (C-2), 138.5 (Ar+fy), 138.2 (Ar-Gyso), 138.1 (Ar-Gyso), 137.3 (Ar-Gsso), 128.6,
128.6, 128.5, 128.5, 128.1, 128.0, 127.98, 127/067), 127.91 (C-1), 127.85, 127.77, 127.74, 127A0
C), 76.4 (C-5), 75.7 (C-3), 74.4 (C-4), 73@,Ph), 73.0 CH,Ph), 72.4 CH,Ph), 71.2 CH.Ph), 68.4 (C-6);
IR (CHCL): v = 3090, 3067, 3032, 2910, 2869, 1670, 1605, 15897, 1454, 1159, 1100, 1071, 1028, 911,
698, 467 cnit; MS (ESI):m/z = 545.2 M+Na]'; HRM S (ESI): m/z calcd for GH3,OsNa: 545.2299N1+NaJ';
found 545.2294.

4.2. 1,5-Anhydro-2,3,4,6-tetra-O-benpylyxo-hex-1-enitol $b):

Methods A and D: Following Method A, substratb (1.1 g, 2 mmol) was reacted with triphosgene (2@7
1 mmol) and pyridine (258 pL, 3.2 mmol). Then, daling Method D, the crude chlori@ was reacted with
NaH (400 mg, 10 mmol, 60% suspension in mineryl sblated yield 743 mg (71%).

Methods C and D: Following Method C, substrath (1.1 g, 2 mmol) was reacted with oxalyl chlori@&T
pL, 3 mmol) andN,N-dimethylformamide (263 pL, 3.4 mmol). Then, folio Method D, the crude chloride
2b was reacted with NaH (400 mg, 10 mmol, 60% sudparis mineral oil). Isolated yield 638 mg (61%).

Isolation: The product3b was purified by column chromatography on silich {&exane/EtOAc 10:1) and
obtained in the form of a colorless oil which sifled upon standing. The characterization data were

consistent with the literature. [8]

R; = 0.37 (Hexane/EtOAc 8:1)a]% = - 44.7 ¢ = 0.3 in CHC)); *H NMR (401 MHz, Chloroforrd): & =
7.37 = 7.27 (m, 20H; Ar-H), 6.19 (h 3= 1.0 Hz, 1H; H-1), 4.84 (dger = 12.0 Hz, 1H; EIPh), 4.79 (dJgem
= 12.0 Hz, 1H; EPh), 4.78 (dJgem= 12.0 Hz, 1H; EIPh), 4.73 (dJgem= 11.3 Hz, 1H; EIPh), 4.63 (dJgem
= 11.3 Hz, 1H; @Ph), 4.62 (dJgem= 12.0 Hz, 1H; €IPh), 4.55 (dJgem= 12.0 Hz, 1H; EIPh), 4.45 (dJgem
=12.0 Hz, 1H; €IPh), 4.25 (ddJs; 4 = 4.2 Hz,Js1 = 1.0 Hz, 1H; H-3), 4.24 — 4.20 (m, 1H; H-5), 3:98.89
(m, 2H; H-4, H-6a), 3.71 (ddgen = 10.9 Hz Jg, 5= 3.4 Hz, 1H; H-6b);°C NMR (101 MHz, Chloroformd):
8 = 138.92 (Ar-Gys), 138.85 (C-2), 138.4 (Ar+,), 138.2 (Ar-Gsso), 137.4 (Ar-G,so), 128.53, 128.48, 128.4,
128.09, 128.01, 127.95, 127.94, 127.85, 127.73,7121.27.6 (Ar-C), 127.0 (C-1), 75.3 (C-5), 73CH,Ph),
73.5 CH,Ph), 73.3 (C-4), 72.70H,Ph), 71.9 (C-3), 71.50H,Ph), 67.8 (C-6)]R (CHCL): v = 3090, 3067,
2923, 2871, 1604, 1588, 1497, 1454, 1149, 11018,1023, 698, 459M S (ESI): m'z = 545.2 M+NaJ";
HRM S (ESI):m/z calcd for GH30sNa: 545.2299W1+Na]’; found 545.2296.
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4.3. 1,5-Anhydro-2,3-di-O-benzyl-4,6-O-benzyliderarabino-hex-1-enitol3c):

Methods A and D: Following Method A, substratéc (897 mg, 2 mmol) was reacted with triphosgene (297
mg, 1 mmol) and pyridine (258 pL, 3.2 mmol). Thalowing Method D, the crude chloride was reacted
with NaH (400 mg, 10 mmol, 60% suspension in miheith Isolated yield 467 mg (54%).

Isolation: The product3c was purified by column chromatography on silich (@texane/EtOAc 10:1) and
obtained in the form of a white solid. The chardetgion data were consistent with the literat(it®] R; =
0.32 (Hexane/EtOAc 10:1)n.p. not determined (decomposition at 220 °@]*, = - 34.1 ¢ = 0.2 in
CHCL); *H NMR (401 MHz, Chlorofornd): 6 = 7.54 (ddJ = 7.7, 2.1 Hz, 2H; Ar-H), 7.46 — 7.25 (m, 13H;
Ar-H), 6.32 (d,J; 3= 1.0 Hz, 1H; H-1), 5.61 (s, 1H;HPh), 4.92 (dJgem = 12.0 Hz, 1H; E&,CH,Ph), 4.88 (d,
Jgem = 12.0 Hz, 1H; CHCHyPh), 4.76 (dJgem = 11.4 Hz, 1H; @&, CH,Ph), 4.73 (dJgem = 11.4 Hz, 1H;
CH.CHyPh), 4.53 (ddJ; 4= 7.4 Hz,J3; = 1.0 Hz, 1H; H-3), 4.38 (ddgem= 9.6 Hz,Jsa5= 4.3 Hz, 1H; H-6a),
4.11 (dd,Js5 = 9.9 Hz,Js53 = 7.4 Hz, 1H; H-4), 3.89 — 3.74 (m, 2H; H-6b, H-}C NMR (101 MHz,
Chloroformd): 8 = 139.7 (C-2), 138.6 (Ar-fso), 137.3 (Ar-Gyso), 137.1 (Ar-Gsso), 129.4 (C-1), 129.1 (Ar-C),
128.6 (Ar-C), 128.4 (Ar-C), 128.3 (Ar-C), 128.1 (&), 128.0 (Ar-C), 127.7 (Ar-C), 127.7 (Ar-C), 126Ar-
C), 101.1 CHPh), 80.0 (C-4), 74.9 (C-3), 73.6,Ph), 71.5 CH,Ph), 69.2 (C-5), 68.5 (C-6)R (CHCL): v

= 3091, 3068, 2933, 2871, 1659, 1606, 1586, 14886,11454, 1375, 1342, 1165, 1149, 1095, 1075,,1066
1028, 995, 915, 698, 467 &mMS (ESI): m/z = 453.2 M+Na]"; HRM S (ESI): m/z calcd for G;H,sOsNa:
453.1671 M+Na]J’; found 453.1673.

4.4. 1,5-Anhydro-2,3:4,6-di-O-isopropylidepearabino-hex-1-enitol3d):
From 1d:

Methods A and D: Following Method A, substratéd (521 mg, 2 mmol) was reacted with triphosgene (297
mg, 1 mmol) and pyridine (258 pL, 3.2 mmol). Thiatlowing Method D, the crude chlorid& was reacted
with NaH (400 mg, 10 mmol, 60% suspension in miheith Isolated yield 359 mg (74%).

From le:

Methods A and D: Following Method A, substratée (521 mg, 2 mmol) was reacted with triphosgene (297
mg, 1 mmol) and pyridine (258 uL, 3.2 mmol). Thillowing Method D, the crude chloride was reacted
with NaH (400 mg, 10 mmol, 60% suspension in miheita Isolated yield 175 mg (36%).

Methods A and E: Following Method A, substratée (521 mg, 2 mmol) was reacted with triphosgene (297
mg, 1 mmol) and pyridine (258 pL, 3.2 mmol). Theslowing Method E, the crude chlorid was reacted
with t-BuOK (561 mg, 5 mmol). Isolated yield 379 mg (78%)

Isolation: The product3d was purified by column chromatography on silich @&exane/EtOAc 15:1) and
obtained in the form of a colorless oil. The chigezation data were consistent with the literat{8] R =
0.59 (Hexane/EtOAc 5:1Jp]*p = + 62.0 € = 0.5 in CHC)); '"H NMR (401 MHz, Chloroformd): § = 6.22
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(d, Jy 5= 1.8 Hz, 1H; H-1), 4.59 (ddg 4= 7.4 Hz,J5, = 1.8 Hz, 1H; H-3), 4.00 (ddger= 11.0 Hz Jga5= 5.6

Hz, 1H; H-6a), 3.90 (ddl,s = 10.5 Hz J,5 = 7.4 Hz, 1H; H-4), 3.85 (ddgem= 11.0 Hz,Jsp 5= 10.5 Hz, 1H;
H-6b), 3.59 (tdJs 4 = Js.6= 10.5 Hz,Js.6a = 5.6 Hz, 1H; H-5), 1.55 (s, 3H; CKB),), 1.49 (s, 3H; C(6),),
1.46 (s, 3H; C(€l),), 1.45 (s, 3H; C(65),); *C NMR (101 MHz, Chloroformd): & = 134.3 (C-2), 122.3 (C-
1), 113.4 C(CH,),),99.8 C(CHs),), 73.8 (C-3), 71.3 (C-4), 67.4 (C-5), 62.1 (C-8R.0 (CCHs),), 26.9
(C(CHs),), 25.5 (CCHs),), 19.2 (CCHs).); IR (CHCL): # = 2992, 2940, 2901, 1802, 1736, 1706, 1460, 1383,
1375, 1347, 1318, 1267, 1232, 1217, 1201, 11653,11T04, 1083, 1053, 1007, 967, 936, 914, 851, 768,
752, 680, 663, 601, 560, 524, 506, 483, 468;dvhS (APCI): m/z = 243.1 M+H]*; HRM S (ESI): m/z calcd

for C;oH1g0sNa: 265.1046§1+NaJ’; found 265.1047.

4.5. 1,5-Anhydro-2,3:4,6-di-O-isopropylidepelyxo-hex-1-enitol ¥f):

Methods A and E: Following Method A, substratéef (521 mg, 2 mmol) was reacted with triphosgene (297
mg, 1 mmol) and pyridine (258 puL, 3.2 mmol). Thiatlowing modified Method E, the crude chlori@dkwas
reacted witht-BuOK (561 mg, 5 mmol) for 30 min at 0 °C and tllen30 min at room temperature. Isolated
yield 176 mg (36%).

Isolation: The product3f was purified by column chromatography on silich ldexane/EtOAc 15:1 + 1%
Et;N) and obtained in the form of a colorless Bif.= 0.47 (Hexane/EtOAc 2:1ja]*, = + 65.4 ¢ = 0.3 in
acetone),lH NMR (401 MHz, Acetonek): 6 = 6.23 (dJ; 3= 2.3 Hz, 1H; H-1), 4.67 (ddd;3 ,= 4.3 Hz,J3, =
2.3 Hz,J35= 0.8 Hz, 1H; H-3), 4.49 (ddy 3= 4.3 Hz,Js5 = 1.6 Hz, 1H; H-4), 4.15 (ddgem= 12.6 HZ,Jga 5=
1.7 Hz, 1H; H-6a), 3.83 (ddgem = 12.6 Hz,Jsp5 = 2.0 Hz, 1H; H-6b), 3.64 (ddddse, = 2.0 Hz,J562= 1.7
Hz,Js 4= 1.6 Hz,Js 3= 0.8 Hz, 1H; H-5), 1.48 (s, 3H; CKg),), 1.43 (s, 3H; C(65),), 1.37 (s, 3H; C(83),),
1.30 (s, 3H; C(E),); *C NMR (101 MHz, Acetonesk): & = 133.69 (C-2), 122.30 (C-1), 112.52(CH,),),
98.88 C(CHsy)), 71.70 (C-3), 66.30 (C-5), 64.03 (C-4), 63.526)C29.58 (CCHs),), 26.40 (CCHs),), 26.20
(C(CHj3),), 18.99 (CCHs3),); IR (CHCL): v = 2990, 2939, 2905, 2867, 1614, 1458, 1382, 13333, 1233,
1146, 1086, 1041, 1028, 854, 516 tnMS (ESI): m/z = 265.1 M+Na]; HRMS (ESI): m/z calcd for
C1:H1g0sNa: 265.1043N1+Na]’; found 265.1046.

4.6. 1,5-Anhydro-2,3,6-tri-O-benzyl-4-O4@,4',6"-tetra-O-benzyj5-D-galactopyranosylp-arabino-hex-1-
enitol 3g):
Methods A and D: Following Method A, substratég (1.95 g, 2 mmol) was reacted with triphosgene (297

mg, 1 mmol) and pyridine (258 pL, 3.2 mmol). Thixlowing Method D, the crude chlorid&gy was reacted
with NaH (400 mg, 10 mmol, 60% suspension in miheita Isolated yield 1.3 g (68%).

Isolation: The product3g was purified by column chromatography on silich igexane/EtOAc 5:1) and
obtained in the form of a colorless oil. The chtegzation data were consistent with the literat{t&,62] Ry
= 0.23 (Hexane/EtOAc 10:1)a]* = - 8.2 € = 0.2 in CHC)); 'H NMR (401 MHz, Chlorofornd): & = 7.36
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—7.21 (m, 35H; Ar-H), 6.28 (dly3 = 1.3 Hz, 1H; H-1), 4.95 (dlyem= 11.6 Hz, 1H; €l,Ph), 4.85 (dJgem =
10.7 Hz, 1H; @,Ph), 4.76 (dJgem= 11.9 Hz, 1H; €,Ph), 4.74 — 4.63 (M, 6H;GPh), 4.61 (dJgem= 11.6
Hz, 1H; GH,Ph), 4.51 (dJgem = 12.1 Hz, 1H; €l,Ph); 4.49 (dJy» = 7.7 Hz, 1H; H-1'), 4.45 (dlgen = 12.1
Hz, 1H; GH,Ph), 4.39 (dJgem = 11.7 Hz, 1H; €l,Ph), 4.34 (dJgem= 11.7 Hz, 1H; E,Ph), 4.34 — 4.29 (m,
1H; H-5), 4.28 (ddJs4 = 3.2 Hz,Js1 = 1.3 Hz, 1H; H-3), 4.19 (dd, s = 3.2 Hz, Js= 3.5 Hz, 1H; H-4), 3.88
(d,J = 2.9 Hz, 1H; H-4"), 3.83 (ddsa o= 10.6 Hz, 5= 7.1 Hz, 1H; H-6a), 3.79 (ddp 5 = 9.8 Hz,Jp. 1. =
7.7 Hz, 1H; H-2"), 3.62 (ddlgp 65 = 10.6 Hz,Jsp 5 = 4.2 Hz, 1H; H-6b), 3.57 — 3.43 (m, 4H; H-3', H43-6'a,
H-6'b); °C NMR (101 MHz, Chloroforns): § = 138.8, 138.7, 138.3, 137.9 (A&, 137.8 (C-2), 137.5
(Ar-Cipso), 128.6, 128.5, 128.5, 128.5, 128.4, 128.4, 12828.3, 128.3, 128.2, 128.1 (Ar-C), 128.0 (C-1),
128.0, 127.9, 127.9, 127.8, 127.8, 127.7, 127.7,71227.5 (Ar-C), 103.2 (C-1"), 82.3 (C-3'), 793-2"),
75.3 CHPh), 75.0 (C-5), 74.80HPh), 73.9 (C-3), 73.7 (C-4), 73.7 Ki€h), 73.6 (C-4), 73.5 (C-5'), 73.3
(CHPh), 73.2 CHPh), 70.0 CHPh), 71.2 CHPh), 68.8 (C-6"), 67.9 (C-6)R (CHCL): # = 3090, 3067, 3033,
1605, 1586, 1497, 1454, 1158, 1093, 1076, 10768,1083, 912, 699, 461 cmMMS (ESI): miz = 977.4
[M+Na]’; HRMS (ESI): mVz calcd for GiHg;0:0Na: 977.4235N1+Na]’; found 977.4237.

4.7. 1,4-Anhydro-2,3,5-tri-O-benzglerythro-pent-1-enitol3h):
From 1h:

Methods B and D: Following Method B, substrateh (841 mg, 2 mmol) was reacted with triphosgene (297
mg, 1 mmol) and 2,6-lutidine (371 pL, 3.2 mmol).ehh following Method D, the crude chlorid was
reacted with NaH (400 mg, 10 mmol, 60% suspensianineral oil). Isolated yield 192 mg (24%).

Methods B and E: Following Method B, substratth (841 mg, 2 mmol) was reacted with triphosgene (297
mg, 1 mmol) and 2,6-lutidine (371 pL, 3.2 mmol).enh following Method E, the crude chlori@a was
reacted witht-BuOK (561 mg, 5 mmol). Isolated yield 602 mg (75%)

From 1i:

Methods B and D: Following Method B, substratéh (841 mg, 2 mmol) was reacted with triphosgene (297
mg, 1 mmol) and 2,6-lutidine (371 pL, 3.2 mmol).enh following Method D, the crude chlorid was
reacted with NaH (400 mg, 10 mmol, 60% suspensianineral oil). Isolated yield 66 mg (8%).

Methods B and E: Following Method B, substratth (841 mg, 2 mmol) was reacted with triphosgene (297
mg, 1 mmol) and 2,6-lutidine (371 uL, 3.2 mmol).enh following Method E, the crude chloridd was
reacted witht-BuOK (561 mg, 5 mmol). Isolated yield 32 mg (4%).

Isolation: The producBh was purified by column chromatography on silich (#exane/EtOAc 15:1 + 1%
Et;N) and obtained in the form of a colorless oil. Tharacterization data were consistent with tiegdture.
[20] R = 0.43 (Hexane/EtOAc 6:1)a]* = + 59.3 ¢ = 0.2 in CHC})); '"H NMR (401 MHz, Chloroformd):
§ =7.39 — 7.27 (m, 15H; Ar-H), 6.19 (@, = 0.8 Hz, 1H; H-1), 4.79 (dgem= 11.4 Hz, 1H; E,Ph), 4.73 (d,
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Jyem= 11.4 Hz, 1H; €l,Ph), 4.71 (dJgem= 12.0 Hz, 1H; El,Ph), 4.67 (ddJs 4= 3.3 Hz,J31 = 0.8 Hz, 1H; H-
3), 4.58 (dJgem= 12.1 Hz, 1H; E,Ph), 4.54 (dJgem= 12.2 Hz, 1H; El,Ph), 4.52 (dddJ,s.= 6.2 Hz,Js 5, =

5.8 Hz,J,3 = 3.3 Hz, 1H; H-4), 3.56 (ddgem= 10.2 Hz,J554= 6.2 Hz, 1H; H-5a), 3.42 (ddgem = 10.2 Hz,
Jsha = 5.8 Hz, 1H; H-5b)*C NMR (101 MHz, DMSOds): & = 140.84 (C-2), 138.38 (Ar:&,), 138.13 (Ar-
Cipso), 136.85 (Ar-G,so), 128.38, 128.29, 128.22, 127.91, 127.67, 127187,57, 127.54, 127.44 (Ar-C),
127.28 (C-1), 82.62 (C-4), 80.74 (C-3), 72.3H(Ph), 71.74 CH,Ph), 69.64 (C-5), 69.38CH,Ph); IR
(CHCly): v = 3113, 3090, 3067, 3033, 2931, 2867, 1667, 16687, 1497, 1454, 1364, 1310, 1289, 1157,
1099, 1073, 1028, 912, 853, 699 tnMS (ESI): m'z = 425.2 M+Na]; HRMS (ESI): m/z calcd for
CueH260sNa: 425.1722N1+Na]’; found 425.1723.

Acknowledgments

This work was supported by financial support frgmedfic university research (MSMT No. 21-SVV/2019).
We also appreciate the support from Gilead Scierines provided under the program “Molecules falel

at the Gilead Sciences & IOCB Prague Research €entr
Dedication

Dedicated to the memory of Prof. Jitka Moravcova.
Supplementary Material

Supplementary Material containing additional exmemntal data can be found at the online versiorisf t

article.
References and notes

[1] H.H. Kinfe, Versatility of glycals in synthetiarganic chemistry: Coupling reactions, diversitiented
synthesis and natural product synthesis, Org. Biom@hem. 17 (2019) 4153-4182.
https://doi.org/10.1039/c90b00343f.

[2] R.J. Ferrier, J.0. Hoberg, Synthesis and reastiof unsaturated sugars, Adv. Carbohydr. Chem.
Biochem. 58 (2003) 55-119. https://doi.org/10.1806/65-2318(03)58003-9.

[3] R.J. Ferrier, W.G. Overend, A.E. Ryan, 712. Thaction between 3,4,6-t-acetylb-glucal and p-
nitrophenol, J. Chem. Soc. (1962) 3667-3670. Httjus:org/10.1039/jr9620003667.

[4] R.J. Ferrier, O.A. Zubkov, Transformation ofyGals into 2,3-Unsaturated Glycosyl Derivatives, in
Org. React.,, John Wiley & Sons, Inc., Hoboken, NUSA, 2003: pp. 569-736.
https://doi.org/10.1002/0471264180.0r062.04.

17



[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

L. Lazar, M. Csavas, A. Hadhazi, M. Herczeg, €ih, L. Somsak, T. Barna, P. Herczegh, A. Borbas,
Systematic study on free radical hydrothiolatiorunfaturated monosaccharide derivatives with exo-
and endocyclic double bonds, Org. Biomol. Chem. 112013) 5339-5350.
https://doi.org/10.1039/c30b40547h.

B. Moreno, C. Quehen, M. Rose-Hélene, E. LexldrC. Quirion, Addition of difluoromethyl radical
to glycals: A new route to oa-CF,-D-glycosides, Org. Lett. 9 (2007) 2477-2480.
https://doi.org/10.1021/0l070835f.

S. Colombel, M. Sanselme, E. Leclerc, J.C. @uir X. Pannecoucke, Straightforward preparation of
functionalizeda-CF 2-galactosides through an oxygen to carbon maytation, Chem. - A Eur. J. 17
(2011) 5238-5241. https://doi.org/10.1002/chem.P0183.

S. Colombel, N. Vana Hijfte, T. Poisson, E. lexc, X. Pannecoucke, Addition of electrophilic
radicals to 2-benzyloxyglycals: Synthesis and fiomatlization of fluorinateda-C-glycosides and
derivatives, Chem. - A Eur. J. 19 (2013) 12778-12h&ps://doi.org/10.1002/chem.201302070.

C.M. Storkey, A.L. Win, J.O. Hoberg, Synthesis2,3,4,6-tetra®-benzylb-glucal on the gram scale.
A convenient method for its facile synthesis andssguent stereoselective cyclopropanation,
Carbohydr. Res. 339 (2004) 897-899. https://doilérgd016/j.carres.2003.12.016.

N.V. Ganesh, N. Jayaraman, Synthesis of aglycosyl, and azido septanosides through ring
expansion of 1,2-cyclopropanated sugars, J. Org.enCh 74 (2009) 739-746.
https://doi.org/10.1021/j0801967s.

S. Dey, N. Jayaraman, Exclusive ring openirfggem-dihalo-1,2-cyclopropanated oxyglycal to
oxepines in AgOAc, Carbohydr. Res. 389 (2014) 66hitps://doi.org/10.1016/j.carres.2014.01.023.

N.V. Ganesh, S. Raghothama, R. Sonti, N. Jayan, Ring expansion of oxyglycals. Synthesis and
conformational analysis of septanoside-containiigat¢charides, J. Org. Chem. 75 (2010) 215-218.
https://doi.org/10.1021/j0901945e.

W. Adam, L. Hadjarapoglou, X. Wang, Dimethyigirane epoxidation of alkenes bearing two electron
donating substituents., Tetrahedron Lett. 32 (1992P5-1298. https://doi.org/10.1016/S0040-
4039(00)79649-3.

C.F. Liu, D.C. Xiong, X.S. Ye, “ring openingag closure” strategy for the synthesis of &tyl-
glycosides, J. Org. Chem. 79 (2014) 4676—4686si#ttjwi.org/10.1021/j0500730y.

R.R. Schmidt, R. Preuss, R. Betz, C-1 litlwatof C-2 activated glucals, Tetrahedron Lett. P83({)

18



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

6591-6594. https://doi.org/10.1016/S0040-4039(082961.

K.M. Khan, S. Perveen, S.T. Ali Shah, M.S. &, W. Voelter, Sodium
hydride/hexamethylphosphoric triamide: A new andicieht reagent towards the synthesis of
protected 1,2- and 5,6-enopyranosides, New J. Che@5 (2001) 896-898.
https://doi.org/10.1039/b010196f.

I. Honda, M. Shibagaki, K. Koseki, H. Kuno, Rakahashi, H. Matsushita, Synthesis of a usefubch
building block, §)-5-acetoxy-2-penten-4-olide from-glucose, Heterocycles. 36 (1993) 149-155.
https://doi.org/10.3987/com-92-6206.

J. Liu, C.Y. Huang, C.H. Wong, An efficient thed for the preparation of 2-hydroxy- and 2-
aminoglycals from glycosyl sulfoxides, TetrahedrorLett. 43 (2002) 3447-3448.
https://doi.org/10.1016/S0040-4039(02)00555-5.

D.J. Chambers, G.R. Evans, A.J. Fairbanksmigktion reactions of glycosyl selenoxides,
Tetrahedron. 60 (2004) 8411-8419. https://doi.drd/M16/j.tet.2004.07.005.

G.S. Jones, W.J. Scott, Oxidative AdditionRaflladium(0) to the Anomeric Center of Carbohydrate
Electrophiles, J. Am. Chem. Soc. 114 (1992) 149921#4ttps://doi.org/10.1021/ja00030a060.

N. Vijaya Ganesh, N. Jayaraman, Synthesiepfanosides through an oxyglycal route, J. OrgnChe
72 (2007) 5500-5504. https://doi.org/10.1021/joCr4

M. Giordano, A. ladonisi, Polymethylhydrosilxe (PMHS): A convenient option for synthetic
applications of the iodine/silane combined reageBtraightforward entries to 2-hydroxyglycals and
useful building-blocks of glucuronic acid and glsamine, European J. Org. Chem. 2013 (2013) 125
131. https://doi.org/10.1002/ejoc.201201084.

T. Mandai, H. Okumoto, T. Oshitari, K. NakamisK. Mikuni, K. ji Hara, K. zo Hara, W. lwatant,.
Amano, K. Nakamura, Y. Tsuchiya, Synthesis anddgicll evaluation of water soluble taxoids
bearing sugar moieties, Heterocycles. 54 (2001}-56@. https://doi.org/10.3987/COM-00-S(1)34.

D.J. Leaver, A.B. Hughes, A. Polyzos, J.M. WéhiX-ray crystal structure determinations of
galactosylacetylene  building  blocks, J. CarbohydiChem. 29 (2010) 379-385.
https://doi.org/10.1080/07328303.2011.554935.

S. Garneau, L. Qiao, L. Chen, S. Walker, J€deras, Synthesis of mono- and disaccharide amalog
of moenomycin and lipid Il for inhibition of tranggosylase activity of penicillin-binding proteirbl
Bioorganic Med. Chem. 12 (2004) 6473—6494. htipsi/6rg/10.1016/j.omc.2004.09.019.

19



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

S.J. Lak, A.C. Seung, P. Gunaga, O.K. Hea, WHiuk, K.L. Sang, D.K. Tosh, A. Patel, K.K.
Palaniappan, Z.G. Gao, K.A. Jacobson, R.M. Hyungcd&very of a new nucleoside template for
human A3 adenosine receptor ligands:'Bhfioadenosine derivatives withoutlydroxymethyl group
as highly potent and selective antagonists, J. Mdthem. 50 (2007) 3159-3162.
https://doi.org/10.1021/jm070259t.

J. Gelas, D. Horton, Kinetic acetonationmMmannose: preparation of 4,6-mono- and 2,3:4,6-di-
isopropylidenes-mannopyranose, Carbohydr. Res. 67 (1978) 371-+88%&://doi.org/10.1016/S0008-
6215(00)84126-9.

M. Mella, L. Panza, F. Ronchetti, L. Toma, -DRleoxy-3,4:5,7-biO-(1-methylethylidenep-gluco-
and D-galacto-hept-1-ynitols: synthesis and conformatalostudies, Tetrahedron. 44 (1988) 1673
1678. https://doi.org/10.1016/S0040-4020(01)86729-6

A.M. Gbémez, G.O. Danelon, S. Valverde, J.C.p&s, Improved synthesis of 2,3:4,6@h-
isopropylidenes-glucopyranose andb-galactopyranose, Carbohydr. Res. 320 (1999) 138-14
https://doi.org/10.1016/S0008-6215(99)00150-0.

W.L. Cheng, Y.J. Shaw, S.M. Yeh, P.P. KanakammH. Chen, C. Chen, J.C. Shieu, S.J. Yiin, G.H.
Lee, Y. Wang, T.Y. Luh, Chelation-assisted regiest¥e C-O bond cleavage reactions of acetals by
Grignard reagents. A general procedure for theosedgctive synthesis of protected polyols having on
free hydroxy group, J. Org. Chem. 64 (1999) 532-589¢s://doi.org/10.1021/j0981579a.

P.L. Barili, G. Catelani, F. Colonna, A. MaJr&. Cerrini, D. Lamba, Synthesis of 2,3:4,64i-
isopropylidene derivatives of alkyl- and B-D-galactopyranosides, and elucidation of structwe b
n.m.r. and x-ray analysis, Carbohydr. Res. 177 &1989-41. https://doi.org/10.1016/0008-
6215(88)85039-0.

K. Jansson, S. Ahlfors, T. Frejd, J. Kihlbefg, Magnusson, J. Dahmén, G. Noori, K. Stenvall, 2-
(Trimethylsilyl)ethyl Glycosides. Synthesis, AnoneeDeblocking, and Transformation into 1,2-Trans
1-O-Acyl Sugars, J. Org. Chem. 53 (1988) 5629-564pshtdoi.org/10.1021/j000259a006.

B. Liu, J. van Mechelen, R.J.B.H.N. van derr@eA.M.C.H. van den Nieuwendijk, J.M.F.G. Aerts,
G.A. van der Marel, J.D.C. Codée, H.S. OverkleSfinthesis of Glycosylated 1-Deoxynojirimycins
Starting from Natural and Synthetic Disaccharidegtopean J. Org. Chem. 2019 (2019) 118-129.
https://doi.org/10.1002/ejoc.201801461.

M.N. Amin, W. Huang, R.M. Mizanur, L.X. Wan@onvergent synthesis of homogeneous Glc 1Man
9GIcNAc 2-protein and derivatives as ligands of ecalar chaperones in protein quality control, J.
Am. Chem. Soc. 133 (2011) 14404-14417. https:6dpil0.1021/ja204831z.

20



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

J.M. Lacombe, N. Rakotomanomana, A.A. Pavianéw approach to the synthesis and selective
hydrolysis  of tert-butyl glycosides, Carbohydr. Res. 181  (1988) 2&@-2
https://doi.org/10.1016/0008-6215(88)84043-6.

S. Koto, N. Morishima, S. Shichi, H. Haigoh, Mirooka, M. Okamoto, T. Higuchi, K. Shimizu, Y.

Hashimoto, T. Irisawa, H. Kawasaki, Y. Takahashi, WYamazaki, Y. Mori, K. Kudo, T. Ikegaki, S.

Suzuki, S. Zen, Dehydrative Glycosylation Using tééenzyl Derivatives of Glucobioses and
Lactose, Bull. Chem. Soc. Jpn. 65 (1992) 3257-3Bitgs://doi.org/10.1246/bcs).65.3257.

S. Koch, H. Kunz, H. Loewe, D. Schollmeyer, Hoewe, C-Glycosyl amino acids through
hydroboration-cross-coupling of exo-glycals andrtl@plication in automated solid-phase synthesis,
Chem. - A Eur. J. 19 (2013) 7020-7041.

K. Ishii, H. Kubo, R. Yamasaki, Synthesis af-lactosyl-(1 — 3)-L-glycero«-D-manno-
heptopyranoside, a partial oligosaccharide strectxpressed within the lipooligosaccharide produced
by Neisseria gonorrhoeae strain 15253, Carbohydres. R 337 (2002) 11-20.
https://doi.org/10.1016/S0008-6215(01)00282-8.

T. Yamanoi, N. Misawa, S. Matsuda, M. WatandPeparation of partially benzylated mono-, digla
trisaccharides by selective cleavage of fHeuctofuranosidic linkage in fully benzylated sase and
sucrose-related oligosaccharides under acidic tondj Carbohydr. Res. 343 (2008) 1366-1372.
https://doi.org/10.1016/j.carres.2008.03.024.

T. Bieg, W. Szeja, Regioselective hydrogenslysf benzyl glycosides, Carbohydr. Res. 205 (1990)
C10-C11. https://doi.org/10.1016/0008-6215(90)864.69

G. Xu, K.D. Moeller, Anodic coupling reactiorend the synthesis dE-glycosides, Org. Lett. 12
(2010) 2590-2593. https://doi.org/10.1021/01100800u

W.C. Wei, C.C. Chang, Chemical Synthesis otdfentose-5-phosphates, European J. Org. Chem.
2017 (2017) 3033—-3040. https://doi.org/10.1002/@t601639.

H. Yoda, M. Kawauchi, K. Takabe, Novel AsymmetSynthesis of an Indolizidine Alkaloid, (+)-
Lentiginosine Employing Highly Stereoselective Hygenation ofa-Hydroxypyrrolidine, Synlett.
1998 (1998) 137-138. https://doi.org/10.1055/s-19687.

U. Spohr, M. Bach, R.G. Spiro, Inhibitors ohd®-u-mannosidase. Part Il. 1-Deoxyc®{a-D-
glucopyranosyl)-mannojirimycin and congeners medifin the mannojirimycin unit, Can. J. Chem.
71 (1993) 1928-1942. https://doi.org/10.1139/v98-24

21



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

S.A. Geringer, A. V. Demchenko, Iron(iii) clide-catalyzed activation of glycosyl chlorides,gOr
Biomol. Chem. 16 (2018) 9133-9137. https://doi.bbgl039/c80b02413h.

S.C. Hung, C.H. Wong, Synthesis of glycosyllocldes with acid-labile protecting groups,
Tetrahedron Lett. 37 (1996) 4903—-4906. https:/figi10.1016/0040-4039(96)01006-4.

M.B. Tatina, D.T. Khong, Z.M.A. Judeh, Efficie Synthesis ofi-Glycosyl Chlorides Using 2-Chloro-
1,3-dimethylimidazolinium Chloride: A Convenient dscol for Quick One-Pot Glycosylation,
European J. Org. Chem. 2018 (2018) 2208—-2213.:Hittpsorg/10.1002/ejoc.201800360.

R.M. Cicchillo, P. Norris, A convenient synthe of glycosyl chlorides from sugar hemiacetaisagis
triphosgene as the chlorine  source, Carbohydr. Re328 (2000) 431-434.
https://doi.org/10.1016/S0008-6215(00)00115-4.

H. Ohrui, J.J. Fox, Nucleosides LXXXI. An apgich to the synthesis of C-C linkpéab-ribofuranosyl
nucleosides from 2,8-isopropylidene-82-trityl-3-D-ribofuranosyl chloride, Tetrahedron Lett. 14
(1973) 1951-1954. https://doi.org/10.1016/S004094038)96091-5.

S. Traboni, F. Liccardo, E. Bedini, M. GioragnA. ladonisi, Solvent-free synthesis of glycosyl
chlorides based on the triphenyl phosphine/hexacht®tone system, Tetrahedron Lett. 58 (2017)
1762-1764. https://doi.org/10.1016/j.tetlet.2017068.

I. Pongener, K. Nikitin, E.M. McGarrigle, Symsis of glycosyl chlorides using catalytic Appel
conditions, Org. Biomol. Chem. 17 (2019) 7531-7388ps://doi.org/10.1039/c90b01544b.

B. Doboszewski, A. Zamojski, Convenient syrgiseof a building-block derivative of nigerose,
Carbohydr. Res. 164 (1987) 470-476. https://doilérd 016/0008-6215(87)80151-9.

H. Ito, R. Eby, S. Kramer, C. Schuerch, Systhef a substituted 2,6-dioxabicyclo[3.1.1]heptarg
anhydro-2,4,6-tri©-benzyl$-D-glucopyranose, Carbohydr. Res. 86  (1980) 193-202.
https://doi.org/10.1016/S0008-6215(00)85898-X.

T. Sato, H. Nakamura, Y. Ohno, T. Endo, Sysiheof 1,4-anhydro-2,3,6-tD-benzyle-D-
glucopyranose bycisring-closure of a glycosyl chloride, Carbohydr. sSRel99 (1990) 31-35.
https://doi.org/10.1016/0008-6215(90)84090-H.

T. Ogawa, K. Sasajima, Reconstruction of ghychains of glycoprotein. Branching mannopentaoside
and mannohexaoside, Tetrahedron. 37 (1981) 2782--278ttps://doi.org/10.1016/S0040-
4020(01)92346-4.

P. Kov&, R.B. Taylor, Alternative syntheses and relatedl IR. studies of precursors for interrfiab-

22



[57]

[58]

[59]

[60]

[61]

[62]

galactopyranosyl residues in oligosaccharideswalip chain extension at O-4, Carbohydr. Res. 167
(1987) 153-173. https://doi.org/10.1016/0008-6215B276-8.

J.C. Jacquinet, P. Sinay, Synthesis of dermatdfate fragments: A chemical synthesis of methyl
acetamido-2-deoxy-8-(a-lidopyranosyluronic acid)-O-sulfof-D-galactopyranoside disodium salt
and its non-sulfated analogue, Carbohydr. Res.(1987) 229-253. https://doi.org/10.1016/S0008-
6215(00)90218-0.

A. Cardona, O. Boutureira, S. Castillon, Y.aBi M.l. Matheu, Metal-free and VOC-free: O -
glycosylation in supercritical CO Green Chem. 19 (2017) 2687-2694.
https://doi.org/10.1039/c7gc00722a.

A.M. Gomez, A. Pedregosa, M. Casillas, C. UrdeC. Lopez, Synthesis of C-1 alkyl and ary! gligc
from pyranosyl or furanosyl chlorides by treatmenth organolithium reagents, European J. Org.
Chem. 2009 (2009) 3579-3588. https://doi.org/121€}6c.200900417.

Z. Goren, M.J. Heeg, S. Mobashery, Facile @t Substitution of Activated Alcohols by
Triphosgene: Application to Cephalosporin Chemistdy Org. Chem. 56 (1991) 7186-7188.
https://doi.org/10.1021/j000025a046.

Products of condensation with 2 molecules & were detected by MS ([M+Naf 347.2). Based
on the m/z and the detection of anomeric sign&l.@GZ ppm (d,J = 6.41 Hz, 1H) in théH NMR of
partially purified reaction mixture in CDglthe major product is proposed to have the folhgwi

structure, but was not isolated due to its insitgtiin silica gel.
N
0 i
o A
o._ O
>

L.J.J. Hronowski, W.A. Szarek, G.W. Hay, A.dfxs, W.T. Depew, Synthesis and characterization of
1-O-a-lactosyl-R,S)-glycerols and 10-a-lactosyl-30-B-lactosyl-R,S-glycerols, Carbohydr. Res. 193
(1989) 91-103. https://doi.org/10.1016/0008-6215B209-2.

23



Highlights

e 2-Hydroxyglycals were synthesized via chlorination-dehydrochlorination of carbohydrate
hemiacetals.
¢ Simple synthetic protocol, gram-scale amounts.

e Aprotic conditions were utilized, allowing for the use of acid-sensitive substrates.
e Both 1,2-cis and 1,2-trans glycosyl chlorides provide 2-hydroxyglycals after elimination.

e Piperidine was used as a temporary anomeric protecting group of lactose.
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