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Halogen-bond-assisted radical activation
of glycosyl donors enables mild and
stereoconvergent 1,2-cis-glycosylation

Chen Zhang'3, Hao Zuo'3, Ga Young Lee??, Yike Zou??3, Qiu-Di Dang', K. N. Houk ®2> and

Dawen Niu® 1<

The chemistry of carbohydrates has a history of over 100 years, but simple, stereoselective and efficient glycosylation methods
remain highly needed to facilitate the studies of sugars in various disciplines. Here we report a strategy for 1,2-cis-glycosylation
without using metals, strong (Lewis) acids, elaborate catalysts or labile substrates. Our method operates by a unique mecha-
nism: it activates glycosyl donors through a radical cascade rather than the conventional acid-promoted, ionic process. [{s
elucidated by computational and experimental studies, the allyl glycosyl sulfones (as donors) form halogen bond complexes
with perfluoroalkyl iodides, which—merely by visible light irradiation—fragment via radical intermediates to give the elec-
trophilic glycosyl iodides. In situ trapping by various nucleophiles affords, in a stereoconvergent manner, the challenging
1,2-cis-glycosides. This metal- and acid-free reaction shows remarkable tolerance to functional groups. The high stereoselec-
tivity holds for a broad array of donors. This study suggests that the simple C2-alkoxy group can serve as an effective directing

group for building 1,2-cis-glycosidic bonds.

arbohydrates¥playXessentialXrolesXinXvirtually}allXcellu-
larKactivities"X(seeMFig.X1 aXforXrepresentativeMexamples).X
GlycosylationX reactions’”’,X whichX install¥ carbohydrateX
moietiesdntoRargetlnolecules,fhrehusinbhighemandXiniari-
ousthreasoMnterrogatelind®oMnodulatedugar-mediateddiologi-
cal®processes.MSinceltheMriginalworkXofMichael‘KandXFischer’,X
remarkablefprogresskhaskbeenmadeXinktheconstructionXofXply-
cosidic®onds,Fand¥nanyfoffhelheorieskestablished®uring®heseX
investigationskhavelbecomelheXcornerstonesdbfXmodernXorganicX
chemistry'*-?* K¥WithBhelsrowingkappreciationfbfheXmportanceX
andMtilitydfiarbohydrates®”* MheljuestorMfticientdlycosylationX
methods®loesthotiade butiontinues®oMnspireheltlevelopmentX
ofthewleagents,Btrategiesind®oncepts.
ARprototypicalXslycosylationXreactionX Fig.Xi b)XcommenceskbyX
activating¥hebglycosyllonor{1)HoMormMMnoreflectrophiliclnter-
mediatel(forexample,Ksynthetickequivalents¥offoxocarbeniumX3).X
Subsequent®rappingdbydkhucleophilelacceptor)Eaffords¥lycosideX
4,MoftenMsMMnixtureddfM ,2-cis-FandX ,2-trans-configured¥products.X
Offhote Bhelelectivelformation¥ofiXl,2-cis-linkagesMisKmoreldifti-
cultthndXess®eveloped MMechanistically,XmostXestablishedMstrate-
giesictivatelslycosylonorsiiakonic¥processes,Boriexample,&heX
covalentbrdoordinativebondMormationfetweenfheleavingdgroupX
(X)®XMndnMctivatingbhgent™ A-B)XFig.M b,Mbluebhrrow) omeX
offhelnostdpopularBlycosylationknethods*"HhatlemploybglycosylX
sulfides,Mulfoxides,MrichloroacetimidatesdndXN-(phenyl)trifluoro-
acetimidatesdsidlonorsibelongiohisklassdndkhavelemained®heX
mainstayMechniquesfinMheMield M nMntrinsic¥onstraintbMhisKcti-
vationMnode BoweverJiesEinMhatitMhsually@mployskitherfMeactiveX
butiabilelglycosyllonorH MriNtronglind/orfharshMctivatingfgent.X
UseofsensitivelsubstratesXand/orireagentskmayXraiseXfunctionalX
grouplcompatibilityXissuesKandX¥meanwhileMcausellinconveniencelX

for¥practitioners.lolfar,lexcellentitrategieskhavelbeeniestablishedX
tolbreakluchXMilemma,Xaskexemplified®byRhelstudiesdromXhelX
Yulgroup,Bvho¥mployedolditatalysts® Bhelacobsenbgroup,BvholX
employedbbis-urealatalysts*>*,Kand¥btherlsroups KYet,MtkremainsX
highlyMlesirableMoMlevelopbgenerallndMiser-friendly¥lycosylationX
methods®hatfvoididensitiveleagents,MabilelsubstrateskbrdreciousX
(metal)Xecatalysts XI'hosethat,Matihelameltime,KemonstratelhighX
stereoselectivitiesfreMnorefraluable,Bbutilusive.
TheMlevelopmentibMtrategicallyMlistincthglycosylationBnethodsX
isktrucial®obhddressibomebbfheMntrinsicdimitationsfncounteredX
byRheMield MConceivably,lycosyldlonorXMouldélsofbelonvertedX
intoflectrophilicntermediatelMbyMwoltonsecutivelingle-electronX
transfer8teps{Fig.X b,MedMrrows) K hisMctivation®trategy,MvhichHsX
basedMnMMadical-polarkrossover” -’ Remains¥inderexplored®butX
maybpossessifreatbpotentialluefoMhelxceptionalfunctional-group
tolerancefbfiradical®rocesses.XApparentlyKhebapplicationXofithisX
strategylstplaguedyMnanylbbstacles’ ~*:Moleneratelglycosyldadi-
calsiBbftenallsiorfharshonditionskbrXinstableMsubstrates,ndX
thelequirementMolbxidizelHnXituMoMormBiposesiddditionalthal-
lenges AnXhelynthesisi-glycosidesHvelecentlyMlevelopedillylX
glycosylbulfonesd Fig Xl c)Mskhilasskbfbench-stabledindXonve-
nient®recursors®ollycosyldadicalskb XMWelpeculated¥vhetherMveX
could®horeographi®@helgenerationtdffadicallblromMbRvithiMnildX
one-electronfbxidationtbfbRoMhccessklectrophilelBN orXtskequiva-
lents) KandXoupledhemMvithEalbsubsequentdhucleophilickattackXoX
formMO-ForiN-glycosidickbonds. MGuideddbyRhiskiesign,Mvelevel -
opedXn®his¥vorkMXnildnditereoselectivebglycosylationEnethodX
shownMinkFig X c.Mnbburprocess,BlycosyltlonordbkndXC,FIormX
abhalogen-bondXXB)Xomplex® Bvhich BnKisiblefightHrradiation,X
fragmentsihroughiiascadelbfiingle-electrondransferdprocessesifol
formMhelslycosyldodideMntermediatelBRrialb Mubsequentrapiby

'State Key Laboratory of Biotherapy and Cancer Center, West China Hospital and School of Chemical Engineering, Sichuan University, Chengdu, China.
?Department of Chemistry and Biochemistry, University of California, Los ) ngeles, C){|, USK. *These authors contributed equally: Chen Zhang, Hao Zuo,

Ga Young Lee, Yike Zou. ®e-mail: houk@chem.ucla.edu; niudawen@scu.edu.cn

686

N TURE CHEMISTRY | VOL 14 | JUNE 2022 | 686-694 | www.nature.com/naturechemistry



NY TURE CHEMISTRY RTICLES

0 o om b
HO 2 on ok OH -0 /-\A_B 07"
HO o RO+ X RO}/ X—A lonic activation
o (0] > (conventional)
%o OH RO ~2e ro = N\
OH OH ; )

Isoglobotrihexose

“

OH
HO O
HO
HO
0

"

O Nu—H 0

RO\ RO
RO > RO%
Sy1/S2

or equivalents Nu

—1}7 3 4

Radical activation

(underexplored)
Cholesteryl a-p-glucoside
[4 C4Fol 0
0 455 nm LED RO
0
RO~ < A ’ﬁ + Nu—H RO
Ro O Ph3PO, (NH4)2HPO4, r.t. A Nu
e 4
6 1,2-cis 10
Bench-stable donors
“ XB complex
C4Fg 0 |
Nid ) =
O““ 1e ROE/O e HOE/O Nu—H RO ‘/S{/
Il _— \/ﬁ —_— - ‘ é —_— RO
— T
A S\/g h 0 RO F
RO RO | N
rRo © A
7 5 8 9

Fig. 1| Importance of carbohydrates and approaches to build glycosidic bonds. a, Two representative examples of glycosides: isoglobotrihexose, the
sugar component of immunomodulatory glycolipid isoglobotrihexosylceramide, and cholesteryl a-p-glucoside, a metabolic product of the cancer-causing
pathogen Helicobacter pylori. b, Two different strategies to make glycosidic bonds. The blue and red arrows indicate the ionic and radical activation of
donors, respectively. The radical-based activation strategy remains underdeveloped. ¢, This work: mild and stereoselective glycosylation that features
the XB-assisted radical activation of donors. This method, which exploits both XB (7) and hydrogen-bond (9) interactions, is metal- and acid-free and
demonstrates a high generality in making 1,2-cis-glycosides. Nu-H, nucleophile; r.t., room temperature; S1, unimolecular nucleophilic substitution; Sy2,

bimolecular nucleophilic substitution.

alhucleophilebhffordsilycosideXl 0 moothlyBuchMadical-basedX
donor-activationXstrategyX(6XtoX7XtoX5KtoX8 )KimpartsKimportantX
advantagesKtoXourlmethod XitKemploysKbench-stableXdonorsXandX
avoidstharshfctivatingbhgentsi{forxample Mtronghhcids,Mnetalskbri
oxidants) MtXproceedsMinderXnetal-Minddacid-free®onditionskndX
accommodates¥ denselyX functionalizedXacceptors.¥ UnexpectedlyX
andMortuitously,XtKsMtereoselectivelinddtereoconvergent}8XoX 0X
vial®)kndXisplayskbhighieneralitydnbuildingil,2-cis-glycosidicX
bonds,MvhichMsdnotherfbutstanding®hallenge***KnktarbohydrateX
synthesis. XDuringXhisistudy,Xvelfound®hatlheXC2-alkoxyXsroupX
inKslycosyldonors,XbftenviewedXaskaknon-participatingisubstitu-
entldnilycosylation®eactions,XouldervelolirectihelormationX
ofdl,2-cis-glycosidesKviakhydrogenkbonding®withXacceptorsi(seel®X
inMFig M c) Rhus,urklycosylation¥nethodNeverages#wolypeskfX
non-covalentnteractions**FblhalogenfbondXorlonorMctivationX
andMbhydrogenondMordtereochemical®ontrol.

Results

ReactionXoptimization. XOurstudyXcommencedXwithKtheXmodelX
reactionfbetweenMulfoneM 16ndblcoholX 2 TableX ) XA fterbéxten-
siveMoptimization,XwefoundXthat,XwhenKirradiatedXwithXaX10XVKX
455K miblueMlight-emitting¥diodeX(LED)Xbulb,X1 1XandX12XcouldX
coupleln®helXpresencelofXC,FIindX NH,),HPO KobhffordXisac-
charidel 3k fficientlyd{ Tablel ,ntryX ) MAllylglycosyl®ulfones HreX
readilyBavailableMinMargeMjuantities overiXl Oi¥prepared¥perfbatch)X
andXbenchXstable MMoreover,XeachMofXtheXother®reagentsX(thatXis,X
Ph,POXC F,Iind¥NH,),HPO,)HsHowbktost,tbenchitablefndiasyX
tobhandle XAsMnother®dvantage fproduct 3MvasHormedXvithFhighX
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1,2-cisMelectivityBlthoughd 1Xvas®@mployedis¥-2: 1MliastereomericX
mixtures.MControl¥xperimentsievealed®hatiheliseldPh,PONvasX
not¥necessaryXforXproductformationXbutXnonethelesskhelpedXitoX
slightlylnhanceMheltereoselectivitydndXield{TableX BntryR,BndX
Fig ®a)*** ’WNolproductormedXXC,F I¥vasibmittedX entryXB)kbrX
substituted®vithX:-C,H, IMentryXt) Xnkhddition,Might®vaskssentialX
forithelreaction®olbccuri TableXl Mentrybb ) Mbutkholexternalpho-
tocatalystBvaskhecessaryMAlthoughthotiequired ®hebhdditionibkaX
photocatalystiloeskhotMliminishiheXreactioniefficiencyX entryXs) X
AMnildMasedvasiequired®orihisdransformation{ TableX FentriesX
7-9).X(NH,),HPO MwasKchosenXforMateristudies®hankskolitsMowl
pricedind¥nildness X 'heleactionouldbproceed¥nrariousBolventsX
(Tablel MntriesX 0ndX 1) ButbheliselbMcetonitrileMiramaticallyX
loweredMheMtereoselectivity M heMdditiontd I EMPONnhibitedXhisX
reactionfompletely¥entryX 2).

Mechanisticltudies.XloMainfhMpreliminaryMinderstandingibf@helX
reactionM¥nechanism,MvedperformeddhefxperimentsdhownlniFig X
2 RWebpreparedulfonel 4,8vhichMbearsdnbllyloxydgroupktihelC2X
position.Mrradiationtb{d 4MogetherXvithdC,F IMinderfheMbovelightX
sourcelfforded®yclized@odideM 5MsMbproductqFig.Xa) Rhelforma-

tionM K- ChondinM 5Emplieskhelintermediacy®glycosylfadicalX
16 MMoreover,Mds8hownliniFig R b,Mrradiation¥fX 1XvithiC,F,IMlonelX
(withoutlnyMtherMddditives)¥ieldeddhefknownbglycosylModideX 8,
which&ankbeletected¥byX HRNMRMspectroscopyX SupplementaryX
Section®.3) MubstitutingXl 1Mvithhelper-benzoylatedX 7FallowedX
usKtolisolatelthelorrespondingXslycosylXiodidel1 9. XI'heselresults
suggestlthatlglycosylXiodideX18XisKthelkeyNintermediateXinXtheX
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Table 1| Condition optimization

OBn
1l
Ene S\A
BnO!
[¢]

OBn
455 nm LED

BnO! O
C4Fql (5 equiv.) BnO 5%

+ BnO T ——— ()

BnO PhgPO (30 mol%)
BnO OMe (NH4)HPO, (5 equiv.)

Oﬁﬁ
BnO
MTBE, r.t. BnO

OH

11 (1.5 equiv.) 1 OMe
Bench-stable solid 12 (1.0 equiv.) TS S
(o p~2:1)
Entry Variation from labelled conditions  Yield (%) a:f
1 None 902 >19:1
2 No Ph;,PO 73 15:1
3 No C,Fl NR ND
4 C,Hgl instead of C,F,l NR ND
5 No light NR ND
6 fac-1r(ppy); as photocatalyst 89 1311
7 No (NH,),HPO, 23 111
8 K,CO; instead of (NH,),HPO, 88 11:1
9 2,4,6-collidine instead of 89 131
(NH,HPO,
10 1,4-dioxane instead of MTBE 80 18:1
n MeCN instead of MTBE 93 2:1
12 X ddition of TEMPO NR ND

Reactions were performed on a 0.05mmol scale at a 0.1 M concentration of 12 for 24 h. Yields
were determined by 'H NMR analysis using 1,3,5-trimethoxybenzene as an internal standard.
Diastereomeric ratios were determined by NMR analysis of the crude reaction mixture. ?lsolated
yield at a 0.2 mmol scale. MTBE, methyl tert-butyl ether. TEMPO, (2,2,6,6-tetramethylpiperidin-
1-yDoxyl; fac-Ir(ppy)s, tris[2-phenylpyridinato-C? Nliridium(ll); NR, no reaction; ND, not
determined.

reactionfbetweenXl 1%ndXi 2K oMmakeXl 3X TableXl ),MindXhisKnter-
mediateNsigenerated¥ialglycosyl¥adicalX0 Ntitleservesobbelnen-
tionedMthisktagelhatilycosyldodidesdrefhmongihebbldestthndX
mostMeactivelintermediatesoriglycosylation*-** BystematicitudiesX
fromRhelGervay-HaguelindMbtheriroupsHevealed®heiriniqueX
utilityXnMnaking®hekthallengingl ,2-cis-glycosides ®However,XheX
difficulties®hssociatedXwithXtheXpreparationandX¥manipulationXofX
glycosyl¥odidesthavelgreatlythampered®heirfhpplication¥niarbo-
hydratelynthesis.BBy®mployingld®adical-based®ctivationBtrategy,X
ournethod¥roducesdslycosyldodidesMinderxtremelyXnild®ndX
simpleltonditions.MtMvoidsiheMiselbfharshM ewisdcidsi for¥xam-
ple,Brimethylsilylfodide)dndMbviateslheMsolationndfandlingfX
thebhighlyXeactivedntermediates M'hesefdvanceskprovideBubstan-
tiallpportunities®olexploredindMxploitlheleactivitieskbfiglycosylX
iodides,Mndbllowskhccessdorariousiglycosidesihatbrelifficul ol
makelbydonventionaldpproaches¥seellables®Mnd@Morkxamples).

Wel wereMintriguedX thati ourX reaction® proceededX smoothlyX
inXtheKabsenceXofManyXtypicaldphotocatalysts. XWelattributeXtheX
light-absorbingXspeciesXtoXtheXX BXcomplexKformedXbetweenXsul-
foneM 18ndbC,F,LMsHsBupportedibyMheBtudiestdMheRyu*tndiheX
Marianigroups* HtfsXvelldstablishedX¥hatilectron-deficientModidesX
(forkexample,MC,F,I)PbeardbiholedbnMheMxiskhheMC -1 onddindX
formbhalogendonding®vithKLewiskbases* Mndeed,MveloundXthatiX
thelhdditionMbXbulfoneXl 1XoMXCD CLKsolutionkbfXC, FIXtause dXaX
noticeablefipfiel dBhiftdbXtsX FRNMRMignals)Fig.K.c) BVeMurtherX
deducedfiromMhelN MRExperimentsihatiulfonel 18ndiC,F,IHormX
all: 1 omplex BvithMnbssociationonstantq K, )b 0.9 18-K.1 1KseeX
Supplementary®ectioni$.4MorMletails).

Wel nextl performedX densityX functionalX theoryX calculations¥
(0B97X-D/def2tzvp/SDD/SMDKEL,0)//@B97X-D/6-31K5(d)/Lanl2X
dz/SMDKEt,0))HoRlucidateMnorelMetails,Misingulfonel22MndiCF,IX
as¥implifiedMnodelBubstratesqFig. X d) BVeMoundXhatRBtomplexX
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23touldbeMormedibetweenMhelulfonelbxygenkb 226 ndHodinelb X
CF,LRvithtkhegativelenthalpybbfX-3.3Rcallhol * X hefD-IKlistanceX
(3.278)BnR3%s.2 3% Bhorter®@han®heBumbbMheir®anklerfVaal sk
radii,lnd¥hefD-I-ClingleMsBlmostlinear178.6°) BothXonsistentX
with®helpropertieslo XX B omplex** Krurtherrontier¥nolecularX
orbitalkalculationsirevealed®hatiheXX BtomplexMskstabilizedkbyX
anXinteraction®betweenlhefhighest®bccupied®nolecularbbrbitallbiX
thefsulfonelhndXowestMinoccupiedXmolecularXorbitalXbfktheXCF,IX
(Supplementary®¥ig.;4).

HomolytidXcleavageMofXtheMCF,-IkbondXtolformXheMCF Kradi-
cal¥vasitalculated®obhavelMreefenergydbarrierfbfit5. 7Rcallhol X
butXthiskhomolysisKprocessKiskimoreXfacileXinktheXX BXcomplexX23X
(AGH B9.7Rcalhol *) RThelCF Hadical ncebgenerated, BddsHobheX
alkenelgrouptd 2 RvhichNeads¥olnt-I.Fragmentation*’**Mbfnt-IX
releasestlkenel5MndBulfurtlioxide®vithHowlbarriers*Mnd¥ener-
atesadical¥nt-ITINMvialnt-II) Recombinationfb X nt-ITIM¥vithMheX
iodinelatomEproducesihelkeyXodidefintermediateint-IV BvhichX
thenBerveskhskbipotenthhlkylatingthgenti{ Fig. Xe) NtkskhotablelhatX
inMecent®earsdheM ewisdcidityb B BilonorsthasleentxploitedoX
achieveMonidMictivationtbffeactivelglycosyldlonors”>Mbluefrrowl
infFig X b) MHere MhoweverXveharnessedheX B omplexMormationkX
toltriggerXaMight-promotedXsingle-electronXtransferMcascadeM(redX
arrowXinXFig Kl b) Bndkctivateddburbbench-stableislycosyllonors¥
under®eryMnild®onditions.

Substratelcope.Xhelpowerlbfburlglycosylation®eactionXsKllus-
trated®yHtsroad¥cope. MAXrarietydflcoholcceptorsoul dBelgly-
cosylated®¥viththigh®tereoselectivities{ Tablel®) Munctionallgroups,X
suchMsityanod26a),thitro¥26b),Herminallhlkynel26j) Rsterd26f),X
ketoneX(26ab)MindMhmideX26f)Krelhccommodated XAKreeMndoleX
groupNstalsoltompatibled26e) KA cid-Mndbbase-sensitiveMfunctionalX
groups,uchMsBmocndMrityldnX6af Btayeddntact. BulfideskhreX
inertfinder®urltonditionsM26v),Bvhich®ouldiervelsthandlesdorX
furtheriXglycosylationXreactionsXPrimary,XsecondaryXandXtertiaryX
alcoholsitould®llBbemployed BAlcoholskleriveddromBerineX26£)X
and¥hreonine}260)Minderwent®heMeactionMvithBhighbéfficiencies.X
Sugar¥hlcoholskeouldMbelisedXtolyielddvariouskisaccharideskwithX
highMelectivities}26r-26z) BothiprimarydndX¥econdaryfhydroxylsX
inMnonosaccharidebackbonestparticipated¥nMhisMeaction,BndiheX
formerMisplayedMihigher®eactivityM26xbandX26z) Mteroidalbhlco-
holsMreRuitablefhucleophiles{26aabind®6ab) X lthoughMhisieac-
tionbbccurs¥iabbfadicaldnechanism,Mcceptorsihationtain®adicalX
sensitivelfunctional’groups—suchMsilkenes¥26Mnd6d) BlkynesX
(26j)ndX¥veaklC-HBbonds—areMolerated XParticularlylhoteworthyX
isMheMormationtbfR6z,Bvhich®ontains®k -methylallylrouplden-
ticaloMhatiinMonor 1.8uchBelectivitiesdnayMefttributableMoihel
precomplexationdbetweendulfonellonorXl 1&ndXC,F I Fig.Xc,d),X
which®enders®@helhttackbbfperfluoroalkyl®adicals@okallyldulfoneX
pseudo-intramolecularndXhusd¥noredavoured.
BesidesKaliphaticdalcohols,Xphenols¥or}carboxylicKacidsXareX
competent¥nucleophilesXinXthisKreactionX(26ac-26af) XForKexam-
ple,XtheXphenolickhydroxylXgroupXinKtyrosineXderivativesX(26ad)X
partookXinXthisKreactionXsmoothlyXtoXaffordXtheXcorrespondingX
1,2-cis-glycosides®vithigoodBelectivities MNolby-product®hatMrisesX
fromRhelC-glycosylation¥bfiphenolsivasibbserved KHighlyiXl ,2-cisX
selectivellycosylationfarboxylicKcidsthas®een®hallenging Murk
methodMills¥nMhiskgap,MsllemonstrateddnihelelectivedormationiX
ofR6ae,R6afthndR6ak-26am. Mnbddition,Mhitrogen-based¥hucleo-
philesiouldBbelplycosylateddbylburlnethod®¥vithBhighMelectivities,X
asiexemplifiedtbyMhebéfficientdpreparationtbR6aghindR6ah.
Welpplied®hisdnethodnMhebglycosylationtbfbioactivefhaturalX
productsihnd®ommercialrugs ¥OurknethodXfficientlyXnstalledX
aMglycosylXunitMontoXpodophyllotoxin,XaMpotentXanticancerXagentX
(26ai) BheMntiviraldrugitidovudinelould®belglycosylatedMlirectlyX
underfburlonditionsi26aj). R helfhymidineMinglndMzidebgroupHiniX
thisubstratellidéhotlnterfereMvith®hebprocess. X ast,RhefarboxylX
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Fig. 2 | Preliminary mechanistic studies. a, Formation of cyclized product 15 supports the intermediacy of 16. b, The formation of glycosyl iodides 18

(detected by NMR spectroscopy) and 19 suggests that glycosyl iodides are key

intermediates in our glycosylation reaction. ¢, F NMR titration experiments

support the formation of XB complex 21. d, Computed structure and energy of XB complex 23. e, Computed donor activation pathway. Complex 23 is
photoactivated to homolyse the CF;-1 bond. The resulting CF;* radical adds to 22, which then triggers a cascade of bond cleavage steps to generate the
key electrophile Int-1V, via intermediates Int-I, Int-1 and Int-1ll and transition structures TS-I, TS-Il and TS-Ill. Free energies were computed by ®B97X-D/

def2tzvp/SDD/SMD (Et,0)//®B97X-D/6-31G(d)/Lanl2dz/SMD (Et,0).

groups¥niemfibrozil Khaproxenfinddndomethacinf&lMunctionedX
astpotenttcceptorsi26ak-26am).
Webhextlexamined®helgeneralitylbfRhisnethodMvith®espectX
toMhelglycosyldlonorsiTablel ). B\BbroaddrraybbfilonorsiouldibelX
installedXntoll 28wvithhighil,2-ciskelectivities.XGlucopyranosylX
donorsBearingicetyl¥27a),BenzylidineX27b),Mert-butyldimethylX
silylX(27¢),MandXmethylX(27d)¥protecting¥groupsiouldibelused X
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Moreover,Kgalacto-X(27e)MandXfucopyranosyl¥(27f)XgroupskwerelX
installed®¥vithBimilarifficienciesfindielectivities MDisaccharideX
donorsX(27g)®participateMinX thisK reactionX uneventfullyX Our¥
methodXcouldX¥beXappliedXinXtheMstereoselectivekpreparationXofX
variousX 1,2-cis-pentopyranosides,X whichX includeX xylopyrano-

sides¥27h),Mrabinopyranosidesd27i)lnddyxopyranosides¥27j).X
ItMsKdemanding®oXbuildXl,2-cis-furanosides,MaskbothXelectronicX
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Table 2 | Scope of acceptors
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. <I)I C4Fgl (5 equiv.) BnO o
BnO 4 + Nu—H _ > BnO
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26j 26k 261 26m 26n 260 26p 26q
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S
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78%, a:p = 15:1 65%, a:p = 15:1 60%, a:p > 19:1 81%, a:p = 7:1

92%, a:p > 19:1
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50%, a:p = 8:1 70%, o:p = 12:1 85%, o:p > 19:1 77%, a:p>19:1

87%, a:p>19:1

Unless otherwise noted, the reactions in this table were performed at a 0.1 or 0.2 mmol scale in MTBE (0.1 M) at room temperature for 24 h. Isolated yields are reported. Diastereomeric ratios were
determined by NMR analysis. See Supplementary Section 5 for experimental details. TBS, tert-butyldimethylsilyl, Trt, trityl
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Table 3 | Scope of donors
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o | C4Fol (5 equiv.)
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NN NN
27a 95%? 27b 83% 27¢ 93%? 27d 95% 27e 85% 27f 80%
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Unless otherwise noted, reactions in this table were performed at a 0.1 or 0.2 mmol scale in MTBE (0.1 M) at room temperature for 24 h. Isolated yields are reported. Diastereomeric ratios were determined
by NMR analysis. *1,2:3,4-di-O-isopropylidene-a-p-galactopyranose was used as the acceptor. ®Donor (0.4 mmol), acceptor (0.1mmol) and C,Fsl (1.2 mmol) were used. Donor (0.1mmol), acceptor
(0.05mmol) and C,F,l (0.5 mmol) were used. “Donor (0.05mmol), acceptor (0.1mmol) and C,F,l (0.5mmol) were used. See Supplementary Section 6 for experimental details.

andXstericXeffects¥favouritheXformationXofthelX1,2- transKprod-
ucts®’ Mnterestingly,MourlnethodXouldbefhdoptedolonstructX
1,2-cis-furanosideMinkagesXasivell MForlexample,Bribosides) 27kiX
andX71) Mrabinofuranosides]27m)Mndb-deoxyribosides¥27n)X
havelbeenlgenerated®vithbgoodN ,2-ciselectivities MNotably,MnanyX
ofthelglycosyldodides¥nvolved¥in®heselreactionsFhavelhotibeenX
reported,Bvhich®ould®befbecauseMheyMreMooMeactivelobfenerateX
andNsolatedrMnanipulatelbylheXonventional)ionic)¥nethods.X
Last,Kwelhpplied®thisKmethodXin®XtheMsynthesisKofXtrisaccharidesX
(28MndX29)Mnd¥entasaccharides¥30) KloMurtherXllustrate®heX
functional-groupMolerancefbffburlnethod,Bvellemonstrated®hatX
highly®laborated®lonorsisuch®si1)kankbelised®irectly¥ntburiX
reaction. MFrom&helhbovelexamples,XwelpointlbutithatithelhighX
1,2-cisMelectivitylbfburbglycosylationMnethodMoesthotMelyldniihelX
relativeitonfigurationnd®eactivityflonors>.

Further¥nechanistid®tudies.MGeneralXl,2-cis-glycosylation®¥neth-

odsrelhighly®mportantbutfemaindnuchMinderdeveloped*” KAK
mechanisticinderstandinglbf8helgeneralndbhigh® ,2-ciselectiv-

ityMlisplayed®yMuriteaction¥nighteMaluableMolddressdhiskhal-

lenge XPrior®btudiesisuggestthatthelstereoselectivityXofreactionsX
involvingiglycosyl§odideMntermediatesdsigovernedbyMhelCurtin—

HammettXprinciple'***Xthelux-KandX3-configuredXglycosylkiodidesX
arelnXapid®quilibrium,Mnd®helatternoreMeactivelobbffordiheX
1,2-cis-glycosides¥preferentially MWekonducted®ensity®unctionalX
theoryXcalculationsXtoXgainXstructuralXinsightsKintoXtheXoriginXofiX
thisltereoselectivitydFig.Ma) Xnbburdnodell$ystem,MvemployedX
ethanolds®¥hebhucleophilelind®is-Ebrirans-glycosyldodidesX32krX
33)Kaskthelelectrophile MFromMhelcomputedXenergyXdiagram,Xhel
interconversionfbetweenXodideskB2kandXB 3K/ialI'S-IVXis,Mndeed,X
highlyMacile,dnd¥heMeactionsbetweenkthanoldndi 26618 3MrelfheX
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Fig. 3 | Mechanistic explanation for 1,2-cis selectivity. a, Computed energetics for the reaction between model substrates 32 and 33 and ethanol.

The results show that the reactions between glycosyl iodides and alcohols are governed by the Curtin-Hammett principle. b, C2-alkoxy-directed
glycosylation model. The nucleophile forms a hydrogen bond with the C2-alkoxy group of the donor, and thus preferentially affords 1,2-cis-glycosides.

¢, Demchenko's hydrogen-bond-mediated aglycone delivery (HY D) model. The nucleophile forms a hydrogen bond with the pyridine unit preinstalled onto
the donor to afford products with desired configurations. d, Competing trap of glycosyl iodide 43 by THF solvent versus trifluoroethanol. The ratio of 45
and 44 formed increases linearly with the amount of CF,CH,OH initially added, which suggests the trapping rate of 43 has a first-order dependence on
the concentration of CF;CH,OH (see Supplementary Section 3.5 for a detailed discussion). In the equation, C stands for a constant, and k indicates rate
constant. e, Glycosylation using 2-deoxy donors 46a-46c. The use of 2-deoxy donors gave glycoside products in poor o/ ratios, which highlights the
importance of the C2-alkoxy group in controlling the stereoselectivities by forming a hydrogen bond with the acceptors. Free energies were computed by
®B97X-D/def2tzvp/SDD/SMD (Et,0)//@B97X-D/6-31G(d)/Lanl2dz/SMD (Et,0O).

rate-determiningMteps.BVeNocated®ransition®tructuresX'S-VndX
TS-VIXhat¥voulddeadMol ,2- trans-glycosidel 6K viald4)MndX ,2-cisX
glycoside®7Hvial85) Mespectively.lonsistentXvithMheMxperimentalX
results,XI'S-VEsMowerlnknergyhanI'S- VIkbyXb. 3kcaldhol "N seeX
SupplementaryXFig BXforkbthertonformerskbfXI'S-ViandXI'S-VI).X
FurtherBcrutinylfXI'S-VIKevealednBntriguingBtructuralfeature:X
thebhydroxyligrouptbfthelncominghhucleophileXethanol)indihelX
C2-methoxyBgroupbdfthelelectrophilelB3MormEatronghhydrogeni
bondX(1.89% )X Fig K3a) Mnkontrast,KuchFanRnteractionXsFbsentX

692

orMinattainableXnXI'S-V .Mimilarfbbservations®verelhlsoknadeloriX
theMnalogousMive-membered®ingystems{Supplementary®¥ig.[9).
Welthuskbroposedii¥modelXepictedXinXFig K3bMokexplainktheX
generall,2-cisBselectivitiesXobservedXinXouristudy KhekformationX
ofthydrogen-bondXcomplexXB8KrendersXtheXhttackXofthefnucleo-
philelpseudo-intramolecular®’ KwhichXpreferentiallyXaffordedXthelX
1,2-cisdproductdB9 MilsMnstructivelolomparefburdnodel®vithiheX
hydrogen-bond-mediated¥aglyconeXdelivery**-*NMmodelXproposedX
bylDemchenkosigroupM40kndi1,/Fig & c) Bn¥vhichMBudiciouslyX
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installed®pyridineMinitormskikhydrogenfbondX¥vith®helncomingX
nucleophilelindiuidesRtsdpproachingMrajectoryMowardsiheblyco-
syl@lectrophile Regardless,Bvelémphasizefhat,MIthoughMhelC28ub-
stituentffordxample Mcetates)BhasBeen®videlydmployeddoMchieveX
selectiveld ,2-trans-glycosylationdnarbohydratedynthesis,Mtsipoten-
tialdsibhandledor ,2-cis-glycosylationemainsibarely¥xplored™.
Ourbproposeditereodirecting®nodelXskalsofsupportedibyXwol
setsbbfexperimentaldesults AnMheMirst,Mveonductedburbglycosyl-
ationMeactiontbetweend2ndMCF,CH,OHMinderfheltandard®on-
ditions,ExceptXvellisedX'HFdsiheMolvent}{Fig. d) fMVebhotedMhatkdX
mixtureldM4XwhichMrisesMiromMR HFMttack)dndM5whichMrisesX
fromXCF,CH,OHMttack)®ormed Mnterestingly,MhelormationbfX
45Ksthighlyltereoselective,Mvhereasihatdb 4R skhot.Mncidentally,X
THFHsMMucleophiledevoidkbfbhydrogen-bond¥onor,ndXhusX
incapablefbfforminglMomplexMvith®heMC2-methoxydgroupbob 3K
(as¥inkB8) MWebhextlperformedlberiestbbuchMlycosylationKeac-
tions®hatilifferedidnlylbyMhelnitial®oncentrationslflCF,CH,OHK
([CF,CH,0OH],)¥added XWhenKktheMreactionsKwerelstoppedXatXtheX
earlystages,MwekfoundXthatXtheratioX[45]/[44]KincreasedXalmostX
linearlyMvithX CF,CH,OH] Bl heseesults¥ndicate®hatiheMorma-
tionXo M 5Khaskaltirst-orderdependenceXonXtheXconcentrationXofX
CF,CH,OHNseelSupplementarylSectionB. 5MorM¥noreletailedis-
cussions),@onsistent¥vith¥hebnodelsi8hown®ni¥Fig.Ba,b.RoMurtherX
substantiatedurlfhypothesis,Mveleactedd 2XvithXrariousi®-deoxyddly-
cosyl®lonorswith®heReneralltructurebbf@éa—46c)RhatlackfhelX
C2-alkoxyMirectingisroupX Fig X e) KWelfound¥productsit7a-47cX
werelformeddnMowiastereomericatioslinball®hesefases,MvhichX
highlights®helolebbfitheMC2-alkoxybgroupsinihelglycosyldonorsX
forlontrolling®heltereoselectivitiesEnMburMeaction.

Discussion
In¥ummary,BydxploitinglMadical-basedlonordctivationXtrategy,X
weltlevelopeddiBeneral Bimpledind¥nild¥nethod®oltonstructihelX
challengingX,2-cis-glycosidicBbonds. M hisd¥nethodMvoidsiheliselbfX
sensitivelbubstrates,McidickreagentsibrilaborateX metal)Xatalysts.X
ExperimentallhndXcomputationalistudiesisuggest®thatiheMactiva-
tiontbglycosylMlonorsdinihisMeactionMsichievedbyMdRX B-assisted,X
light-promotedNsingle-electronXtransferlcascade, MwhichMconvertsX
bench-stableiallylXelycosylXsulfonesKintoXglycosylXiodidesXviaKtheX
intermediacylfiglycosyl¥adicalsdinder®xtremelydnild®onditions.X
TheMiniquelreaction®nechanismMendowsiheleaction®vith®excel-
lentfunctional-groupMolerance M s¥ndditional Mmportantddvan-
tageldMhisdnethod,MMbroadlrrayldfiglycosylinitsiantbelnstalledX
withPhighM ,2-cisielectivities. MechanistiddtudiesdndicatedhatMhelX
C2-alkoxybgroupianBervelslnkffectivel ,2-cis-directingbgroupHoX
build¥lycosidid®bonds Xl helgeneralitydbfRhisBtrategy¥mplies®hat,X
compared®¥vith®heltonventional¥onicMictivationMtrategies,BadicalX
activationddflonorsitantbefaMruitfuldplatformMorBheMlevelopmentX
of¥glycosylationXreactions.XSomeXoftheseXpossibilitiesXareMunderiX
investigationMnburlaboratories.
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