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1 UVOD

Sacharidy jsou nejrozsifenéjsi skupinou biomolekul na Zemi. PrestoZze v minulém stoleti
hlavni pozornost poutaly nukleové kyseliny a proteiny, postupem Casu se sacharidy staly
hlavnim cilem biologického a biochemického vyzkumu. Kromé strukturni a metabolické
funkce maji totiz i diilezitou tilohu v procesech bunééného rozpoznavani, a to zejména ve forme
glykokonjugati. Bunky na svém povrchu nesou komplexni oligosacharidy, které jsou
kovalentné vazany k proteiniim a lipidam a specificky koduji informaci, ktera je rozpoznana
proteiny druhé buiiky pomoci nekovalentnich vazeb. Tato komunikace na buné¢né trovni se
uplatituje v fad¢ klicovych biologickych procest jako jsou napt. virova a bakterialni infekce,
vznik a rist nddorG a septicky Sok, které piimo souvisi se smrtelnymi onemocnénimi
21. stoleti jako jsou rakovina, AIDS, meningitida a sepse?.

Vzhledem k tomu, ze pfiroda vytvofila neuvéfitelné mnozstvi mono-, di- a oligosacharidi,
je studium jimi fizenych procest problematické, zejména kvuli omezené dostupnosti
syntetickych metod pro piipravu glykoproteinu a glykolipidu s dobie definovanou cukernou
sekvenci? 3,

Dalsim faktorem, ktery zatim brani SirSimu vyuziti sacharidii jako potencidlnich terapeutik,
je jejich vysoka hydrofilita, kterd umoziuje sacharidiim se vazat ke svym receptorim pievazné
pomoci nevazebnych interakci, jako je vodikovad vazba, asociace s kovy, nepolarni anebo
iontova vazba. Déle vysoka hydrofilita neumoZziiuje pouziti terapeutik peroralné. Limitujicim
faktorem sacharid je i jejich glykosidova vazba (O-acetalova vazba), ktera za fyziologickych
podminek snadno podléha hydrolyze a terapeutikum je pak v organismu nestabilni. Nedavné
pokroky vsak ukazaly, e n&které z t&chto problémii Ize fesit pouzitim tzv. glykomimetik®, coz

jsou latky, které napodobuji strukturu a funkci sacharidu, a pfitom jsou hydrolyticky stabilng;si.

1.1 Glykomimetika

Stejné jako peptidomimetika jsou stabilni vici proteasam, tak i glykomimetika jsou
analogy pfirodnich sacharidi, které jsou odolné vuci glykosidasam a glykosyltransferasam, ale
také vétSinou vykazuji vEtsi stabilitu v kyselém prostiedi. Byly vyvinuty rizné syntetické
pristupy, které se dokazou vyporadat s labilitou obchazeji glykosidové vazby. Na obrazku 1 je

schematicky naznaceno, Ze toho Ize dosahnout bud’ nahradou kysliku pyranosového kruhu
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(iminosacharidy®, karbasacharidy® 7, thiosacharidy®) nebo nahradou anomerniho kysliku (C-
-glykosidy, N-glykosidy, S-glykosidy, P-glykosidy)®.
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Obrazek 1: Glykomimetika ziskana modifikaci O-glykosidt

Nejbéznéjsimi modifikacemi jsou S-, N- a C-glykosidy. Jako piiklad stabilniho
S-glykomimetika, které je specifickym nanomoldrnim inhibitorem galektinu-3, lze uvést
TD139 (1), ktery prosel v roce 2017 prvni fazi klinického testovanim jako 1ék proti idiopatické
pulmonalni fibroze'® 11, (Obr. 2) Pokud porovname stabilitu téchto glykomimetik s piirodnimi
O-glykosidy, nahrada anomerniho kysliku atomem siry nebo dusikem vede k odlisné reaktivité
a stabilit¢ téchto analogi. Pokud vSak nahradime anomerni spojeni vazbou C-C nebo
methylenovou spojkou, ziistane nam pouze etherova vazba, a tim tvorba stalych analogt, které

se souhrnn¢ nazyvaji C-glykosidy.

OH.OH

N:N\ 0 OH

RARETR Y

HO
OH OH
N
F 1 N, |
(Kp = 14 nM - galectin-3) N F

Obrazek 2: Stabilni S-glykomimetikum TD139 (1)

1.2 Prirodni a syntetické C-glykosidy

C-Glykosidy resp. C-disacharidy jsou analogy pfirodnich sacharidi, u kterych je C-O
glykosidova/O-acetalovd vazba mezi sacharidovou jednotkou a aglykonem nebo dalsi
sacharidovou jednotkou nahrazena C-C vazbou resp. methylenovou spojkou (CHz). Diky tomu

jsou C-glykosidy stalé viici hydrolytickym enzymim in vivo i vici kyselé hydrolyze, a jsou

4
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proto Casto obvyklou volbou syntézy analogli ptirozenych O-glykosidi jako potencionalnich
terapeutik® 1217, Jako uspésny piiklad z poslednich let 1ze uvést objeveni série antidiabetik
(napt. empagliflozin 2, dapagliflozin 3, canagliflozin 4)!%22 které jsou SGLT2 inhibitory
a zpusobuji glykosurii blokovanim zpétné resorpce glukosy v proximalnim tubulu ledvin.
Dalsim komeréné pouzivanym C-glykosidem je Pro-Xylane™ 5 [23, 24], ktery byl vyvinut
firmou L'Oréal a je vyuzivan jako popularni kosmetickd latka proti starnuti. Jako ptiklad
C-oligosacharidl, které jsou enzymaticky stalé, a pfesto jsou biologicky aktivni lze uvést

C-analog KRN7000 (6) [16, 17] a C-mimetikum H-antigenu 7 [25] krevni skupiny 0. (Obr. 3)
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Obrazek 3: Ptiklady C-analogii se zajimavymi biologickymi vlastnostmi

Na druhou stranu, celd fada C-glykosida jsou pfirodni produkty prevazné sekundarniho
metabolismu bakterii a rostlin s vyznamnou biologickou aktivitou?®. Jako piiklady lze uvést
nekteré, které se z ditvodu studia jejich aktivity podatilo pfipravit pomoci organické syntézy.
Jako prvni bych uvedl ptirodni antibiotikum showdomycin 8 [27], ktery byl izolovan z bakterie
Streptomyces showdoensis a vykazuje antiviralni, antibakterialni, ale i protirakovinové G¢inky.
Dale Ize zminit napiiklad cytotoxicky (+)-varitriol 9 [28, 29], ktery byl izolovan® z kmene
moiské houby Emricella variecolor nebo fungicidni papulacandin D 10 [31]. DalSim
zajimavym piirodnim C-glykosidem je bergenin 11, jehoZ prvni totalni syntéza je popsana
v Priloze 1V [32]. Tento C-glykosid je derivatem kyseliny gallové a vykazuje zajimavé
farmakologické vlastnosti, jako jsou hepatoprotektivni ale i hepatotoxické, antiulcerogenni,
ucinky. Byl izolovan z celé fady rostlin. Jako ptiklad 1ze uvést extrakt z rostliny Macaranga

peltata, ktery obsahuje bergenin, a je bézné pouzivan v indické lidové medicing pti 1écbé
5
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pohlavnich chorob®®. Bergenin samotny je také aktivni farmakologickou slozkou lékii proti
kasli a bronchitidé v ¢inské medicing**. Dalsim piikladem miize byt i kyselina karminova 12,
ktera se pod oznacenim E120 pouziva jako potravinaiské barvivo. Tato kyselina ma zivocisny
puvod a ziskava se extrakci z vysuSenych télicek samicek Cervce nopalového (Dactylopius
coccus). Na tomto misté bych rad zminil, Ze o optimalizaci jeji vyroby se v roce 1985 zaslouzili

i pracovnici naseho Ustavu chemie piirodnich latek®. (Obr. 4)

8: Showdomycin 9: (+)-Varitriol 10 Papulacandm D
OH O OH
OH po Ve HO OH
y 0 OH
%o
o OH OH O CH;O
11: Bergenin 12: kyselina karminova

Obrazek 4: Priklady prirodnich C-glykosidu, které byly syntetizovany

1.3 Nomenklatura C-glykosidu

ProtoZe v této praci jsou pouzivany terminy jako C-glykosid a C-disacharid, je tieba si tyto
a dalsi souvisejici pojmy definovat. Piestoze vyrazy C-glykosid a C-disacharid se v odborné
literatute bézné pouzivaji, podle platné nomenklatury spravné nejsou. Protoze tyto slou¢eniny
formaln¢ vznikaji ztratou anomerni hydroxylové skupiny sacharidu a vytvofenim vazby
k uhliku jiné slouéeniny, jsou nazyvany s pouzitim piislusné piredpony typu glykosyl-. Proto
podle platné nomenklatury®® je pro latku 13 spravny nazev kyselina 4-B-D-
-glukopyranosylbenzoova a nikoliv 4-kaboxyfenyl-C-B-D-glukopyranosid. (Obr. 5). U C-
-disacharidu 14 je situace je$té komplikovanéjsi a podle této nomenklatury je mozné pouzit
nazev 1,2,3,6-tetra-O-acetyl-4-deoxy-4-(3,4,5,7-tetra-O-acetyl-2,6-anhydro-1-deoxy-D-
-glycero-D-gulo-heptitol-1-yl)-a,B-D-galaktopyranosa a dale uznavany je i nazev 1,2,3,6-tetra-
-O-acetyl-4-deoxy-4-C-(2,3,4,6-tetra-O-acetyl-p-D-glukopyranosylmethyl)-a,-D-
-galaktopyranosa. (Obr. 5)
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Obrazek 5: Priklady C-glykosidl

Pokud se zminuji o C-glykosidech a C-disacharidech, je zapotiebi vysvétlit i to co
znamenaji terminy pseudoanomerni uhlik, o- a f-pseudoanomer. Jako anomerni se u aldos
oznacuje uhlik nachézejici se Vv poloze 1, ktery je acetalovou vazbou vazan k exocyklickému
atomu kysliku. PouZzivat stejné oznaceni i v ptipad¢ C-glykosidi resp. C-disacharidi vSak neni
zcela spravné, nebot’ uhlikovy atom C-1 je vazan k exocyklickému uhlikovému atomu. Proto
je vhodnéjs$i pouzivat terminy pseudoanomerni uhlik a ptislusné epimery nazyvat jako a- a -

-pseudoanomer. (Obr. 5)

1.4 Syntéza C-glykosidu

Vibec prvni syntéza C-glykosidi se datuje do obdobi 1945-1950, kdy prof. Hurd vyuzil
reaktivitu Grignardovych ¢&inidel s glykosyl halogenidy®” %, Od této doby bylo pro syntézu
rozmanitych C-glykosidii, C-disacharidt, ale i C-oligosacharidii, nalezeno velké mnozstvi
riznych syntetickych piistupt, jejichZ plny vycet piesahuje rozsah této prace. Ptipadné zajemce
o tuto problematiku bych odkazal na piehledné ¢lanky z posledniho obdobi®*°. Tyto syntetické
pfistupy lze podle pouzitého glykosyl donoru (prekursoru) rozdélit do 6 hlavnich skupin.
(Obr. 6-11)

Protoze povaha anomerniho centra je z hlediska reaktivity elektrofilni a jeho elektrofilita
muze byt navysSena prevedenim anomerni hydroxylové skupiny na lépe odstupujici skupinu
(napf. halogen, acetat, imidat atd.), je nejrozsitené;jsi ptistup pro tvorbu C-glykosidické vazby
zalozen na ataku nukleofilniho uhliku na anomerni centrum elektrofiniho glykosyl donoru. Na
obrazku 6 je elektrofilni anomerni centrum naznaceno karbokationtem, ale C-glykosidy Ize
pfipravit i pomoci mechanismu Sn2 substituce, popfipadé pies iontovy par v zavislosti na
povaze nukleofilu. Karbanionty jsou naptiklad malonaty, nitromethan, kyanidové anionty a
organokovova ¢inidla jako jsou napi. Grignarova Cinidla, ktera s vySe zminénymi glykosyl

donory tvoii C-glykosidy. Alternativné 1ze anomerni kation generovat napi. pomoci Lewisovy
7
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kyseliny, a ten mize nasledné reagovat s dvojnou vazbou napf. allyl-, vinyl- a propargylsilanu,
silylenoletheru, enamind, ale také s jednoduchymi alkeny a aktivovanymi aromatickymi
slou¢eninami. Pro pfipravu C-glykosidi mohou byt pouzity i laktony. V tomto ptipadé lakton
reaguje s organolithnou slouc¢eninou za vzniku laktolu, ktery miize byt nasledné redukovan na
odpovidajici C-glykosid za katalyzy Lewisovou kyselinou v pfitomnosti triethylsilanu. Déle je
mozné prislusné C-glykosidy tvofit nukleofilni atakem oxiranového kruhu v 1,2-

-anhydrocukrech.

0} - i 0}
promotor @) 0} C-R nukleofil
S, T e e XD =k
X
o- nebo B-C-glykosid
Sacharidové substraty

(0] o} o] (0] 0} 0 (0]
= DD D L= v Y =
X @) (0] OH S- s-R
halogenid glykal 1,2-anhydrosacharid  lakton laktol thioglykosid sulfoxid &
X=F, Cl,Br |
0 o] 0 0 O
=Y LS A S I v S
%*R o/z( " o—/P\OR o—C\R OMe
sulfon 2 imidat * fosfat RO acetat methylglykosid
R=H,Ph; X = CI, F

Obrazek 6: Syntéza C-glykosidl za vyuziti anomerniho glykosyl elektrofilu/kationtu
U nékterych vhodné chranénych sacharidovych donorti, Ize pomoci organolithnych
slou€enin (silnych bazi) generovat in situ na anomernim centru karbanion, ktery se mtze chovat
jako nukleofil. (Obr. 7) Pak se jako C-R elektrofil hojné pouzivaji rizné derivaty aldehydu,
ketonii nebo oxid uhli¢ity. Tento synteticky pfistup, je asi jednou z nejefektivnéjSich cest
ptipravy C-glykosidd.

C-R elektrofil %

c-R
a- nebo B-C-glykosid

0 baze 0
= — { o

L nebo e~

Sacharidové substraty

o o} (o) 0 o} e}
X 0-Co s-R sR s-R
halogenid glykal acetat thioglykosid sulfoxid O sulfon ©2
X=F, Cl,Br, |

Obrazek 7: Syntéza C-glykosidl za vyuziti anomerniho glykosyl aniontu

Takto in situ generované karbanionty jsou také ¢asto vyuzivany i pro ptipravu glykosyl

donorti, které se vyuzivaji pro syntézu C-glykosidii za katalyzy ptrechodnymi kovy. Tyto
8
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syntetické pristupy vyuzivaji rizné ,.cross-coupling™ reakce, jako je napiiklad Heckova,
Stilleho, Sonogashirova, Suzukiho-Miyaurova reakce, které jsou pievazné katalyzovany
piechodnymi kovy (Pd, Ni, atd.). Tyto reakce lze dale rozdélit z hlediska reagentl na sp?-sp?
»cross-coupling* reakce, které jsou zalozeny na reakci elektronové bohatych glykosyl donorti
s elektronové bohatymi elektrofily (napf. aryl, heteroaryl nebo alkenyl halogenidy) (PFiloha
IV a IX-X). Na druhou stranu pro piipravu C-glykosidi, 1ze vyuzit ze syntetického hlediska i

vvvvvv

alkyl halogenid. (PFiloha V) (Obr. 8)

o i Y, O o}
pfechodny kov
D ———
mil_ coupling partner E‘ﬁ WC/R
c o- nebo B-C-glykosid
R
Sacharidové substraty
0} Q o
o S
halogenid glykal derivaty glykalu
X=F ClBr | X = 1, BPin, SnBus

Obrazek 8: Syntéza C-glykosidi pomoci ptfechodnych kovovych komplexii

Dale miZe byt anomerni centrum také prevedeno na radikal. Jako vychozi prekursory
jsou pievazné vyuzivany opét glykosyl halogenidy, ale i seleno-, telluroglykosidy a 1,2-
-anhydrosacharidy. Pfislusné radikaly mohou byt generovany bud’ ozafenim nebo pouzitim
vhodného promotoru jako je. napiiklad AIBN. Vznikly radikal pak obvykle reaguje bud’
s allylstanany, allylthioethery, anebo s riznymi alkeny, které jsou aktivovany

elektronakceptornimi skupinami.

0

C-R elektrofil
oo, WC/R
a- nebo B-C-glykosid

v&i iniciator { EO: .

L

Sacharidové substraty

o) 0 0
WX E@ vAATe’R v&%éR

halogenid 1,2-anhydrosacharid telluroglykosid  selenoglykosid
X=F, Cl,Br |

Obrazek 9: Syntéza C-glykosidii pomoci glykosyl radikalu

Dalsi nemén¢ zajimavé, jsou syntetické ptistupy, které vyuzivaji pro ptipravu riznych C-
-glykosidli sigmatropni pfesmyky predem pfipravenych sloucenin. Jako ptiklady lze uvést
9
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Claisentiv, Ramerguv-Baklundiv a 1,2-Wittigiav pfesmyk. (Obr. 10) Na tomto misté je nutné

zminit, Ze tyto pfesmyky vétSinou probihaji za retence konfigurace na anomernim centru.

Claiseniv pfesmyk Ramberguv-Backlundiv pfesmyk
o 0
| S < =2 R0
™ s R
R
O\I/ COR 0, "2 R,
R
1,2-Wittigliv presmyk Anomerni presmyk O-glykosidu na C-glykosid
0 0 o} o
O
- W = 7
0™ S R
HO

Obrazek 10: Ptiprava C-glykosidt za vyuziti presmykt

Pro piipravu C-glykosidi byly vyuzity 1 postupy vyuZzivajici intra- nebo
intermolekularni cykliza¢ni reakce, které tvoii pyranovy/furanovy kruh C-glykosidu tzv. de
novo z vhodnych acyklickych syntonti. (Obr. 11) Jako piiklad 1ze uvést napt. oxa-Michaelovu
cyklizaci d-hydroxylkend nebo y-hydroxyalkenii v pfitomnosti riznych promotord reakce.
V tomto pfipadé vznikd pyranovy kruh vznikem C-O vazby. Velice populdrni je i tvorba
dihydropyranového kruhu za pouziti intramolekularni ,,cross-metateze* acyklickych alkenti. Za
téchto podminek dihydropyranovy kruh vznik4 tvorbou C-C vazby. Na tomto misté nelze
zapomenout ani na syntetické pfistupy, které pro tvorbu dihydropyranového kruhu vyuZzivaji
stereoselektivni hetero-Dielsovu-Alderovu reakci pfipraveného dienu s vhodnym dienofilem.
(Obr. 11) Jak bude ukazano dale, i tento pfistup jsem vyuzil pfi syntéze (1—3)-C-vazanych
disacharidu. (P¥ilohy I-111 a VII)

Tvorba C-O vazby Tvorba C-C vazby

OH R SR R 0
U\R—> v&qﬂc_R \OI/\)/ nebo ff—»mR

Hetero Dielsova-Alderova reakce

“ . 9 _ O
R " N

Obrazek 11: Priprava C-glykosidu za tvorby sacharidového kruhu de novo

Na zavér této kapitoly bych rad zminil, Ze kontrola stereochemie pii tvorbé C-glykosidové

vazby je obvykle velice obtizna a zavisi nejen na pouzitém syntetickém postupu, ale také na

10
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typu a povaze substratu. Obecné ale 1ze fici, Ze témito postupy lze stereoselektivné pfipravit jak

a- tak 1 B-C-glykosidy.
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2 SOUHRN VLASTNICH VYSLEDKU

V pribéhu poslednich let se vénuji problematice nalezeni novych a zefektivnéni stavajicich
streoselektivnich syntéz C-glykosidl a C-disacharida. Jak jiz bylo zminéno v iivodu, syntéza
téchto glykomimetik neni trividlni zalezitosti. Predev§im z diivodu rozmanitosti a rizné
reaktivity stavebnich blokll (monosacharidovych jednotek) a moznych typi vazeb mezi nimi.
Problémem pfi jejich syntéze je Casto také stereoselektivita tvorby pseudoglykosidové vazby a
také volba vhodnych chranicich skupin.

Soubor vybranych experimentalnich vysledki, ktery je pfedmétem této habilitacni prace,
chronologicky reflektuje tématiku feSenou v ramci mého doktorského studia a nezavislé
védecko-pedagogické ¢innosti na VSCHT v Praze. Lze je tematicky rozdélit do dvou hlavnich
skupin:

1. Stereoselektivni syntéza C-disacharidi a C-glykosidd za vyuziti o- a
B-glykopyranosylpropenu.
2. Stereoselektivni syntéza C-glykosidt a C-disacharidti pomoci ,,cross-coupling reakci.

2.1 Stereoselektivni syntéza C-disacharidi a C-glykosidi za vyuZiti a- a
B-glykopyranosylpropenu

Pro piipravu C-glykosida popt. C-disacharidii 1ze vyuzit Siroké spektrum syntetickych
pfistupi. Obecné lze ale fici, Ze pro pfipravu C-disacharidii se vyuZziva hlavné dvou postupti.
Bud’ se jedna o stereoselektivni spojeni dvou cukernych jednotek (monosacharidd, poptipadé
synthoni odvozenych od téchto monosacharidu), nebo se na dany vychozi monosacharid
pripoji uhlikovy fetézec a z néj se stereoselektivné vystavi druhy monosacharid (tzv. syntéza
C-disacharidu de novo).

Ve své prvni publikované praci (PFiloha I) jsem se zaméfil na piipravu (1—3)-C-
-disacharidi 15ab a 16ab, jejichz syntéza byla zalozena praveé na de novo syntéze druhé cukerné
jednotky pomoci hetero-Dielsovy-Alderovy reakce (HDA reakce) z a-D-galaktopyranosyl
propenu 17. Tato prace vychazela z predchozich vysledkt®® ®! nasi laboratoie a mym hlavnim

cilem bylo obejit slabiny téchto diive publikovanych postupi. (Schéma 1)
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Schéma 1

Volba ptipravy téchto C-analogti pfirodnich disacharidii byla volena cilené€, nebot’ vazba
a-D-galaktopyranosylu vazaného glykosidovou vazbou (1—3) k oligosacharidovému fetézci se
vyskytuje vitadé piirodnich epitopt. Jako ptiklad lze wuvést pentasacharidovy a-
-galaktosylovany antigen krevni skupiny B (Galal-3Galpl-4GIcNAcB1-3Galp1l-4Glcp-R),
ktery je odpovédny za hyperakutni odmitnuti organu p¥i xenotransplantacich®?. Syntézou
podobného sterecoisomerniho C-analogu pfirodnich disacharida B-D-Galp(1—3)-D-Galp se
napiiklad zabyval profesor Vogel, ktery pro ptipravu tohoto C-disacharidu vyuzil mnohem
pracnéjsi cestu vychézejici z isolevoglukosenonu®?,

Syntetickym pfistupem k C-disacharidim se vna$i laboratofi zabyvali i mi
spolupracovnici, ale pokud byl pii HDA reakci (E)-(4-tetra-O-benzyl-a-D-galaktopyranosyl)-
-1-thiazol-2-yl)-but-2-en-1-onu 18 pouzit achiralni vinylether vznikala ned¢€litelna smés dvou
diasteromernich endo cykloaduktt, v poméru 1:1. Proto jsem pro HDA reakci pouzil
enantiomerné &isté chiralni vinylethery 19 a 20, které lze snadno piipravit®® zp- a L-
-enantiomerti kyseliny mandlové. Pfi pouziti chirdlnich vinyletheri byla cykloadi¢ni reakce
vysoce stereoselektivni a pfi pouziti R-epimeru 19 za katalyzy Lewisovou kyselinou Eu(fod)s
vznikal pouze cykloadukt 21. Na druhou stranu, pokud byl pouzit chiralni vinylether s S-
konfiguraci 20, byl ziskan cykloadukt 22. (Schéma 2) Cykloadi¢ni reakce byla vyluéné endo
selektivni, coz bylo potvrzeno pomoci NOE NMR experimentl. Absolutni konfigurace 2R,4R
na stereogennich centrech nové vznikajiciho dihydropyranového kruhu cykloaduktu 22 byla

zpétné urdena pomoci X-ray analyzy®® krystalického derivatu, ktery byl ziskan z derivatu 22.
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Z toho vyplyva, ze cykloadukt 21, ktery vznikl po cykloadici chirdlniho vinyletheru s opacnou
konfiguraci (tj. 19), musi obsahovat dihydropyranovy kruh s konfiguraci 25,4S.

0._COOMe
"/ Ph OBn =
(520 BnO (/\S
O N=
Eu(fod);  BnO
CH,Cl, BnO| & 2
\_/COOMe
22,80% Ph
BnO OBn BnO OBn
0 " Q
. B o
BnO BnO - n BnO '\f N\
_ 2. — g
17 18,84 % O

0._COOMe
T
Ph

(R)-19

BnO OBn

S \ p
" K/N 21,78 %

I
(i) (@) O3, CH,Cl,/MeOH 5/1, -78 °C; (b) Me,S; (ii) phspAn/Ls , CHCI,
(0]

Schéma 2

Dale bylo nutné optimalizovat i naslednou transformaci dihydropyranového kruhu,
protoZe pti transformaci thiazolového kruhu na aldehyd dochézelo k vzniku nedélitelné smési
produktii. Tyto problémy byly piekonany redukci methylesterti a naslednou benzylaci volné
hydroxylové skupiny obou cykloadukti za vzniku latek 23 a 24. Pak jiz bylo mozné bez
problému transformovat thiazolovy kruh na aldehydy 25 a 26. (Schéma 3)
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(i) 1. LiAlH4 THF, 2. 60% NaH, BnBr, TBAI, THF; (ii) 1. TfOMe, MeCN, 2. NaBH, MeOH, 3. AgNO5; H,0,
MeCN; (iii) 1. a) BHz.Me,S, THF, b) 30% Hy05 30% NaOH,g, 2. 60% NaH, BnBr, TBAI, THF; (iv) 1. MeOH,
3M HCI, THF, 2. Hp Pd/C, 3. Ac,0, pyridin

Schéma 3

Nasledna redukce aldehydové skupiny a soucasna stereoselektivni hydroborace
nadbytkem komplexu boranu s dimethylsulfidem (BHs.Me>S) vedla ke vzniku C-disacharidu
27 a 28. Pro potvrzeni konfigurace ptipravenych latek NMR experimenty byly pomoci ti
reakénich kroku ptipraveny C-analogy methyl glykosid 15ab a 16ab s konfiguraci a-D-Galp-
-(1—>3)-D-2-deoxy-ArapOMe a a-D-Galp-(1—3)-L-2-deoxy-ArapOMe, které vznikaly jako

smési o- a B-anomert v poméru 4:1. (Schéma 3)
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Na zékladé téchto vysledkl jsem se dale rozhodl ovéfit, zda je nové nalezeny postup
mozné vyuzit i pro ptipravu dalSich (1—3)-C-disacharidi z glykosylpropeni 29 a 30
s konfiguraci B-D-gluko, a-6-deoxy-L-galacto. (PFiloha II) Dal§im cilem bylo nalezeni
syntetického postupu, ktery by umoznil vzniklé dihydropyranové kruhy cykloaduktt 31-33
transformovat az na D- a L- 1,5-anhydro-2,3,-dideoxy-arabino-hex-1-enitoly 34-36 (D- a L-
-glukaly), které¢ by byly vhodnymi substraty v syntéze sacharidii a umoznily by pak pomoci

67. 68 nebo mannopyranosylglykosidy®®,

jedno- nebo dvoukrokové syntézy piipravit gluko-
glykosidy glukosaminu™, nebo mannosaminu’ nebo i jiného C-glykosidu™® . Lze také
predpokladat, Ze by mélo byt mozné piipojit takto pfipravend a- nebo f-(1—3)-C-disacharidova
mimetika 1 k oligosacharidovému, peptidovém nebo lipidovém derivatu, jak pomoci
glykosidové, tak 1 C-C vazby, coz by umoznilo pfipravit rizné stabilni nehydrolyzovatelné
glykokonjugaty.

Jako vychozi latky jsem vyuzil snadno pfipravitelné glykopyranosylpropeny 29ab a 30.
Pfislusny diastereomerné ¢isty a-L-fukopyranosylpropen 30 byl pfipraven pomoci
publikovaného postupu’®. Naslednou Wittigovou reakci aldehydu 37 se stabilizovanym ylidem
38 byl ziskan oxadien 39. (Schéma 4)

N
Ph3|=4\cf)|/”:s> Bn® JBn

OBn
HyCA—~0
CHCl, _R
50 °C
. 30 R=CH,
! 37TR=0,78%
-COOMe
OBn N ~
N (s )-20 OBn
N \
Eu de COOMe
CHCI3
39,75% O 50°C

31,75 %
(i) O3, CH,Cl,/MeOH 5/1, -78 °C; (b) Me,S, NaHCO5

Schéma 4

Pro pripravu oxadienu 40 byla pouzita epimerni smés a- a B-pseudoanomert D-
-glukopyranosylpropenu 29ab v poméru 6:1, ktera byla ozonolyzou pfevedena na
pseudoanomerni smés D-glukopyranosylethanalu 41ab ve stejném poméru. V této fazi bylo

mozné pomoci 1% K>COz v methanolu tuto smés epimerizovat a ziskat pouze termodynamicky

16



Parkan K., Habilitaéni prace, VSCHT v Praze, Praha, 2021.

stabilngjsi B-pseudoanomer 41b, ktery byl jako v pfedchozich pfipadech pieveden pomoci
Wittigovy reakce s ylidem 38 na pfislusny oxadien 40 s trans-konfiguraci. (Schéma 5) Takto
piipravené oxadieny 39 a 40 byly nasledn¢ podrobeny HDA reakci s enantiomerné Cistymi
chiralnimi vinylethery 19 a 20 a byly ziskany tii o¢ekavané cykloadukty 31-33 s vysokou

stereoselektivitou. (Schéma 4 a 5)

OBn
OBn o
0 i BnO a:p 6:1
BnO O =— BnO
BnO BnO —\
BnO R
41b, 78 % . 29ab R = CH2
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S
! 0._COOMe =
Php Y S CHCl; [ (_\S
(0] o Ph OBn N
50 °C 20
38 (S)- (0] — 0
BnO O.__COOMe
Eu(fod); CH,Cl, BnOA—Z g
32,81 % Ph
OBn
B0 2 D
n
BnO B0 = S
n
O
40,79 % 0._COOM
A
Ph
(R)-19

Eu(fod)s, CH,Cl,

\
N
K/ 33,79 %

(i) (a) O3 CH,CI,/MeOH 5/1, -78 °C; (b) Me,S, NaHCO3 (i) 1% K,CO3/MeOH

Schéma 5

Jak je naznaceno ve schématu 6, piipravené derivaty 31-33 byly diive optimalizovanym
postupem (PFiloha I) postupné transformovany na derivaty 42, 43 a 44. Protoze cilem této
prace bylo pfipravit substituované D- a L-glykaly 34-36, bylo nutné nalézt synteticky piistup,
ktery by to umoznil. Proto byl u vSech C-disacharidi 42-44 chiralni aglykon nejprve
substituovan thiofenolem, za vzniku smési thioglykosidu 45ab, 46ab, 47ab v poméru a:f3 3:1.
(Schéma 6)

Anomerni smés latek 45ab-47ab byla nasledné podrobena reakci s N-
-bromsukcinimidem ve vodném acetonu za vzniku anomerni smési C-disacharidt s volnou OH

skupinou. Vznikly anomerni hydroxyl byl nasledné mesylovan a vznikly mesyl byl
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V piitomnosti silné baze in situ eliminovan za vzniku D- popt. L-glukalt 34, 35 a 36.

(Schéma 6)
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(i) () 1. LIAH,, THF, 2. 60% NaH, BnBr, TBAI, THF, 40 °C; (ii) 1. TFOMe, MeCN, 2. NaBH, MeOH, 3. AgNO;
H,0, MeCN; (iii) 1. a) BH3.Me,S, THF, b) 30% H,0, 30% NaOH,q, 2. 60% NaH, BnBr, TBAI, THF, 40 °C; (iv)
PhSH, BF3.Et,0, CH,Cl, -78-25 °C; (iv) (a) NBS, 1% H,0 v acetonu, -15 °C; (b) Ms,0, s-kolidin, CH,Cl, 0 °C

Schéma 6

V dalsi praci (Priloha Ill) je popséan synteticky pfistup, ktery umoziuje z vychoziho a-
-D-mannopyranosylethenalu 48a ptipravit opét za pomoci HDA reakce s jiz dfive zminénymi
chiralnimi vinyl ethery pfislusné 3-C-a-D-mannopyranosylované 1,2-glukaly 49 a 50 jak
s konfiguraci D- tak i L-. Déale se mi podafilo potvrdit, ze epimerizaci a-aldehydu 48a lze
ptipravit prislusny pB-pseudoanomer 48b, ktery lze opét pomoci stejného postupu vyuzit pro
pfipravu i 3-C-B-D-mannopyranosylovaného D- a L-glukalt 51 a 52. Konformace pfipravenych
D- a L-glukal®i 49 a 50 byla nésledné potvrzena pomoci NMR experimentu po transformaci na
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pfislusné peracetylované analogy methyl glykosidi s konfiguraci a-D-Manp(1—3)-C-o-D-
-ManpOMe 53a a a-D-Manp(1—3)-C-a-L-ManpOMe 54a. (Schéma 7)
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-— BnO _ o
BnO N 48a ~A° BnO” _
oo ° 49, 8,37 %
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i
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RO 0\ OMe
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R=Bn,R;=H, 51 % R=Bn,Ri=H,24%
54a, R = R, = OAc, 67 %
BnO—Bn BnO— BnO OBn
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BnO - Bné) o — . ""Bo S
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(i) MCPBA, MeOH, CH,Cly; (ii) (a) Pd/C, Hp, Pd, MeOH, AcOH; (b) Ac,0, pyridin

Schéma 7

Dalsi dvé publikované prace (Priloha VII-VIII) jsou vysledkem spoluprace na
evropském projektu CARMUSYS, kdy se mi podafilo otestovat ptipravené (1—3)-vazané
C-disacharidy 55-60 (Obr. 11) pro jejich afinitu k DC-SIGN receptoru. Soucasné byly
pfipraveny pomoci ,,cross-metateze* i dalsi dva dimery 61 a 62 odvozené od ptislusnych a-L-
-fuko a o-D-mannopyranosylpropenti. Pomoci kompetitivni SPR techniky’, byly ziskany

ptislusné hodnoty ICso. (Obr. 12)
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Obrazek 12: Inhibi¢ni aktivita ptipravenych C-glykosidi 55-62 vici DC-SIGN lektinu

DC-SIGN  (Dentritic  Cell-Specific ICAM-3  Grabbing  Non-integrin) je
transmembranovy protein typu II obsahujici C-koncovou doménu, ktera specificky vaze
sacharidy’®. DC-SIGN [77, 78] byl poprvé klonovan v roce 1992 a v roce 2000 byla popsana
jeho uloha, jako transreceptoru, ktery se ti€astni interakce s proteinem gp120 viru HIV. Dale
bylo zjisténo, Ze tento lektin je schopny rozpoznat Siroké spektrum glykosylovanych struktur
na povrchu viru a Ze je schopny se specificky vazat k virim jako je HIV, virus Ebola, virus
hepatitidy C a SARS a dale i k bakteriim jako jsou Mycobacterium tuberculosis, Helicobacter
pylori, kvasinkam jako je Candida albicans a parazitim jako jsou napt. Leishmania pifanoi a
Schistosoma. Tento zivoéiSny transmembranovy C-lektin se nachdzi na povrchu nezralé
dendritické bunky, kterd se vyskytuje nejcastéji v mukose. Po navazani patogenu dentriticka
bunika dozrava a putuje do lymfatického systému, kde se navaze na T-lymfocyty vazbou
k ICAM-3 (InterCellular Adhesion Molecule) a zahaji tak imunitni odpovéd organismu. Cast
dentritickych bunék s navazanym patogenem se této cesté vyhne a putuje v organismu dale,
¢imz podporuje Sifeni infekce. V soucasné dobé je DC-SIGN povaZovan za univerzalni receptor
pro patogeny a je cilem pii vyvoji antiifekénich latek’®. DC-SIGN je specifickym receptorem
predev$im pro glykany, které obsahuji D-mannosu nebo L-fukosu. Jako piiklad lze uvést
pentasacharid lakto-N-fukopentosu, ktery obsahuje Lewis* trisacharid 63 [80]. (Obr. 13)
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Obrazek 13: Lewis-X trisacharid

Na zaklad¢ biologickych vysledkd, lze fici, Ze ptipravené C-analogy 55-62 vykazovaly
podobnou aktivitu jako referen¢ni latky (D-mannosa ICso = 3,42 mM; L-fukosa ICsp = 2,52 mM,;
Mana(1-2)Man ICso = 0,91 mM; Mana(1-3)Man 1Cso = 2,29 mM), a nékteré z nich vykazovaly
C-disacharidy mtizou byt perspektivnimi ligandy DC-SIGN receptoru, protoze naSe vysledky
spise naznacuji, Zze volng&jsi konformacni chovani v porovnani s O-glykosidy neni na piekazku.

Je zndmo, Ze interakce mezi CRD doménou lektini a pfisluSnym sacharidem jsou
zprostiedkovany prevazné nevazebnymi interakcemi (vodikova vazba, asociace s kovy,
nepolarni nebo iontova interakce). Obecné jsou tyto interakce s monosacharidovymi epitopy
slabé. Pokud se vSak specifické interakce ucastni nékolik receptord na povrchu buiky
s n¢kolika epitopy (napf. sacharidové dendrimery), pak se jedna o tzv. ,,multi-valency effect” a

vazba je obvykle silngjsi®. (Obr. 14)

Obriazek 14: Pfiklad idealni multivalentni vazby glykodendrimeru s vazebnymi misty lektinu®!

ProtoZe vySe zminéné mono- a divalentni C-glykosidy 55-62 odvozené od D-mannosy a
L-fukosy se jevily jako perspektivni DC-SIGN ligandy, v dalsim projektu jsme se spolu s prof.
Jitkou Moravcovou pokusili pfipravit i multivalentni C-glykosidové dendrimery 64-67, které

obsahovaly ctyfi, Sest, devét a dvanact o-L-fukopyranosylovych jednotek, a soucasné i
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dendrimery 68-69 s deviti a dvanacti a-D-mannopyranosylovymi jednotkami. Pro porovnani
(jako slepy standard) byly pfipraveny i O-glykosidové dendrimery s a-D-mannosou a L-fukosou
70-72. Vsechny piipravené dendrimery byly syntetizovany pomoci Cu(I) katalyzované azid-
-alkyn cykloadice (CuAAC) polypropargyl derivatu s azidy C- a O-glykosidu. (Obr. 15)
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Obrazek 15: Testované O- a C-glykosylované dendrimery

Celkem bylo pfipraveno jedenact sacharidovych dendrimerti, které byly stejné jako

v piedeslé praci testovany na jejich afinitu k DC-SIGN pomoci SPR techniky”.
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Obrazek 16: Inhibi¢ni aktivita studovanych glykodendrimerti pomoci SPR

V zavéru kapitoly je$té zminim publikaci, ktera vznikla ve spolupraci s prof. Martinem
Kotorou z Ptirodovédecké fakulty Univerzity Karlovy. V tomto projektu jsem opét vyuzil
znalosti pfipravy a-glykopyranosylpropent pro ptipravu a- a B-C-glykosidii za pouziti ,,cross-
-metateze™ s riznymi alkeny. (PFiloha V1)

Piestoze jiz diive byla publikovana prace®? zabyvajici se vyuzitim glykopyranosyl
propenu pro ,,cross-metateze®, rozhodli jsme se ovéfit, zda je mozné tento typ reakei vyuzit i
pro vinyl C-glykosidy. Jako modelové vychozi latky jsme pouzili jak Cisté epimery 75a. a 75p
odvozené od 2-deoxy-D-ribofuranosy, tak i vinyl a-C-glykosid 76 odvozeny D-galaktosy, které
byly podrobeny ,.cross-metatezi s riznymi alkeny 77a-77g. Jako katalyzator byl ve vSech
reakcich vyuzit béZné pouZivany a stabilnéjsi Hoveyda-Grubbs II generace, ktery se ukazal jako
nejlepsi volba. Protoze je zndmo, Ze pii této reakci mohou vznikat jak ,,cross-coupling®, tak i
,homo-coupling* produkty vychozich latek, bylo nutné podminky reakce optimalizovat. Dale
bylo potvrzeno, Ze za nami zvolenych podminek byla konfigurace na dvojné vazbé

ptipravenych C-glykosidti 78aa-g a 78Ba-g a 79b-f vzdy pouze trans. (Schéma 8)
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Po rliznych optimalizacich bylo zjiSténo, Ze nejlepSich vysledkt 1ze v ptipadé vinyl a- a
B-C-glykosidi 75a a 75p dosdhnout za refluxu v 1,2-dichlorethanu. Pokud byl jako vychozi
C-glykosid pouzit vinyl derivat 76, bylo nejlepSich vytézkti dosazeno pii refluxu
v dichlormethanu v ptitomnosti katalytického mnozstvi Cul, ktery ma zasadni vliv na stabilitu
pouzitého katalyzatoru®®. (Schéma 8) V ramci této prace byla u vybranych derivatl otestovana
i moznost redukce dvojné vazby za vzniku latek 80b-d a dale byly pfipraveny volné

C-glykosidy 81b-f.

2.2 Stereoselektivni syntéza C-glykosidu a C-disacharida pomoci

prechodnych kovi.
Jak bylo ukazano v predchozi kapitole (kap. 2.1), synteticky pfistup k (1—3)-C-

-disacharidim byl vysoce stereoselektivni a umoznil pfipravit pfislusné nehydrolyzovatelné
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derivaty jak a- tak i B-glykopyranosyl propend. Na druhou stranu tento pfistup bylo mozné
vyuzit pouze pro syntézu (1—3)-vazanych C-disacharidl a vyzadoval vzdy 7 a vice reak¢nich
krokt, a tim byly findlni C-analogy syntetizovany v celkovych vytézcich, které se pohybovaly
v rozmezi 3-10 %. Proto jsem se snazil najit novy synteticky pfistup, ktery by syntézu
C-glykosidl zjednodusil a navysil celkové vytézky.

Pfi hledani modularniho a ptimého syntetického ptistupu, ktery by umoznil piipravit jak
a- a B-C-glykosidy, tak i C-disacharidy, jsem se zaméfil na vyuziti popularni Suzukiho-
-Miyaurovy reakce, za kterou byla v roce 2010 prof. A. Suzukimu udélena Nobelova cena za
chemii®. Muj synteticky piistup piipravy C-analogti piirodnich glykosidii je zaloZen na reakci
glykosyl pinakol-boronatt s riznymi elektrofily za katalyzy Pd- nebo Ni-katalyzatory.
(P¥iloha IV a V) Jak bude ukazano dale, vyhodou je, ze ptipravené ,,cross-coupling® produkty
Ize v jednom nebo dvou krocich stereoselektivné pievést na a- tak i B-C-glykosidy s konfiguraci
jak p-gluko, b-manno, 2-deoxy-D-arabino a D-galakto.

Protoze vétSina publikaci zabyvajicich se syntézou C-glykosidii pomoci ,,cross-
-coupling® reakce byla zaloZena na Stilleho a Sonogashirové reakci, pii které je nutné pouZit
vysoce toxické derivaty stannanu, bylo nutné nalézt postup, ktery by umoznil snadno a ve
vysokém vytézku ziskat cukerné pinakol-boronaty z komeréné dostupnych sacharidi. Jako
vychozi latky byly pouzity komeréné dostupny D-glukal a D-galaktal, které byly ochranény
silylovymi chranicimi skupinami, které jsou stale za siln€¢ bazickych podminek. Pfipravené
glykaly 82-84 byly nasledné pievedeny na boronovou kyselinu 85 a pinakol-boronaty 86-88
pomoci esterti kyseliny boronové po lithiaci t-BuLi. Po optimalizaci podminek se podatilo tyto
derivaty boronové kyseliny 84-85 ziskat v kvantitativnim vytézku a excelentni Cistoté, hned po

extrakci mezi toluen a vodu. (Schéma 9)
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Schéma 9

Jak jiz jsem zminil, kli¢ovym krokem syntézy C-glykosidi byla Pd-katalyzovana ,,cross-
-coupling® reakce pinakol-boronatt 85-88 s riznymi aryl-, heteroaryl, ale i alkenyl-bromidy
nebo jodidy 89a-g. Po nalezeni optimalnich podminek,

katalyzatoru, ligandu a baze, byly ptipraveny piislusné ,,cross-coupling“ produkty 90-92a-q ve

vysokych vytézcich 70-93 %. (Schéma 9)

26

tedy vhodného rozpoustédla,



Parkan K., Habilitaéni prace, VSCHT v Praze, Praha, 2021.

(t-Bu);Si—q
\Oﬂ TIPSQ °
TIPSO — R TIPSO —
91c R
| 90c
1. DMDO, CH,Cl, 0 °C 1. BH3.Me,S, THF Ha, PtO;
2. LiBHEt; THF, 0 °C 2.30% NaOH(aq), 30% H,0, EtOH
2 [ 3 i OTIPS
(t BU)2S|TO 0 (t Bu)zslvo 0
TIPSO TIPSO R TIPSO R
HO | HO TIPSO R
93c 94c 95¢
74 % 85 % 90 %
Schéma 10

Naésledné byly hledany elegantni stereoselektivni syntetické postupy, které¢ by umoznily
ptipravit pfislusné C-glykosidy. Latka 93c sD-gluko konfiguraci byla ziskana po
stereoselektivni epoxidaci endocyklické dvojné vazby derivatu 90c dimetyldioxiranem
(DMDO) a vytvofeny a-epoxidovy kruh byl nésledn€ otevien pomoci nukleofilniho
hydridového aniontu Super-hydridu®. Pro stereoselektivni syntézu B-C-glykosidti 94c byla
pouzita hydroborace a f-2-deoyxy-C-glykosid 95c¢ byl ziskan katalytickou hydrogenaci ,,cross-

-coupling* produktu 90c za pouziti Adamsova katalyzatoru. (Schéma 10)
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Schéma 11

Pouzitelnost nové nalezeného postupu byla ndsledné otestovana pii ptipravé dvou
ptirodnich C-glykosida 11 a 96. (Schéma 11 a 12) Nejprve jsem se pokusil o prvni totalni

syntézu bergeninu 11, nebot’ tento C-glykosid kyseliny gallové, vykazuje zajimavé
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farmakologické vlastnosti (viz kap. 1.2). Jak je naznaceno ve schématu 11, tento C-glykosid
se podafilo pfipravit v celkovém 40% vytézku za pouziti pouze Sesti reakénich krokl

Z piislusného bromidu 89p. (Schéma 11)
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(b) TBAF, THF; (c) Ac,0, pyridin

Schéma 12

Potencidl nalezeného postupu se mi podafilo demonstrovat 1 pii alternativni syntéze
sacharidové Casti papulacandinu D 96, opét ve vysokém 64% vytézku. (Schéma 12)
Suzukiho-Miyaurovy sp?-sp® ,.cross-coupling reakce pro modularni syntézu (1—2)-C-
-disacharidli. Tento pfistup umoziuje spojeni dvou cukernych jednotek pinakol-boronatu 87
a cukernych jednotek 97 a 98 pomoci C-C vazby. Suzukiho-Miyaurova reakce® je jednou z
nejoblibengjSich a nejefektivnéjsich metod tvorby C-C vazby v organické chemii. A¢koliv jeji
vyuziti pro syntézu aktivovanych sp? substratli je dobie popsano (viz P¥iloha IV), pouziti sp®
hybridizovanych elektrofili v ,,cross-coupling® reakcich je obecné obtizné, protoZze pritomnost
B-vodiku v molekule elektrofilu umoznuje priabéh nezadouci B-hydridové eliminace. Tato
konkurenéni reakce se mize uplatiovat po oxidativni adici a je za béZnych podminek rychlejsi
neZ transmetalace, coz je Casto zdrojem $patnych vytézki ,,cross-coupling® produktii®. Tento
mechanismus vede ke tvorbé alkenu a organokovového komplexu, kde je odstupujici skupina
OR’ zaménéna za atom vodiku pochazejici piivodné z molekuly elektrofilu. Komplex po
reduktivni eliminaci poskytuje produkt protodeboronace a regenerovany katalyzator. Mezi dalsi

komplikace spojené s pouzitim alkyl elektrofilli 1ze zminit pomérn¢ pomalou oxidativni adici
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kovu do X-(sp®) vazby, nezadouci jednoelektronovou oxidaci atomu kovu (SET) a také

nachylnost ke klasické eliminaci HX v bazickém prostiedi®’. (Schéma 13)
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Schéma 13

Nejvétsiho pokroku v pouziti tohoto typu ,.cross-coupling® reakce neaktivovanych
substrati (alkenyl-alkyl, ale i alkyl-alkyl) dosahl Fu®°! za pomoci nikelnatych katalyzatorii
s objemnymi dusikatymi elektrodonornimi ligandy. Ty jsou vétSinou nezbytné, protoze aktivaci
organokovového komplexu zvyhodiuji vznik ,,cross-coupling® produktu na ukor nezddouciho
produktu B-hydridové eliminace.

Pro tento typ Suzukiho reakce bylo nejprve zapotiebi piipravit cukerné alkyl halogenidy
97 a 98. Komer¢né dostupny D-glukal byl nejprve benzylovan, nasledné¢ byl pomoci
Simmonsovy-Smithovy reakce svysokou stereoselektivitou pifipraven derivat 99 s
cyklopropanovym kruhem. V dal§im kroku, byl cyklopropanovy kruh stereoselektivné otevien
pomoci N-brom- ale i N-jod-sukcinimidu za vzniku methyl glykosidu 97 nebo 98. (Schéma 14)

OH 0Bn 0Bn NBS 0Bn

nebo X
O 1.60% NaH, THF o Zn, CuCl o NIS O
HO. B E—— L (O] ———> B0 — —>BnO
——>  2.BnBr, TBAI, BnO == CHyl, AcCI BnO MeOH BnO
60°C EtéO OMe
p-glukal 87 % 99 97 X =Br, 73 %
92 % 98 X =1,45 %

Schéma 14

Pro Suzukiho sp?-sp® ,,cross-coupling reakci s diive piipravenym pinakol-boronatem

87 shalogenidy 97-98 bylo testovano nékolik palladnatych a nikelnatych katalyzatord
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s riznymi ligandy, basemi a rozpoustédly. Peclivé optimalizace nakonec vedly K nalezeni
reakénich podminek, které poskytly ,,cross-coupling® produkt 100 v dobrém 72-78% vytézku.
(Schéma 15)
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97 X = Br 87 100 OMe
98 X = | 72 % z 97
78 % z 98
Schéma 15

Stejné jako v predchozim piipadé (PFiloha 1V), endocyklicka dvojna vazba latky 100
umoznila vyuzit stereoselektivni oxidativné-reduktivni transformace a pfipravit tak rizné
C-disacharidy. Jak je naznaCeno ve schématu 16, za pouziti dfive diskutovanych
stereoselektivnich reakci, které jsou detailné popsany v publikaci, bylo z jednoho ,,cross-
-coupling® produktu 100 pftipraveno pét a- a B-(1—2)-C-disacharidi 101-105 ve vysokém
celkovém vytézku. (Schéma 16)
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Schéma 16

V dalsi praci (Pfiloha IX) jsem se zaméfil na nalezeni efektivnéjSich chranicich skupin
D-glykald, které 1ze vyuzit pro pfipravu aryl C-glykosidd. Pro syntézu C-glykosidu lze vyuzit
D-glykaly, které lze pomoci lithiace pfevést na latky, které mohou vstupovat do reakce
s riznymi elektrofily jako nukleofily. Protoze deprotonace glykalii na uhliku C-1 vyZzaduje vzdy
siln¢ bazické organolithné slouceniny, je zapotiebi vychozi glykaly vhodné chranit. Klasické

benzyl (Bn) a t-butyldimetylsilyl (TBS) etherové chranici skupiny nejsou vhodné, protoze se
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pfi deprotonaci samy lithiuji, coz vede ke vzniku nezadoucich vedlejsich produkti. Na druhou
stranu byly nalezeny chranici skupiny, které¢ tvrdé lithia¢ni podminky sice pfeziji, a jsou
pouzitelné (TIPS, TBDPS, TES, MOM a isopropyliden), bohuzel i tyto chranici skupiny maji
své slabiny, které brani jejich SirSimu vyuziti. (Obr. 17) Protoze i v diivéjsich pracich (PFiloha
IV a V), jsem se musel potykat s n¢kterymi z téchto nevyhod, pokusil jsem se pro syntézu

C-glykosidii nalézt vhodné chranici skupiny D-glukalu a D-galaktalu.

A: Predeslé prace: Chranény D-glukal a D-galaktal

| R = TIPS, (-Bu),Si, Me,C, TES, TBS or MOM |

0 - vyzaduji 3-6 ekvivalenu t-BulLi
RO |- jsou drahé nebo vyZaduiji vicekrokové ochranéni
- problematické odchranéni (problémy pfi purifikaci)
RO - nevhodné pro nasledné transformace glykall

OR - migrace TBS chranici skupiny z polohy C-6
- nejsou universalnimi chranicimy skupinami pro rtizné
glykaly

B: Tato prace: Chranény D-glukal a D-galaktal

R = EE or MOP

RO Y - vyzaduje 3,5 ekvivalentu t-BulLi
| - jsou levné
RO - snadné zavedeni a odstranéni chranicich skupin

OR - vhodné pro nasledné transformace glykalu
- jsou universalnimi chranicimy skupinami pro rizné
glykaly

Obrazek 17: Chranici skupiny, které jsou vhodné pro lithiaci D-glukalu a D-galaktalu

Jako vhodné se ukazaly ethoxyethyl (EE) a methoxypropyl (MOP) acetylové chranici
skupiny, které se v cukerné chemii vyuzivaji jen zfidka a vétSinou pouze pro ortogonalni
chranéni nékterych hydroxylovych skupin sacharidi. Bylo prokdzano, Zze za pouziti
2-methoxypropenu a ethylvinyletheru lze v pfitomnosti Py. TsOH ziskat pln¢ chranéné glykaly
106-108 ve vysokém vytézku. (Schéma 17) Zajimavé vSak bylo zjisténi, ze pii reakci
2-methoxypropenu s cis-3,4-diolem D-galaktalu vznikala latka 109 s isopropyliden acetalem na
sekundarnich hydroxylovych skupinach, zatimco za stejnych podminek trans-3,4-diol
D-glukalu vedl k plné MOP chranénému derivatu 108. To lze vysvétlit pravdépodobnou
intramolekularni reakci karbokationtu meziproduktu 110 se druhou sekundarni hydroxylovou

skupinou. (Schéma 17)
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Schéma 17

Nasledné byly glykaly 106-108 podrobeny lithiaci s 3,5 ekvivalety t-BuLi. Za
optimalizovanych podminek probihala lithiace glykalu 106-108 standardné, a pti nasledném
pouziti elektrofilt (BusSnCl a iPrOBPin) byly ziskany o¢ekavané derivaty 110a,b-112a,b opét
ve vysokych vytézcich v rozmezi 69-94 %. Bohuzel pfi lithiaci chranéného D-galaktalu 109,
dochazelo v pfitomnosti t-BuLi k otevieni dihydropyranového kruhu a vzniku racematu 113,
coz bylo potvrzeno pomoci NMR experimentu s (S)-Mosherovou soli. (Schéma 18)

Pti studiu pouzitelnosti EE a MOP chranicich skupin byla testovana také stabilita téchto
chranicich skupin pfi riznych ,,cross-coupling* reakcich. Jako modelové reakce byly vybrany
Suzukiho-Miyaurova a Stilleho reakce s 1-jodnaftalenem. Pro Suzukiho reakci byly pouzity jiz
diive objevené podminky (PFiloha 1V) a pfiislusné 1-pinakol-boronaty 110a-112a poskytly
,,cross-coupling” produkty 114-116 ve vytézcich 72-93 %. Pro Stilleho reakci byly pouzity
standartni podminky®® a o¢ekavané naftyl-C-glykosidy 114-116 byly ziskiny ve vytézcich
72-86 %. Dale jsem se rozhodl, otestovat kompatibilitu pfipraveného EE chranéného D-glukalu

94 cross-coupling* reakci opét s 1-jodnaftalenem.

106 i pii Negishiho® a In-zprostiedkované
V obou piipadech vsak pfislusné ,,cross-coupling produkty 114 vznikaly v nizkych 20-43 %
vytézcich, coz bylo pravdépodobné zplisobeno nestabilitou EE chréanicich skupin v pfitomnosti

Lewisovych kyselin (ZnCl2 a InCl3) po vodném zpracovani reakci. (Schéma 18)
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107 p-glukal, R = MOP 110b D-glukal, R = EE, E = SnBuz 90 % 115 p-glukal, R = MOP
108 D-galaktal, R = EE 111a p-glukal, R = MOP, E = BPin, 94 % 116 D-galaktal, R = EE

111b D-glukal, R = MOP, E = SnBus, 93 %
112a p-galaktal, R = EE, E = BPin, 90 %
112b D-galaktal, R = EE, E = SnBus, 90 %

(i) @) 3,5 ekv. t-BuLi, THF, -78 - 0 °C; b) iPrOBPin, THF -78 - 25 °C; (ii) a) 3,5 ekv. t-BuLi, THF, -78 - 0 °C; b)
BusSnCl, THF, -78 - 25 °C; (iii) Pd(PPh3),Cl,. 1,2-dimethoxyethan (DME), Na,CO3, 80 °C; (iv) Pd(PPhs), toluen,
120 °C; (v) a) t-BuLi, InCls, THF; b) Pd(PPh3),Cl, reflux; (v) a) t-BuLi, ZnCl, THF; b) Pd(PhsP),

O OH

o 3.5 eq. t-BuLi
MOPO | ————=MoPO._~y
THF
(e)
Aes
109 113, racemat

81 %

Schéma 18

PIn¢ EE-chranéné glykaly 106 a 108 vznikaly jako smés osmi moznych diastereomert,
a proto bylo nutné najit jednoduchou a efektivni metodu pro urceni struktury pfipravenych
derivatu pomoci NMR experimenti. To se mi podatilo, pokud jsem glykaly 106, 108 a derivaty
Znich pfipravené¢ (114, 116) kompletné odchranil piimo v NMR kyveté pomoci
10% deuterované kyseliny octové (CD3COOD) v MeOH-dj.

Pro ovéfeni pouzitelnosti EE a MOP chranicich skupin, bylo nutné otestovat, zda je
mozné pripravené ,,cross-coupling® produkty 114-116 transformovat na pfislusné a- a B-C-
-glykosidy s konfiguraci gluko a galakto. To se mi opét podatilo za obdobnych podminek jako
v ptedchozich pracich (PFiloha 1V a V) a pfislusné C-glykosidy 117-119 byly ziskany v
dobrych celkovych vytézcich, které se pohybovaly v rozmezi 64-84 %. Problém nastal pouze
pfi transformaci pseudo-C-glykosidu 116 na pfislusny naftyl-a-C-glykosid, nebot’ pfi otevirani
oxiranového kruhu vznikal vzdy acyklicky derivat 120. B-C-Glykosidy 117 a 119 bylo mozné
pfipravit i z volnych naftyl-C-glykalti 121 a 122 opét v dobrych celkovych vytézcich. (Schéma
19)
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Schéma 19

V roce 2021 se mi podafilo publikovat novy synteticky piistup pfipravy (hetero)aryl-C-
-glykosidu, ktery znac¢né zjednodusuje vyuziti glykala (glykosyl donorti) pro aryla¢ni reakce
katalyzované pirechodnymi kovy, protoze umoznuje pfipravit piislusné C-analoga ptirodnich
glykosidil, bez nutnosti chranit reaktivni hydroxylové skupiny. (P¥iloha X)

Jak jiz bylo naznaceno vyse (viz P¥iloha 1X), MOP acetalové chranici skupiny D-
-glukala se ukazaly jako vhodné chranici skupiny, pro pfipravu raznych glykosyl donort. Proto
jsem pro ptipravu nového glykosyl donoru 124 vyuzil jiz diive pfipraveny MOP-D-glukal 107.
Ten byl nasledné pteveden za pouziti ekvivalentniho nadbytku t-BuLi na 1-lithiovany
meziprodukt, ktery reagoval s diisopropylsilylchloridem za vzniku derivatu 123. Po extrakci,
byl surovy 123 jemnou kyselou hydrolyzou transformovan na volny 1-diisopropylsilyl-D-glukal

124, ktery byl ziskan jako stabilni krystalicka latka v celkovém vytézku 93 %. (Schéma 20)

OMOP

OR
Q
MOPO/&) t-BuLi, THF _(Pr)pSiCH g /&
MOPO — 3 0]
107 -78 C—>O °C 5 Li| -78 °C, 30 min. RO = Si(iPr),H
1h

123 R = MOP

1% AcOH in H,O/THF (1:1) 124 R = H. 93% ze 107
= H, 93%

Schéma 20

Klicovym krokem syntézy C-glykosidi byla Pd-katalyzovana Hiyamova ,.cross-
-coupling® reakce nechranéného 1-diisopropylsilyl-D-glukalu 124 s riznymi aryl- a heteroaryl
halogenidy. Pro nelezeni optimalnich podminek Hiyamovy reakce® byl jako modelovy aryl
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halogenid pouzit 1-jodnaftalen 125a. Pocatecni studie zacala pouzitim katalyzatoru
[PdCI(allyl)2] a 1M roztoku tetrabutylamonium fluoridu (TBAF) v THF jako zdroje
fluoridovych anionti. Uplna konverze vychoziho materialu 124 na produkt 126a byla
pozorovana b&éhem 1 hodiny a reak¢ni podminky se jevily jako vyhovujici. Bohuzel,
problémem se stala purifikace produktu kvuli pfitomnosti tetrabutylamoniovych soli, které se
nepodafilo odstranit jak sloupcovou chromatografii na silikageld, tak ani pii ¢isténi pomoci
HPLC na reverzni fazi. Z tohoto diivodu bylo nutné najit vhodné&jsi zdroj fluoridovych aniontd.
Bylo zjisténo, ze nejvyssich vytézku arylace glukalu 124 a vzniku 1-naftyl-D-glukalu 126a je
mozné dosahnout pii pouziti tetrahydratu tetramethylamonium fluoridu (TMAF+4H20) za
katalyzy [PdCl(allyl)2] v DMF. (Obr. 18A).

A |

OH OH

OH
o TMAF+4H,0
HO -Hz HO Q )\ 1252 HO 0
HO D —_— HO ) — =

Si(iPr)2H pMF-d7

silon | Paciaiyn, HOT—~=
15 nin )\ DMF

124 127 16 h 126a
B T™S
124
127
Jk\——\’_’\’w_/L
05 00 05 1o i 20 25 30 s 4

15
29Si (ppm)

(03
16 29g;i
09
i
-;é 08 -
207 o
z 064 0
s o
2 Q
208 04 |
=
=
503 02 4
Q
[v'4
0.1 O Naftyl-l & 126a O Silanol 127 0 © Silanol 127
012 3 45 6 7 8 9 01 23 456 7 8 9
Cas [h] Cas [h]

Obrazek 18: Sledovani Hiyamovi reakce pomoci NMR. A: Reakéni schéma; B: Dekaplované 2°Si
NMR spektrum latky 124 (horni spektrum) a po ptidani TMAF+4H-0 (dolni spektrum); C: Kinetika
arylacniho kroku z 'H (vlevo) a ?°Si (vpravo) NMR dat
Pti sledovani reakce pomoci NMR, byla potvrzena i tloha derivatu silylhydridu jako

maskovaného silanolu a jeho hydrolyticka aktivace, ktera je klicovym mechanistickym krokem
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pro transmetalaci glykalové ¢asti na palladiu. Bylo totiz zji§téno, Ze piidavek hydratovaného
TMAF K roztoku latky 124 vede ke vzniku silanolu 127. Tato hydrolyza je pravdépodobné
urychlovana i pfitomnosti vody v TMAF+4H;0, protoze pokud jsem jako zdroj fluoridu pouzil
bezvody TMAF, Hiyamova arylace nebézela. (Obr. 18B a 18C)

Jak je naznaceno ve schématu 21, optimalizované reakéni podminky pro Hiyamovu
reakci 1-diisopropylsilyl-D-glukalu 124 byly otestovany pro rizné substituované (hetero)aryl
halogenidy a byly ziskany pfislusné pseudo-C-glukosidy 125a-n ve vytézcich, které se

pohybovaly v zavislosti na substituci aromatického jadra v rozmezi 25-96 %.

OH OH
Ar-l
HO 0 Hj\ [PdCI(ally)l,, TMAF*4H,0  Ho 0
HOA=Y, HO A=
! DMF, rt, 16 h Ar
124 )\ 126a-n
OH OH OH
HO 0 ‘ HO 0 OCH; HO 0
HO A= O HO XM= HO A=
126a, 81% OCHs 126c, 94% OBn
126a, 51% z Ar-Br 126b, 89%  OCH,
126a, <5% 126b, 54% z Ar-Br
OH OH OH
HO 0 HO 0 HO 0
HO A= HO A= HO A= S\_CH,
NO © L/
2 y 126f, 70%
126d, 68% 126e, 89% OCH;4 °
OH OH OH
F HaC
HO © HO 0 HO o °
HO A= = HO M= HO XM=
L
126g,25% N 126h, 64% 126i, <5% 1.
OH OH OH
HO Q F HO 0 HO
HO M= HO M= HO
. Br
126, 38% 126k, 56% 1261, 85% 0
Boc\N
OH OH H OCH3
HO HO 0
HO HO A=
o OEt
OH .
126m, 70% O OH 126n, 96%
HO
Schéma 21

Nasledné jsem se snazil ovéfit, zda je mozné pfipravené nechranéné ,,cross-coupling*

produkty s endocyklickou dvojnou vazbou i v tomto piipad¢ stereoselektivné transformovat na
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ptislusné C-glykosidy. Pro stereoselektivni ptipravu f-C-glykosidi 128a-d s D-gluko jsem opét

pouzil hydroboraci komplexem BH3. THF s naslednou bazickou oxidaci. (Schéma 22)

1. BHy THF OH
_THE o)
/b HOHB%/N

Ar 2.30% H,0, oH
126a-d 30% NaOH 128a-d
O oH OCH;,
OH
o OCH;
HO 0 O HO
HO HO
OH OH OCHj,
128a, 66% 128b, 46%
OH OH
OBn N02
OH OH
128c, 54% 128d, 50%
Schéma 22

Dale se ukazalo, ze katalyticka hydrogenace dvojné vazby vybranych ,,cross-coupling*
produkti 126b a 126h v pfitomnosti Adamsova katalyzatoru vede ke vzniku pouze B-C-
-glykosidt 129b a 129h s konfiguraci 2-deoxy-D-arabino. (Schéma 23)

OH OH
Ar EtOH HO
126b, 126h 129b, 129h
OCHj
OH
OCHs
HQ Q
OCHs
F
129b, 83% 129h, 79%
Schéma 23

Pouzitelnost nové nalezeného postupu byla ovéfena i pii dvoukrokové syntéze
celosvétoveé pouzivaného antidiabetika dapagliflozinu 3, ktery byl ziskan ve vysokém 79%
celkovém vytézku. (viz kap. 1.2.) Jak je naznaceno ve schématu 24, pfislusny ,,cross-couping*
produkt 126n (Schéma 21), byl bez nutnosti chranit reaktivni hydroxylové skupiny preveden

pfimo na dapagliflozin 3.
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Schéma 23

Pro tplnost jsem se rozhodl universalnost syntetického pfistupu ovéfit pfipravou i
dalich dvou analogt dapagliflozinu 129n a 132n. Pokud byl pseudo-C-glykosid 126n
podroben katalytické hydrogenaci v pfitomnosti Adamsova katalyzatoru byl ziskan B-analog
128n s konfiguraci 2-deoxy-D-arabino opét ve vysokém 88% vytézku. Pro pfipravu nového a-
analogu dapagliflozinu 132n jsem vyuzil stereoselektivni transformaci endocyklické dvojné
vazby latky 126n, ktera je podrobné popsana v publikacich (PFiloha IV a V). V tomto ptipadé
vsak bylo nutné nejprve ochranit volné hydroxylové skupiny, aby pfi nasledné oxidaci nedoslo
ke vzniku nezadoucich meziproduktii. Proto byl pseudo-C-glykosid 126n nejprve benzylovan,
za vzniku derivatu 130n. Nasledna epoxidace dvojné vazby a stereoselektivni otevieni
vzniklého epoxidu Super-hydridem® vedlo ke vzniku pseudo-a-anomeru 131n. Volny a-analog
dapagliflozinu 131n byl ziskan po katalytické debenzylaci za pouziti Pd(OH)./C. Vyhodou
pouziti tohoto katalyzatoru bylo, ze za téchto podminek nebyl pozorovan vznik nezéddouciho
produktu dehalogenace a piislusny a-analog 131n vznikal ve vysokém 86% vytézku.

Pokud porovname tento synteticky ptistup s diive diskutovanymi (P¥iloha 1V a 1X), tak
se mi opét podatilo zjednodusit syntézu C-glykosid, protoze C-analoga ptirodnich glykosida

bylo mozné pfipravit bez nutnosti chrénit reaktivni hydroxylové skupiny.
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3 ZAVER A VYHLED

Tato prace je zaméfena na vyvoj a optimalizaci stereoselektivnich metod pro pfipravu C-
-glykosidi a C-disacharidi. Jak bylo naznaceno v uvodni kapitole 1.4 pro syntézu téchto
stabilnich glykomimetik se obecné€ vyuzivaji dva syntetické postupy. Prvni spociva v piipojeni
vychoziho sacharidu na uhlikovy fetézec, ktery lze nasledné pouZit pro pfipojeni riznych
aglykonii (syntéza C-glykosidil) nebo se na ném vystavi druha monosacharidova jednotka (tzv.
de novo syntéza C-disacharidt). Této problematice je vénovana kapitola 2.1., ve které je
popsano:

1. vyuziti riznych a- a B-glykopyranosylpropenii pro stereoselektivni syntézu o- i f3-
-(1—>3)-C-disacharidi za pouziti hetero-Dielsovy-Alderovy reakce s chiralnimi
vinylethery

2. Vramce spoluprace na evropském projektu CARMUSYS byly otestovany piipravené
C-glykosidy, C-disacharidy a cukerné glykodenrimery na afinitu k DC-SIGN receptoru

3. wvyuziti téchto cukernych synthont (glykopyranosyl propent) pro syntézu C-glykosida
za vyuziti ,,cross-metateze* s riznymi alkeny.

Kapitola 2.2, je vénovana druhému syntetickému piistupu, ktery je zalozen na spojeni jedné

cukerné jednotky s aglykonem (C-glykosidi) nebo druhou cukernou jednotkou (C-

-disacharidll). Uvedené prace popisuji:

1. vyvoj nové modularni metody pro stereoselektivni syntézu a- a f-C-glykosidi za
vyuziti Suzukiho-Miyaurovy sp2-sp? , cross-coupling® reakce

2. prvni aplikace Suzukiho-Miyaurovy sp?-sp® ,cross-coupling” reakce pro
stereoselektivni ptipravu a- a f-(1—2)-C-disacharidt

3. vyuziti novych ethoxyethyl a methoxypropyl acetalovych chranicich skupin pro
ptimou a stereoselektivni syntézu a- a B-aryl-C-glykosida

4. vyvoj jednoduché syntézy C-glukosidi za vyuziti Hiyamovi ,,cross-coupling®
reakce bez chranicich skupin

Vedle vyvoje téchto syntetickych postupti, byly vybrané metody aplikovany i pro ptipravu
ptirodnich latek (bergeninu a cukerné ¢asti papulacandinu D) a celosvétove pouzivaného 1é€iva
dapagliflozinu v¢etn¢ jeho dvou analogi. Nalezené metody se snazim dale rozvijet. Diky tomu,
Ze jsem se stal ¢lenem tymu orientovaného na hledani stabilnich glykomimetik inhibujicich

galektiny, zacal jsem se vénovat i syntéze S- a N-glykomimetik. Vedle aplikace znamych
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syntetickych postupli je mym planem pii vyzkumu vyuzit v soucasnosti se rozvijejici

fotokatalyzu.
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5 SEZNAM ZKRATEK
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AIBN
aqg.

Ar

Bn
B(pin)
Bu
COD
CRD

dba
DMAP
DMDO
DME
DMF
DMP
DMSO
EE
ekv.
EtsN (TEA)
fod
HDA
HG-II
ICs

iPr
L-selektrid
mCPBA
Me

MOP

Ms

acetyl

2,2'- azobisisobutyronitril

vodny roztok

aryl

benzyl

pinakol-boronat

butyl

1,5-cyklooktadien

sacharid rozpoznavajici doména (carbohydrate recognition
domain)

dibenzylidenaceton

N,N-dimetylpyridin-4-amin

dimethyldioxiran

1,2-dimethoxyethan

N,N-dimethylformamid

Dess-Martinovo ¢inidlo

dimetylsulfoxid

ethoxyethyl

ekvivalent

triethylamin
6,6,7,7,8,8,8-heptafluor-2,2-dimethyl-3,6-oktandionat
hetero-Dielsova-Alderova reakce

katalyzator Hoveyda-Grubbs 2. generace

polovi¢ni maximalni inhibi¢ni koncentrace (half maximal
inhibitory concentration)

isopropyl

lithium tri-sek-butylborohydrid lithny

kyselina m-chlorperoxybenzoova

methyl

methoxypropyl

mesyl, methansulfonyl
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NBS

NIS

NMR

NOE

Ph

Py.
Super-hydrid
p-TsOH
TBA

TMA
TBDMS, TBS
TBDPS

Tf

TIPS

THF

X-ray

N-bromsukcinimid
N-jodsukcinimid

nuklearni magneticka rezonance
nuklearni Overhauserav efekt
fenyl

pyridin

lithium triethylborohydrid
p-toluensulfonova kyselina
tetrabutylamonium
tetramethylamonium
tert-butyldimetylsilyl
tert-butyldifenylsilyl
trifluormethansulfonat
triisopropylsilyl
tetrahydrofuran

krystalografickd analyza
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The diastereomeric substituted 2H-dihydropyran derivatives 2b and 3b were obtained by the
stereoselective cycloaddition of (E)-4-(tetra-O-benzyl-o-p-galactopyranosyl)-1-(thiazol-2-y1)but-
2-en-1-one (1) with either of the enantiomeric chiral vinyl ethers (R)-4 or (5)-4. Reduction of
the ester group, transformation of the thiazole ring into an aldehyde group and reaction
with an excess of borane afforded the final C-(1—3)-disaccharide structures. The obtained
C-(1—3)-disaccharides, containing an - or p-deoxy-arabino-hexopyranose molety at the re-
ducing end, were characterized as peracetylated methyl glycosides 9a, 9b and 12a, 12b.
Keywords: C-Disaccharides; Stereoselective synthesis; Saccharide chemistry.

As a result of their great structural variability, saccharides represent very
suitable “structural units” for the construction of the so-called sugar codes’.
The interactions of sugar codes with protein receptors play a key role in
cell/cell or cell/pathogen communication and, inter alia, even control such
important processes as cell adhesion, fertilization, inflammation, immune
response and cancer metastasis. A deeper understanding of molecular details
of these recognition processes has led to the discovery of various saccharide
derivatives of significant therapeutic potential?. However, the search for
new carbohydrate-based therapeutics or vaccines is often complicated by
the fact that oligosaccharides used in forming the sugar codes are labile
compounds in vivo, because they undergo hydrolysis by ubiquitous
glycosidases. The solution to this problem may rest in the use of stable car-
bohydrate mimicks, such as C-disaccharides, which nominally preserve the
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structural information of natural disaccharides but are chemically as well as
enzymatically non-hydrolyzable®.

Recently we described a short and efficient synthesis of o-C-(1—3)-di-
saccharides in which D-glucopyranose was linked to an L- or D-2-deoxy-
arabino-hexopyranose moiety*. Later on, we found that the stereoselectivity
of the key step in our synthesis, namely the cycloaddition of the substi-
tuted oxadiene with ethyl vinyl ether, can be markedly increased by the use
of chiral vinyl ethers. This has made possible the facile stereoselective prep-
aration of further C-(1—3)-disaccharide derivatives®. As an example of this
approach we now report the preparation of previously unknown
disaccharide mimetics, in which the a-D-galactopyranosyl moiety is linked
by a methylene bridge to C-3 of an L- or D-2-deoxy-arabino-hexopyranose.
The a-D-galactopyranosyl moiety, attached by a (1—3) glycosidic bond to
the oligosaccharide chain, is present as the terminal monosaccharide, e.g.,
in the B blood group antigen and in the so-called a-galactosyl epitope,
which is responsible for the hyperacute rejection of organs in xenotrans-
plantation®. The synthesized compounds represent non-hydrolyzable
mimetics of this structural motif, and further synthetic transformations of
the deoxy-arabino-hexopyranose ring (i.e., via the corresponding glycals)
make possible their linkage into oligosaccharide chains and the synthesis of
non-hydrolyzable analogs of natural epitopes. A stereoisomeric compound,
2,3-dideoxy-3-C-[(B-D-galactopyranosyl)methyl]D-Iyxo-hexopyranose, was re-
cently prepared from isolevoglucosen, using a longer and more laborious
procedure’.

Using our original procedure?, the reaction of (E)-4-(tetra-O-benzyl-
a-D-galactopyranosyl)-1-(thiazol-2-yl)but-2-en-1-one (1) with ethyl vinyl
ether led to a 1:1 mixture of two diastereomeric endo cycloadducts 2a and
3a which were inseparable by preparative chromatography (Scheme 1).

B0 /OB rO&t 5L R
n n
| Bn Bn ’4\5 8n0
BnO NS o e Ny
B0\ Eu(fod)s, CHCl,  BaO + Et
Br & £
t
’ &
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SCHEME 1
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On the contrary, cycloaddition with the enantiopure vinyl ethers (R)-4
and (S)-4, easily obtainable from the cheap and commercially accessible en-
antiomers of mandelic acid, was highly stereoselective®. The reaction with
enantiomer (R)-4 afforded almost pure cycloadduct 2b, while the reaction
with enantiomer (5)-4 led to almost pure cycloadduct 3b (Scheme 2).

BnO OBn
COOCH;
Ir BnO
Ph 8n0O

I P
1 —<  Euifod); CH,CL, 2b

o
0. COCCH BnO LOBn
N~ 3 X N
| 2
Ph BnO 5 =
(S)-4 OvCOOCH3
H
3b Ph

SCHEME 2

Unfortunately, preliminary experiments demonstrated that the subse-
quent transformation of the thiazole ring in cycloadducts 2b and 3b into
an aldehyde functionality (unlike the similar conversion in cycloadducts 2a
and 3a) proceeded with problems. The desired aldehydes were obtained in
only low yields and were accompanied by other unidentified compounds.
Originally, we intended to circumvent this synthetic problem by replacing
the chiral moiety of mandelic acid in cycloadducts 2b and 3b with simpler
substituents (e.g., methoxy or ethoxy). However, all such attempts led only
to mixtures of several compounds. The attempted acid-catalyzed trans-
glycosidation was probably accompanied by cleavage of the unsaturated
dihydropyran ring and subsequent decomposition of the intermediates.

To avoid this problem, we reduced the ester group in cycloadducts 2b
and 3b with LiAlH, and protected the resulting primary alcohols by
benzylation (Scheme 3). The benzyl ethers 5 and 6 then underwent trans-
formation of the thiazole ring to an aldehyde in the usual manner without
difficulty. Compound 5 gave pure aldehyde 7 (yield 70%) which, on reac-
tion with excess of borane and benzylation of the newly generated hydroxy
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Synthesis of (1—3)-C-disaccharides
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groups, afforded the desired structure, C-disaccharide 8, as the sole reaction
product. Although the mass spectrum of the compound obtained agreed
with the assumed structure 8, it was not possible to confirm the relative
configuration of the new deoxypyranose directly from its complex !H NMR
spectrum. However, the chiral aglycon was easily exchanged by treatment
of compound 8 in tetrahydrofuran with methanolic solution of HCI, the re-
action afforded a mixture of only two anomers, which, after exchange of
the benzyl protecting groups for acetates, was characterized as a mixture of
the peracetyl methyl glycosides 9a and 9b. As determined from the NMR
spectra, the anomeric methyl glycosides 9a and 9b were formed in the 4:1
ratio (as estimated by integration of the 'H NMR signals of the methoxy
group at 3.27 ppm in the major anomer and at 3.41 ppm in the minor
one). The coupling constants of the major anomer 9a unequivocally show
that the substituents on carbon atoms 4 and 5 of the new deoxyhexo-
pyranose are in the equatorial positions ( J(H-4,H-5) = 9.9 Hz). The configu-
rations of the remaining carbon atoms in this compound were determined
using NOE experiments: a marked NOE was observed between protons H-3
and H-5, but there was no interaction with proton H-1. On the contrary,
protons H-3 and H-5 showed a strong NOE with the methoxy group in the
anomeric position. These results confirm that the substituents at positions
3, 4 and 5 are equatorial whereas the anomeric methoxy group is axial. This
means that the major stereoisomer 9a is the a-methyl glycoside of the sub-
stituted 2-deoxy-arabino-hexopyranose. As follows from the coupling con-
stants of the 'H NMR spectrum of the minor anomer 9b, the substituents
on carbon atoms 1, 4 and 5 of this deoxyhexopyranose are in equatorial po-
sition (J(H-1,H-2ax) = 9.4 Hz, J(H-1,H-2eq) = 1.8 Hz, J(H-4,H-5) = 9.6 Hz).
Moreover, the spectrum of this anomer displayed marked NOEs between
protons H-1, H-3 and H-5; thus confirming that in this case all the substitu-
ents are equatorial and thus 9b is the B-methyl glycoside of the substituted
2-deoxy-arabino-hexopyranose. Since the absolute configuration of the
starting compound 2b was unequivocally determined by X-ray diffraction
in our previous study®, the deoxy-arabino-hexopyranose in methyl
glycosides 9a and 9b must have the L-configuration.

Using the same reaction scheme as above, we converted the diastereo-
isomeric compound 6 into aldehyde 10, which, via intermediate 11 (in this
case not isolated), was converted into a mixture of peracetylated methyl
glycosides 12a and 12b. The NMR spectra of the obtained mixture of 12a
and 12b were almost identical with those of compounds 9a and 9b. Also in
this case, the two methyl glycosides were formed in the ca. 4:1 ratio (as
determined by integration of 'H NMR signals of OMe at 3.34 ppm for the
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major anomer and at 3.49 ppm for the minor one). As in the preceding
case, the interaction constants and NOE experiments unequivocally con-
firm that the major stereoisomer 12a is the a-methyl glycoside of the sub-
stituted 2-deoxy-arabino-hexopyranose whereas the minor stereoisomer 12b
is the B-methyl glycoside. As follows from the absolute configuration® of
the starting compound 3b, the new deoxy-arabino-hexopyranose in the
methyl glycosides 12a, 12b must have the D-configuration.

In conclusion, we have demonstrated that stereoselective cycloaddition
of the enantiomeric vinyl ethers (R)-4 and (S)-4 with the suitably substi-
tuted oxadiene 1 enables a facile and simple preparation of the previously
unknown (1—3)-disaccharide mimetics, containing an o-D-galactopyra-
nosyl moiety at the non-reducing end and a 2-deoxy-arabino-hexopyranose
moiety of L- or D-configuration at the reducing end. Compounds 12a and
12b may serve as precursors for the synthesis of non-hydrolyzable
glycoprotein or glycolipid epitopes containing the a-D-galactopyranosyl-
(1—-3)-structural motif.

EXPERIMENTAL

The synthesis of compounds 2b and 3b has already been described in our previous paper®.

The melting points are uncorrected. TLC was performed on HF,., plates (Merck), detec-
tion was by UV light or by spraying with a solution of Ce(SO,),(H,0), (5 g) in 10% H,SO,
(500 ml) and subsequent heating. Flash column chromatography was performed on silica gel
(MERCK, 100-160 pm) in solvents, distilled prior to use. Optical rotations were measured at
25 °C on a JASCO DIP-370 spectropolarimeter. 'H and '*C NMR spectra were taken on a Bruker
DRX 500 Avance spectrometer at 500.132 MHz ('H NMR) and at 125.767 MHz ('*C NMR)
using tetramethylsilane as Internal standard. Chemical shifts in the 'H and '*C NMR spectra
are given in ppm (8-scale), coupling constants (J) in Hz. 'H and '3C NMR signal assignments
were confirmed by 2D COSY and HMQC when necessary. NOE connectivities were obtained
using the 1D 'H DPFGSE-NOE experiment. For numbering of atoms see Scheme 3. Mass
spectra and HPLC were performed on a 250 x 4.6 mm column packed with 5 pm Supelco BDS
Hypersil C-18, mobile phase methanol-water, using an HP 1100 instrument equipped with a
gradient pump, column thermostat, and in addition to a UV detector, also with an Agilent
G1956B single quadrupole system as an MS detector.

(25,45)-2-[(2R)-2-(Benzyloxy)- 1-phenylethoxy]-4-[(2,3,4,6-tetra-O-benzyl-c-p-galacto
pyranosyl)methyl]-6-(thiazol-2-y1)-3,4-dihydro-2H-pyran (5)

Lithium aluminum hydride (0.3 g, 7.95 mmol) was added portionwise under nitrogen to a
solution of compound 2b (2.3 g, 2.65 mmol) in tetrahydrofuran (50 ml), cooled to 0 °C, and
the reaction mixture was stirred at room temperature for 2 h. The mixture was then
quenched by the cautious addition of 1 m NaOH (5 ml), the solid salts were removed by fil-
tration and the filtrate was taken down. The residue was partitioned between ethyl acetate
and water. The organic phase was dried, the solvent evaporated and the residue flash-
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chromatographed on a short column of silica gel in petroleum ether-ethyl acetate (5:1). A
solution of the obtained alcohol (2.1 g, R, 0.4 in petroleum ether-ethyl acetate (2:1), m/z
841.8 [M + H]") in tetrahydrofuran (60 ml) was stirred with NaH (0.2 g, 5 mmol; 60% sus-
pension in mineral oil) at room temperature for 1 h. Benzyl bromide (0.49 ml, 3.75 mmol)
and tetrabutylammonium fodide (0.23 g, 0.63 mmol) were added, and the reaction mixture
was stirred at 40 °C for 15 min and then at room temperature for 14 h. After the addition of
methanol (3 ml), the solvent was evaporated in vacuo and the residue was partitioned be-
tween dichloromethane and saturated solution of NaHCO,. The organic phase was dried and
then evaporated. The residue was chromatographed on silica gel in petroleum ether-ethyl
acetate (4:1). Yield 1.97 g (80%) of compound 5. R; 0.65 (petroleum ether-ethyl acetate 2:1).
], +52.2 (c 1.02, CHCL,). "H NMR (CDCL): 1.78 m, 1 H (H-1"a); 1.92 ddd. 1 H, J(3ax.3eq) =
13.7. J(3ax.4) = 6.8, J(3ax.2) = 6.8 (H-3ax): 2.00 ddd, 1 H, J(1"a.1”b) = 15.1, J(1”b,1") = 10.3,
J(1”b,4) = 5.5 (H-1"b); 2.24 ddd. 1 H, J(3eq,3ax) = 13.7, J(3eq.4) = 6.6, J(3eq.2) = 1.4 (H-3eq):
2.62 m, 1 H (H-4): 3.59-3.75 m, 5 H (BnOCH,CHPh, H-2', H-3’, H-6a): 3.92 m, 1 H (6b);
4.02m, 1 H (H4): 411 m. 1 H (H-5); 4.25 bd, 1 H, J(1”b,1) = 10.3 (H-1: 4.47-4.80 m, 10 H
(5 x OCH,Ph); 5.00 dd, 1H, J = 8.1, 3.6 (BnOCH,CHPh): 5.50 dd, 1 H, J(2.3eq) = 1.4, J(2.3ax) =
6.8 (H-2): 6.01 d, 1 H, J(54) =34 (H-5);7.12d, 1 H, J = 3.2 (H-thiazole); 7.19-7.41 m, 30 H
(6 x Ph); 7.71 d, 1 H, J = 3.2 (H-thiazole). '*C NMR (CDCl,): 27.61 (C-4), 34.15 (C-17), 34.17
(C-3). 67.61 (C-6), 72.40 (C-1'), 72.95, 73.07, 73.27. 73.34, 73.52 (5 x OCH,Ph), 74.35,
76.78, 77.01, 77.24 (C-2’, C-3", C-4’, C-5'), 76.92 (BnOCH,CHPh), 81.16 (BnOCH,CHPh),
100.78 (C-2), 103.76 (C-5), 118.49 (CH-thiazole), 126.56-128.29 (25 x CgH.). 138.16, 138.32,
138.41, 138.50, 139.75 (5 x ipso CgH;), 142.79 (CH-thiazole): 143.58 (C-6) 164.46 (C-2
thiazole). For C,gH_(NOS calculated relative molecular mass 930.16. MS (ESI), m/z: 931.4
[M + H]".

(25,45)-2-[(2R)-2-(Benzyloxy)-1-phenylethoxy]-4-[(2,3.4.6-tetra-O-benzyl-a-p-galacto
pyranosyl)methyl]-6-formyl-3.4-dihydro-2H-pyran (7)

Molecular sieves (4A, 1.5 g) were added to a solution of compound 5 (1.5 g, 1.6 mmol) in
acetonitrile (10 ml), and methyl triflate (0.24 ml, 2.1 mmol) was added dropwise. After
stirring at room temperature for 15 min, methanol (3 ml) was added and the solvent was
evaporated in vacuo. The residue was treated with methanol (20 ml) and then NaBH, (0.20 g,
5.2 mmol) was added in portions. After stirring at room temperature for 15 min, acetone (5 ml)
was added, the reaction mixture was filtered through Supercel and the filtrate was evapo-
rated in vacuo. The residue was dissolved in acetonitrile (15 ml) and a solution of AgNO,
(0.41 g 2.4 mmol) in water (1.5 ml) was added under vigorous stirring. After stirring for 10 min,
phosphate buffer (10 ml, pH 7) was added and after an additional 10 min the acetonitrile
was evaporated in vacuo and the residue was partitioned between dichloromethane and
phosphate buffer (pH 7). The organic phase was dried and evaporated. The resulting residue
was flash-chromatographed through a short column of silica gel in petroleum ether-ethyl
acetate (4:1). Yield 1.14 g (70%) of aldehyde 7, R; 0.4 (petroleum ether-ethyl acetate 3:1).
[@], +33.6 (c 1.03, CHCL,). 'H NMR (CDCl,): 1.92-2.07 m, 4 H (H-1"a, H-1"b, H-3ax,
H-3eq): 2.57 m, 1 H (H-4); 3.54-3.65 m, 3 H (BnOCH,CHPh, H-6a); 3.71-3.78 m, 2 H (H-2',
H-3): 3.87 m, 1 H (H-6b"); 3.99 m, 1 H (H-4"); 4.02-4.10 m, 2 H (H-1’, H-5"); 445-4.77 m, 10 H
(5 x OCH,Ph); 494 dd, 1 H, J = 8.0, 3.4 (BnOCH,CHPh); 5.56 m, 1 H (H-2): 5.81 d, 1 H,
J(5.4) = 4.2 (H-5), 7.14-7.37 m, 30 H (6 x Ph); 8.74 5, 1 H (CHO). '*C NMR (CDCL,): 26.54
(C-4), 32.11 (C-17), 32.15 (C-3), 67.68 (C-6), 72.01 (C-1), 72.8, 73.04, 73.21, 73.24, 73.34 (5 x
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OCHzPh). 74.31, 76.78, 77.01, 77.26 (C-2', C-3’, C-4’, C-5'), 76.84 (BnOCHzCHPh). 79.60
(BnOCHZCHPh). 98.30 (C-2), 125.66 (C-5), 127.39-128.36 (25 x CGHS). 138.13, 138.20,
138.38, 139.47, 139.34 (5 x ipso CgH,), 148.72 (C-6), 186.40 (CHO). For CyH O, calculated
relative molecular mass 875.05. MS (ESI), m/z: 876.1 [M + H]".

(2R)-2-(Benzyloxy)-1-phenylethyl 2,3-Dideoxy-3-C-[(2,3.4,6-tetra-O-benzyl-o-p-galacto
pyranosyl)methyl]-4,6-di-O-benzyl-p-L-arabino-hexopyranoside (8)

A 2 m solution of BH;-Me,S in tetrahydrofuran (2.1 ml, 4.1 mmol) was added dropwise to a
cool (0 °C) solution of aldehyde 7 (1.03 g, 1.18 mmol) in tetrahydrofuran (35 ml) and the
reaction mixture was stirred at room temperature for 16 h. The mixture was quenched by
the gradual addition of 30% NaOH (2.2 ml) and 30% H,0, (2.2 ml), and stirred at room
temperature for 30 min. The reaction mixture was partitioned between dichloromethane
and a saturated aqueous NaCl solution. The organic phase was dried and evaporated in
vacuo. The residue was dissolved in tetrahydrofuran (20 ml) and stirred with NaH (60% sus-
pension in mineral ofl; 0.21 g, 5.3 mol) at room temperature for 1 h. Benzyl bromide (0.56 ml,
4.7 mmol) and tetrabutylammonium lodide (0.13 g, 0.35 mmol) were added, and the reac-
tion mixture was heated to 40 °C for 15 min. After stirring at room temperature for 14 h,
methanol (3 ml) was added and the solvent was evaporated in vacuo. The residue was par-
titioned between dichloromethane and a saturated solution of NaHCO,. The organic layer
was dried, evaporated in vacuo, and chromatographed on silica gel in petroleum ether-ethyl
acetate (5:1). Yield 1 g (79%) of compound 8, R 0.4 (petroleum ether-ethyl acetate 3:1). [o]
+45.6 (c 0.26, CHCL,). '"H NMR (CDCLy): 1.31-1.55 m, 2 H (H-1"a, H-2ax); 2.02-2.35 m, 3 H
(H-1"b, H-2eq, H-3): 3.40 m, 1 H (H-5), 3.49-3.58 m, 2 H (BnOCH,aCHPh, H-6a); 3.60-3.79 m,
6 H (BnOCH,bCHPh, H-2’, H-3', H-6a, H-6b, H-5): 3.86 m, 1 H (H-6'b): 3.97 m, 1 H (H-4"):
4.10m, 1 H (H-57: 4.15m, 1 H (H-1"; 4.34-4.84 m, 15 H (7 x OCH,Ph, H-1): 493 dd, 1 H,
J =82, 3.5 (BnOCH,CHPh); 7.10-7.43 m, 40 H (8 x Ph). 3¢ NMR (CDCL): 29.70 (C-17),
35.44 (C-3), 35.68 (C-2), 69.35 (C-6'), 69.58 (C-6), 71.27 (C-1"), 72.85, 72.99, 73.05,
73.18, 73.36, 73.43, 73.53 (7 x OCH,Ph), 74.18, 74.26, 74.49 (C-2’, C-3', C-4'), 7T4.72
(BnOCH,CHPh), 76.79 (C-5), 76.85 (C-5"), 78.32 (C-4), 78.36 (BnOCH,CHPh), 93.90 (C-1),
127.18-128.46 (40 x CgH,), 138.11, 138.22, 138.26, 138.29, 138.32, 138.41, 138,51, 138.53 (B x
ipso C;H,). For C,H, 0, calculated relative molecular mass 1075.33. MS (ESI), m/z: 1076.6
[M + HJ".

Methyl 2.3-Dideoxy-3-C-[(2.3.4,6-tetra-O-acetyl-u-p-galactopyranosyl) methyl]-
4,6-di-O-acetyl-«-1L-arabino-hexopyranoside (9a) and

Methyl 2.3-Dideoxy-3-C-[(2,3,4,6-tetra-O-acetyl-u-p-galactopyranosyl) methyl]-
4,6-di-O-acetyl-B-L-arabino-hexopyranoside (9b)

Methanol (30 ml) and 3 m HCI (3.6 ml) were successively added to a solution of compound
8 (0.6 g, 0.56 mmol) in tetrahydrofuran (15 ml) and the reaction mixture was stirred at
room temperature for 23 h. A saturated solution of NaHCO, (10 ml) was added cautiously
and the resulting mixture was concentrated in vacuo. The residue thus obtained was parti-
tioned between dichloromethane and a saturated solution of NaHCO,. After drying and
evaporation of the solvent, the residue was chromatographed on silica gel in petroleum
ether-ethyl acetate (8:1). The obtained mixture of methyl glycosides (425 mg), R 0.3 (petro-
leum ether-ethyl acetate 3:1), m/z 879.4 [M + H]", was dissolved in methanol (10 ml) and
hydrogenated over Pd/C (10%:; 100 mg) at room temperature for 2 h. The catalyst was re-
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moved by filtration, the solvent was evaporated and the residue dissolved in pyridine (2 ml).
Acetic anhydride (2 ml) was added and the mixture was stirred at room temperature for 1 h.
The reaction mixture was poured onto ice and then partitioned between water and ethyl
acetate. The organic phase was dried and evaporated in vacuo. Chromatography of the resi-
due on silica gel in petroleum ether-ethyl acetate (2:1) afforded 248 mg (75%) of product as
a mixture of two anomers 9a and 9b in the ratio 4:1. R 0.7 (petroleum ether-ethyl acetate
2:1).

Anomer 9a: 'H NMR (CDCL): 1.37 m, 1 H (H-1"a); 1.49-1.58 m, 2 H (H-2ax, H-1"b); ca.
1.95 m, overlapped by Ac, 1 H (H-2eq): 1.95s, 3 H (1 x Ac); 1.98 5, 3H (1 x Ac): 2.00s, 3 H
(1 x Ac); 2.01s, 3H (1 x Ac);: 2.02s, 3 H (1 x Ac): 2.05s, 3 H (1 x Ac); 2.19 m, 1 H (H-3);
3.27 s, 3 H (OCH,): 3.77 ddd, 1 H, J(5.6a) = 2.3, J(5,6b) = 4.8, J(5.4) = 9.9 (H-5); 3.91dd. 1 H,
J(6a,5) = 2.3, J(6a,6b) = 12.1 (H-6a); 3.93-4.03 m, 2 H (H-5, H-6a"); 4.13-4.16 m, 2 H (H-1’,
H-6b"): 4.18 dd, overlapped, 1 H, J(6b.5) = 4.8, J(6b,6a) = 12.1 (H-6b): 4.61-4.71 m, 2 H (H-1,
H-4); 5.04 dd, 1 H, J(3".4") = 3.2, J(3".2) = 9.6 (H-3'); 5.10 dd, 1 H, J(2'.1) = 5.0, J(2'.3') = 9.6
(H-2): 5.31 dd, 1 H, J(4.3) = 3.2, J(4,5) = 5.5 (H-4). '>C NMR (CDCl;): 20.48, 20.57, 20.62,
20.63, 20.74. 20.76 (6 x CH,CO), 28.22 (C-1"), 32.33 (C-3), 36.07 (C-2), 54.36 (OCH,). 61.67
and 62.73 (C-6 and C-6"), 67.48 and 67.57 (C-3’ and C-4"), 68.02 and 68.22 (C-2’ and C-5),
68.53 (C-5), 71.35 (C-19), 71.94 (C-4), 97.46 (C-1), 169.82, 169.88, 169.96, 170.43, 170.60,
170.74 (6 x CH,CO). For C, H, 0, calculated relative molecular mass 590.57. MS (ESI), m/z:
591.3 [M + HJ".

Anomer 9b: 'H NMR (CDCL): 1.82 m, 1 H (H-3); 3415, 3 H (OCH;): 3.49 ddd, 1 H, j(5,6a) =
2.5, J(5.6b) = 4.9, j(4.5) = 9.6 (H-5); 4.35 dd. 1 H, J(1.2ax) = 9.4, J(1.2eq) = 1.8 (H-1), other
resonances are overlapped by signals of the major isomer. For C,;H;.0, . calculated relative
molecular mass 590.57. MS (ESI), m/z: 591.3 [M + HJ".

(2R.4R)-2-[(25)-2-(Benzyloxy)-1-phenylethoxy]-4-[(2,3.4,6-tetra-O-benzyl-o-p-galacto
pyranosyl)methyl]-6-(thiazol-2-yl)-3.4-dihydro-2H-pyran (6)

Compound 3b (5 g) was treated in the same manner as described for the preparation of
compound 5, ylelding 4.235 g (79%) of compound 6, R 0.45 (petroleum ether-ethyl acetate
3:1). [o]p +29.5 (¢ 1.0, CHCL). 'H NMR (CDCL): 1.73 m, 1 H (H-17a); 1.87 ddd, 1 H,
J(3ax,3eq) = 13.7, J(3ax.4) = 6.9, J(3ax.2) = 6.9 (H-3_): 1.95 ddd, | H, J{1”a.1”b) = 15.2,
J(1”b.1") = 10.3, J(1”b.4) = 5.4 (H-1”b); 2.19 ddd. 1 H, J(3eq.3ax) = 13.7, J(3eq.4) = 6.8,
J(3eq.2) = 1.2 (H-3eq); 2.62 m, 1 H (H-4): 3.59-3.75 m, 5 H (BnOCH,CHPh, H-2', H-3",
H-6a"): 3.87 m, 1 H (H-6b); 3.98 m, 1 H (H-4): 4.06 m, 1 H (H-5"): 4.20 bd, 1 H, J(1”b,1") =
10.3 (H-1'); 4.45-4.75 m, 10 H (5 x OCH,Ph): 495 dd, 1 H, J = 7.9, 3.4 (BnOCH,CHPh);
5.45dd, 1 H, J(2.3eq) = 1.4, J(2.3ax) = 6.8 (H-2): 6.01 d, 1 H, J(5.4) = 3.2 (H-5);: 7.12d, 1 H,
J = 3.1 (H-thiazole); 7.19-7.35 m, 30 H (6 x Ph); 7.66 d, 1 H, J = 3.1 (H-thiazole). '°C NMR
(CDCL,): 27.65 (C-4), 34.15 (C-17), 34.17 (C-3), 67.61 (C-6", 72.40 (C-1’), 72.95, 73.07,
73.27, 73.34, 73.52 (5 x OCH,Ph), 74.35, 76.78, 77.01, 77.24 (C-2', C-3', C-4’, C-5'), 76.92
(BnOCH,CHPh), 81.16 (BnOCH,CHPh), 100.78 (C-2), 103.76 (C-5), 118.49 (CH-thiazole),
126.56-128.29 (25 x C H;), 138.16, 138.32, 138.41, 138.50, 139.75 (5 x ipso CH;), 142.79
(CH-thiazole), 143.58 (C-6), 164.46 (C-2 thiazole). For C_gH_ NO.S calculated relative mo-
lecular mass 930.16. MS (ESI), m/z: 931.4 [M + H]".
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(2R.4R)-2-[(25)-2-(Benzyloxy)-1-phenylethoxy]-4-[(2,3.4,6-tetra-O-benzyl-o-p-galacto
pyranosyl)methyl]-6-formyl-3,4-dihydro-2H-pyran (10)

Compound 6 (2.25 g) was treated in the same manner as described for the preparation of
compound 7, yielding 1.60 g (75%) of aldehyde 10, Ry 0.4 (petroleum ether-ethyl acetate
3:1). [a]p + 23.8 (c 0.92, CHClg). 'H NMR (CDCl3): 1.90-2.06 m, 4 H (H-1"a, H-1"b, H-3ax,
H-3eq); 2.57 m, 1 H (H-4); 3.50-3.65 m, 3 H (BnOCH,CHPh, H-6a’); 3.73-3.80 m, 2 H (H-2’,
H-3"): 3.87 m, 1 H (H-6b); 3.99 m, 1 H (H-4); 4.02-4.11 m, 2 H (H-1", H-5); 4.45-4.75 m,
10 H (5 x OCH,Ph); 4.94 dd, 1 H, J = 8.1, 3.5 (BnOCH,CHPh); 5.56 m, 1 H (H-2); 5.81 d,
1 H, J(5.4) = 4.2 (H-5); 7.12-7.40 m, 30 H (6 x Ph): 8.74 5, 1 H (CHO). '3C NMR (CDCly):
26.54 (C-4), 32.11 (C-1"), 32. 15 (C-3), 67.68 (C-6"), 72.01 (C-1"), 72.8, 73.04, 73.21, 73.24,
73.34 (5 x CH,Ph), 74.31, 76.78, 77.01, 77.26 (C-2’, C-3", C-4’, C-5"), 76.84 (BnOCH,CHPh),
79.60 (BnOCH,CHPh), 98.30 (C-2), 125.66 (C-5), 127.39-128.36 (25 x CgHs). 138.13,
138.20, 138.38, 139.47, 139.34 (5 x ipso CgHs), 148.72 (C-6), 186.40 (CHO). For CsgHs50¢4
calculated relative molecular mass 875.05. MS (ESI), m/z: 876.1 [M + H]".

Methyl 2.3-Dideoxy-3-C-[(2,3.4.6-tetra-O-acetyl-u-p-galactopyranosyl) methyl]-
4,6-di-O-acetyl-u-p-arabino-hexopyranoside (12a) and

Methyl 2.3-Dideoxy-3-C-[(2,3,4,6-tetra-O-acetyl-u-p-galactopyranosyl)methyl]-
4,6-di-O-acetyl-B-p-arabino-hexopyranoside (12b)

Compoud 10 (1.60 g) was treated in the same manner as described for the preparation of
compound 8, ylelding compound 11 (1.69 g), Ry 0.45 (petroleum ether-ethyl acetate 3:1),
m/z 1076.6 [M + H]", which was immediately processed as described for the preparation of
compounds 9a and 9b, ylelding 650 mg (60%) of a mixture of anomers 12a and 12b in the
ratio 4:1, Rp 0.7 (petroleum ether-ethyl acetate 2:1).

Anomer 12a: 'H NMR (CDClg): 1.47 m, 1 H (H-1"a); 1.56-1.66 m, 2 H (H-2ax, H-1"b); ca.
2.00 m, overlapped by Ac. 1 H (H-2eq): 2.02s, 3 H (1 x Ac); 2.05s, 3 H (1 x Ac): 2.06s,3 H
(1 x Ac); 2.07 s, 3H (1 x Ac): 2.08 s, 3 H (1 x Ac): 2.12s, 3 H (1 x Ac); 2.26 m, 1 H (H-3):
3.34 5, 3 H (OCH,): 3.84 ddd, 1 H, j(5,6a) = 2.1, J(5,6b) = 4.6, J(5.4) = 9.7 (H-5); 3.99 dd, 1 H,
J(6a,5) = 2.1, J(6a,6b) = 12.2 (H-6a): 4.01-4.09 m, 2 H (H-5", H-6a): 4.20-4.25 m, 2 H (H-1",
H-6b); 4.27 dd, overlapped, 1 H, J(6b.5) = 4.6, J(6a,6b) = 12.2 (H-6b), 4.71-4.77 m, 2 H (H-1,
H-4); 5.10 dd, 1 H, J(3'.4) = 3.2, J(3".2") = 9.5 (H-3"); 5.17 dd, 1 H, J(2".1") = 5.1, J(2".3") = 9.5
(H-2); 538 m, 1 H (H-4). '®C NMR (CDCly): 20.48, 20.52, 20.57, 20.62, 20.64, 20.76 (6 x
CH,CO), 28.25 (C-17), 32.34 (C-3), 36.07 (C-2), 54.54 (CH0). 61.64 and 62.73 (C-6 and
C-6"), 67.49 and 67.55 (C-3’ and C-4"), 68.04 and 68.23 (C-2’ and C-5'), 68.54 (C-5), 71.35
and 71.94 (C-4 and C-1"), 97.47 (C-1), 169.83, 169.90, 169.97, 170.45, 170.62, 170.77 (6 x
CH,CO). For CpgHag0, 5 calculated relative molecular mass 590.57. MS (ESI), m/z: 591.3 [M +
H]™

Anomer 12b: '"H NMR (CDCl,): 1.86 m, 1 H (H-3); 3.49 s, 3 H (OCH_): 3.56 ddd, 1 H, j(5.6a) =
2.4, J(5.6b) = 5.0, J(4,5) = 9.6 (H-5): 4.42 dd, 1 H, J(1,2ax) = 9.5, J(1.2eq) = 1.9 (H-1), other
resonances are overlapped by signals of the major isomer. For C,gHagO, 5 calculated relative
molecular mass 590.57. MS (ESI), m/z: 591.3 [M + H]".
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Stereoselective synthesis this approach.

An approach to stereoselective synthesis of o- or -3-C-glycosylated 1- or p-1,2-glucals starting from the
corresponding o- or B-glycopyranosylethanals is described. The key step of the approach is the
stereoselective cycloaddition of chiral vinyl ethers derived from both enantiomers of mandelic acid.
The preparation of 1,5-anhydro-4,6-di-0-benzyl-2,3-dideoxy-3-C-[(2,3,4,6-tetra-O-benzyl-B-p-glucopyr-
anosyl)methyl]-i-arabino-hex-1-enitol, 1,5-anhydro-4,6-di-O-benzyl-2,3-dideoxy-3-C-[(2,3,4,6-tetra-0-
benzyl-p-p-glucopyranosyl)methyl]-p-arabino-hex-1-enitol, and 1,5-anhydro-4,6-di-O-benzyl-2,3-dide-
oxy-3-C-[(2,3,4-tri-O-benzyl-a-1-fucopyranosyl)methyl]-b-arabino-hex-1-enitol serves as an example of

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Glycoproteins on the cell surface form specific ligands that are
recognized by receptors on the surface of other cells or by surface
receptors of pathogenic microorganisms. These processes mediate
a variety of biological events that range from cell to cell interaction
(signaling and recognition), host-pathogen interactions, immune
responses, and cancer metastasis. A key player in these communi-
cations is the structure of the oligosaccharide portion of glycopro-
teins synthesized in the endoplasmatic reticulum and Golgi's
apparatus of the cell.! Cell surface carbohydrate-receptor binding
events can be investigated with synthetic oligosaccharides, glyco-
conjugates, and their analogues. In the study of these processes,
an important role can also be played by C-disaccharides, which
nominally preserve the structural information of natural disaccha-
rides but are chemically as well as enzymatically non-hydrolyz-
able. Moreover, the synthesized C-disaccharides can also be
utilized in another way. Their attachment as non-hydrolyzable
disaccharide mimetics, mimicking the structure of natural saccha-
ride epitopes to suitable dendrimers or to a suitable peptide chain,
may lead to the preparation of therapeutically useful glycoconju-
gates or vaccines, neither of which will be hydrolyzed by ubiqui-
tous glycosidases in the organism. It is therefore important to
look for stereoselective methods for the synthesis of precursors
for a simple preparation of glycoconjugates containing non-hydro-
lyzable disaccharide mimetics. Such precursors may be derivatives
of 1,5-anhydro-2,3-dideoxy-arabino-hex-1-enitol (1,2-glucal).?

In our previous study, we described a short and efficient synthe-
sis of o-C-(1—3)-disaccharides in which p-glucopyranose was
linked to an 1~ or p-2-deoxyarabino-hexopyranose moiety starting

* Corresponding author. Tel.: +420 220 444 265; fax: +420 220 444 422.
E-mail address: Ladislav.Kniezo@vscht.cz (L. Kniezo).

0008-6215/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carres.2009.11.025
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from o-glucopyranosylethanal.? Later, we found that the stereose-
lectivity of the key step in our synthesis, namely the cycloaddition
of substituted oxadiene with ethyl vinyl ether, can be markedly in-
creased by the use of chiral vinyl ethers, the high stereoselectivity
of the cycloaddition being influenced neither by the configuration
of the starting monosaccharide nor by the character of the protect-
ing group used.” This procedure enables a facile stereoselective
preparation of a series of o-C-(1-3)-disaccharide derivatives 1
and 2 (Fig. 1) containing any monosaccharide (at least p-glucose,
p-galactose, p-mannose, or L-fucose) at the non-reducing end and
p- or L-2-deoxyarabinohexopyranose at the reducing end (e.g.,
see Ref. 5). Moreover, the range of compounds obtainable by this
method can be further extended to include the corresponding -
C-(1-3)-disaccharides 3 and 4 because it is known that in the
presence of amines or other bases, the starting o-pyranosyletha-
nals easily undergo epimerization to the corresponding p-pyrano-
sylethanals.® Thus, from a single starting compound such as
o-pyranosylpropene, one can prepare pure o-pyranosylethanal,
which is either converted to two diastereoisomeric C-(1-3)-disac-
charides 1 and 2, or epimerized to give pure B-pyranosylethanal
which affords further two diastereoisomeric C-(1-3)-disaccha-
rides 3 and 4 (For recent synthesis of other C-(1-3)-disaccharides,
see Ref. 19).

In the present study, we would like to show that C-(1-3)-disac-
charides 1-4, obtained by this approach, can easily be transformed
further to derivatives of p- or 1-1,5-anhydro-2,3-dideoxy-arabino-
hex-1-enitol (p- or 1-glucal) 5-8. So far, only the preparation of a
similar p-galactal has been described in the literature, namely a
C-linked analogue of p-p-galactopyranosyl-(1-»3)-p-galactal.’
1,2-Glucals are extremely useful intermediates in the synthesis of
saccharide derivatives and they enable one- or two-step stereose-
lective preparation of gluco-’ or mannopyranosylglycosides,® gly-
cosides of glucosamine®, or mannosamine,'® as well as some of
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Figure 1. Synthetic route to 3-C-glycosylated glucals.

C-glycosides.'" One can envisage that these or similar reactions
may also be utilized for attachment of o~ or p-C-(1-3)-disaccha-
ride mimetics 5-8 to an oligosaccharide, peptide, or lipid moiety,
either by glycosidic or by C-C bonding, thus enabling the synthesis
of various stable, non-hydrolyzable, glycoconjugates.

2. Results and discussion

As examples of this approach, we now report the preparation of
C-substituted t-glucal 9 or p-glucal 10, mimicking the p-glycoside
bond in which the p-p-glucopyranosyl moiety is linked by a methy-
lene bridge to C-3 of 1- or p-1,5-anhydro-2,3-dideoxy-arabino-hex-
1-enitol, and of C-substituted p-glucal 11, mimicking the a-glycoside
bond in which the a-i-fucopyranosyl moiety is linked by a methylene
bridge to C-3 of p-1,5-anhydro-2,3-dideoxy-arabino-hex-1-enitol.

0B
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As the starting compound for the preparation of C-(1—3)-disac-
charides 9 and 10, containing the p-p-glucopyranosyl moiety, we
employed a mixture of tetra-O-acetyl-o- and tetra-O-acetyl-f-p-
glucopyranosylpropenes 12a,b in the ratio of about 6:1 (Scheme
1), obtained by reaction of allyltrimethylsilane with peracetylated
glucose in boiling acetonitrile (Scheme 1). Deacetylation and ben-
zylation afforded a mixture of tetra-O-benzyl-o- and tetra-O-ben-
zyl-p-p-glucopyranosylpropenes which on ozonolysis afforded a
mixture of tetra-O-benzyl-o- and tetra-O-benzyl-p-p-glucopyrano-
sylethanals 13a,b in the same ratio as in the starting 12a,b. The
epimerization of protected o-p-glucopyranosylethanals to the cor-
responding B-diastereoisomers has been hitherto described only in
two cases. Zhou et al. described epimerization of methanolic solu-
tion of 2-0O-acetyl-3,4,6-tri-O-benzyl-o-p-glucopyranosylethanal
by a mixture of MeONa/Zn(OAc), (Ref. 6a) or by MeONa alone
(Ref. 6b) however, in both of these cases, the B-p-glucopyranosy-
lethanal formed was not isolated instead, it was in situ reduced
to the corresponding alcohol. Dondoni et al®® described an alterna-
tive method of epimerization of tetra-O-benzyl-a-p-glucopyr-
anosylethanal using i-proline in a microwave reactor. Although
the arising tetra-O-benzyl-p-p-glucopyranosylethanal was isolated,
the reaction was performed only in a small vial with 0.4 mmol of
the aldehyde. We have found that epimerization of larger amounts
of the aldehyde can advantageously be performed using a 1% meth-
anolic solution of K,CO5; in this way, in a single batch, a mixture of
tetra-O-benzyl-o- and tetra-O-benzyl-B-p-glucopyranosylethanals
13a,b afforded pure tetra-O-benzyl-p-p-glucopyranosylethanal
13b in an amount greater than 10 g. This product in a subsequent
Wittig reaction with ((2-thiazolylcarbonyl)-methylen)triphenyl-
phosphorane 14 (Ref. 13) afforded substituted oxadiene 15 as the
sole product. Unlike the case of similar and previously prepared
substituted oxadienes,’>™> the H-2 proton signal in the 'H NMR
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Scheme 1. Stereoselective synthesis of 17 and 18. Reagents and conditions: (i) (a) MeONa/MeOH, rt, 20 h; (b) NaH, BnBr, BugNI, THF, 50 °C, 2 h, then rt 15 h; (c) O3, CH,Cl;,
~78°C, 2 h; (d) Me;S, NaHCOs, rt, 2 days; (i) 1% K,CO3/MeOH, rt, 2 days; (iii) 14, CHCls, 50 °C, 30 h; (iv) (R)-16 or (5)-16, Eu(fod); (6 mol %), CH,Cl,, rt, 3 days.

spectrum of compound 15 was not overlapping with the aromatic
proton signals and from its coupling constant (J,3 =15.6 Hz) we
were able to directly assign trans-configuration of the C=C bond.
Cycloaddition reaction of 15 with both enantiomers of methyl
(ethenyloxy)(phenyl)acetate, (R)-16 and (S)-16 (Refs. 4,12), stere-
oselectively afforded two different products: 17 and 18 (the first
was an oil whereas the second was a crystalline compound, mp
67-68 °C), with almost identical NMR spectra. In both cases, NOE
experiments confirmed the cis-relation of substituents at C-2 and
C-4 in the dihydropyran ring. Therefore, similar to previous
cases,”® compounds 17 and 18 are two diastereoisomers of the
same relative but different absolute configuration of the newly
arisen dihydropyran ring. Unfortunately, the crystalline diastereo-
isomer 18 did not afford any crystals suitable for X-ray analysis;
however, since our previous paper* confirmed that neither the con-
figuration of the saccharide substituent nor the character of the
protecting groups in the starting oxadiene affects the selectivity
of cycloaddition with chiral vinyl ethers (R)-16 and (S)-16, in this
case we can assume with a great deal of certainty that vinyl ether
(R)-16 afforded cycloadduct 17 with configuration 25,4S, and vinyl
ether (S)-16 afforded cycloadduct 18 with configuration 2R,4R on
the dihydropyran ring.

In the preparation of substituted p-glucal 11, containing the
a-L-fucopyranosyl moiety, we started from tri-O-benzyl-o-1-fuco-
pyranosylethanal 19, which, in turn, was prepared from i-fucose
according to Ref. 14. The procedure was slightly modified, in that

BnO
BnO OBn
OBn OBn
oBn 5 CHs =
CHg O, =
! =
0
(o]
19 20

pure o-L-fucopyranosylprop-2-ene was isolated from the o- and
B-diastereoisomeric mixture by crystallization from isopropyl
alcohol instead of ethyl acetate, and the desired o-stereoisomer,
mp 157-158 °C (Ref. 14, mp 153 °C), was obtained in high purity
after a single crystallization. Similar to the preceding case, fuco-
pyranosylethanal 19 was converted into substituted oxadiene 20.
Its cycloaddition reaction with vinyl ether (S)-16 afforded
cycloadduct 21 as the sole product (Scheme 2). Judging from anal-
ogy with previous results,**> we can assume that the configuration
at the newly arisen dihydropyran ring almost certainly is 2R4R.
The obtained cycloadducts 17, 18, and 21 were converted to the
final 1- or p-glucal derivatives 9 or 10 and 11 as described in
Scheme 3. For reasons described in our previous paper,” we first re-
duced the ester group. For protection of the arising primary alcohol
we used two ways: the alcohol, prepared by reduction of the ester
group of cycloadduct 17, was methylated by the formation of com-
pound 22, and the alcohol, prepared from cycloadduct 18 or 21,
was benzylated to compounds 23 or 24. Both protection proce-
dures were equivalent giving the same yields of the protected
products. The known transformation of the thiazole ring to an alde-
hyde group®-*'? afforded compounds 25-27, which on hydrobora-
tion and simultaneous reduction of the aldehyde group, followed
by benzylation of the arising hydroxyl goups,*® yielded C-(1-3)-
disaccharides 28-30 as the sole reaction products. As confirmed
by the coupling constants in the '"H NMR spectra, in all the synthe-
sized compounds, the new pyranose has the 2-deoxy-arabino-
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Scheme 2. Stereoselective synthesis of 21. Reagents and conditions: (i) 14, CHCl3, 50 °C, 30 h; (ii) (5)-16, Eu(fod); (6 mol %), CH,Cl,, rt, 3 days.
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Scheme 3. Synthesis of 9-11. Reagents and conditions: (i) (a) MeOTf, MeCN, rt, 15 min; (b) NaBH4, MeOH, rt, 15 min; (c) AgNO3, MeCN/H,0, rt, 20 min; (ii) (a) Me,S-BHs;, THF,
rt, 16 h; (b) NaOH, H,0, rt, 30 min; (c) NaH, BnBr, BuyNI, THF, 40 °C, 15 min, then rt 14 h; (iii) PhSH, BF;-Et,0, CH,Cl,, —78 °C, then to rt 2 h; (iv) (a) NBS, moist acetone (1%

H;0), —15 °C, 1 h, exclusion of light; (b) Ms;0, s-collidine, CH,Cl5, 0°C, 4 h.

hexopyranose configuration (compound 28: [, 2.,x=9.6 Hz, J34=
Jas=9.1Hz, compound 29: J54=J45=9.1 Hz, and compound 30:
J12ax=11.7 Hz, J34=Ja5 = 9.6 Hz). The reaction of thiophenol with
disaccharides 28-30 afforded anomeric mixtures of thioglycosides
31a,b, 32ab, and 33a,b (in a ratio «:f of about 3:1). The mixtures
of anomeric thioglycosides were subjected to a reaction with
N-bromosuccinimide in aqueous acetone under the formation of
B-C-(1-3)-disaccharides with a free OH group in the anomeric
position'® and the compounds obtained were, without isolation,
reacted with methanesulfonic anhydride in the presence of s-colli-
dine.'” In this way, we obtained the substituted 1- glucal 9 or p-glu-
cals 10 and 11 as the sole reaction products.
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3. Conclusion

In conclusion, using the three selected examples, we have dem-
onstrated that from an - or B-pyranosylethanal one can stereose-
lectively prepare a 3-C-glycosylated p- or i-glucal. In general, the
starting o-pyranosylpropenes are easily available compounds™'4!3
that, on ozonolysis, can be transformed in a single step to o-pyr-
anosylethanals which, after epimerization, can be converted to
pure B-pyranosylethanals.® We have shown that the configuration
of the starting monosaccharide does not affect the stereoselectivity
of the individual steps of the synthesis, therefore, one can assume
that this approach may be used for preparation of any of the substi-
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tuted glucals 5-8, depicted in Figure 1. Substituted glucals, obtain-
able by this method, may then serve as useful intermediates, for
the synthesis of either various (1-3)-disaccharide mimetics using
reactions described in the literature,””!! or non-hydrolyzable gly-
coprotein or glycolipid epitopes containing o- or B-pyranosyl-
(1-3)-pyranosyl structural motifs.

4. Experimental
4.1. General

The melting points are uncorrected. TLC was performed on
HF;s4 plates (Merck), detection utilized either UV light or spray-
ing with Ce(S0O,), solution (5 g) in 10% H,SO,4 (500 ml), and sub-
sequent heating. Flash column chromatography was performed
on a silica gel (Merck, 100-160 pum) in solvents which had been
distilled prior to use. Optical rotations were measured at 25 °C
on a JASCO DIP-370 spectropolarimeter. 'H and '>C NMR spectra
were taken on a Bruker DRX 500 Avance spectrometer at
500.132 MHz ("H NMR) and at 125.767 MHz ('*C NMR) using tet-
ramethylsilane as an internal standard. 'H and '*C NMR signal
assignments were confirmed by 2D COSY and HMQC when neces-
sary. NOE connectivities were obtained using 1D 'H DPFGSE-NOE
experiments. Mass spectra and HPLC were performed on a
250 x 4.6 mm column packed with 5 um Supelco BDS Hypersil
C-18, mobile phase of MeOH/water, using an HP 1100 instrument
equipped with a gradient pump, a column thermostat and, in
addition to a UV detector, an Agilent G1956B single quadrupole
system as an MS detector.

4.2. (2,3,4,6-Tetra-0-acetyl-a-p-glucopyranosyl)-prop-2-ene
(12a) and (2,3,4,6-tetra-0-acetyl-p-p-glucopyranosyl)-prop-2-
ene (12b)

Allyltrimethylsilane (16.3 ml; 100 mmol) and BF3-Et;0 (13.2
ml; 100 mmol) were added to a solution of 1,2,3,4,6-penta-0O-acet-
yl-o-p-glucopyranose (10 g; 25.64 mmol) in dry CH;CN (160 ml).
The mixture was refluxed for 2.5 h and then another portion of
allyltrimethylsilane (16.3 ml; 100 mmol) and BF;-Et;0 (13.2 ml;
100 mmol) was added. This procedure was then repeated twice
at 2.5 h intervals, so that the total amount of allyltrimethylsilane
added was 65.2 ml (400 mmol) and the total amount of BF;-Et,0
was 52.8 ml (400 mmol). Two hours after the last addition, the
reaction mixture was cooled to room temperature, diluted with
CH,Cl; (350 ml), and washed with 1 M NaOH to persisting alkaline
reaction of the aqueous phase. The organic layer was dried over
MgS0O, and the solvent was evaporated. Chromatography of the
residue (PE/AcOEt =4:1) afforded a mixture of two diastereoiso-
meric products 12ab (6.87 g; 72%), Ry=0.63 (PE/AcOEt 2:1) in
the ratio o:p = 6:1 (integration of H-1' signals in "H NMR spectrum;
diastereoisomer o as ddd at 4.20 ppm, diastereoisomer f as ddd at
3.50 ppm).

4.3. (2,3,4,6-Tetra-0-benzyl-p-p-glucopyranosyl)-ethanal (13b)

A 0.1 M solution of MeONa in MeOH was added dropwise to a
mixture of compounds 12ab (23g; 61.76 mmol) in MeOH
(500 ml) to allow the alkaline reaction to persist and the reaction
mixture was stirred at room temperature. After 20 h, no starting
compound was detected (TLC) in the reaction mixture which was
then neutralized with Dowex 50 (5 g) and filtered. Evaporation of
the solvent and chromatography on a silica gel (chloroform/MeOH
5:1) afforded 11 g (87%) of a mixture of o and p p-glucopyranosyl-
prop-2-enes, Ry= 0.4 (chloroform/MeOH 5:1). ESIMS m/z: calcd for
(CoH160s5): 204.2. Found, 205.7 [M+H]". The obtained mixture of
p-glucopyranosylprop-2-enes (10.1 g; 49.4 mmol) was dissolved
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in dry THF (400 ml), to this solution we added 11.8 g (296.7 mmol)
of 60% suspension of NaH in mineral oil and the reaction mixture
was stirred at room temperature for 1 h. Then, tetrabutylammo-
nium iodide (4.56 g; 12.3 mmol) was added, followed by dropwise
addition of benzyl bromide (35.3 ml; 296.7 mmol), the reaction
mixture was heated at 50 °C for 2 h, and then stirred at room tem-
perature for another 15 h. The excess hydride was decomposed by
the addition of MeOH (5 ml), the solvent was evaporated, and the
residue was partitioned between CH,Cl, and H,0. The organic
phases were combined, dried, stripped of solvent, and the residue
was chromatographed on silica gel (light petroleum/ethyl acetate
12:1-9:1). This yielded 19.5 g (70%) of a mixture of o and p perb-
enzylated glucopyranosylprop-2-enes; Ry= 0,35 (light petroleum/
ethyl acetate 9:1). ESIMS m/z: calcd for (C37H400s5): 564.7. Found,
565.8 [M+H]". The mixture obtained was dissolved in dry dichloro-
methane (150 ml) and, after addition of anhydrous MeOH (30 ml)
and cooling to —78 °C, it was ozonized. After 2 h, the solution
turned blue permanently and the reaction was terminated by pass-
ing nitrogen through the mixture for 5 min. Then NaHCO; (4 g) (to
prevent an acetalization), followed by dimethyl sulfide (25.4 ml;
345 mmol), was added successively and the stirred mixture was al-
lowed to warm to room temperature. After stirring the mixture for
2 days at room temperature, the NaHCO3 was filtered off, the sol-
vent was evaporated, and the residue was chromatographed on a
silica gel (light petroleum/ethyl acetate, 10:1). This yielded
14.48 g (74%) of a mixture of aldehydes 13ab; Ry=0.18 (light
petroleum/ethyl acetate, 6:1) in 6:1 ratio (integration of '"H NMR
aldehyde group signals; a-diastereoisomer as t at 9.65 ppm, B-dia-
stereoisomer as t at 9.69 ppm). The mixture of aldehydes 13a,b
(14 g; 24.7 mmol) was dissolved in a 1% methanolic solution of
K,CO3 (270 ml) and stirred at room temperature. According to 'H
NMR, after 2 days, the reaction mixture was already completely
free of a-diastereoisomer 13a. The reaction was quenched by neu-
tralization with acetic acid, the solvent was evaporated, and the
residue was partitioned between CH,Cl, and a saturated NaCl solu-
tion. The organic phase was dried, the solvent evaporated, and the
residue chromatographed on a silica gel (light petroleum/ethyl
acetate 9:1-5:1), affording 10.9 g (78%) of pure aldehyde 13b,
Rr=0.3 (light petroleum/ethyl acetate 3:1). [a]p —2.3 (c 0.70,
CHCl;); 'H NMR (CDCls): 254 (ddd, 1H, Jsaop=16.2Hz,
Joa = 7.9 Hz, Jaactio = 2.5 Hz, H-2,), 2.69 (ddd, 1H, Jau2. = 16.2 Hz,
Joby =43 Hz, Japcuo=2.5Hz, H-2p), 3.33 (dd, 1H, Joy=J23 =
9.1Hz, H-2'), 347 (ddd, 1H, Js.4 =Js6a =9.6 HZ, J5 6y =2.9 Hz,
H-5'), 3.62-3.70 (m, 3H, H-4', H-6,/, H-6,), 3.73 (dd, 1H, J3» =
J34=9.1Hz, H-3'), 3.81 (ddd, 1H, Jy2>=9.1Hz, J12a=79Hz,
Ji2b=4.3 Hz, H-1'), 445-4.96 (m, 8H, 4 x CH,Ph), 7.10-7.40 (m,
20H, 4 x CgHs), 9.69 (t, J=2.5Hz, CHO). '*C NMR (CDCl3): 45.9
(C-2), 68.6 (C-6'), 74.4 (C-1), 73.4, 74. 9, 74.9, 75.4 (4 x CH,Ph),
78.2 (C-4’), 79.1 (C-5'), 81.1 (C-2'), 87.0 (C-3'), 127.5-128.4
(4 x GgHs), 137.5, 137.9, 137.9, 138.3 (4 x ipso CgHs), 200. O
(CHO). ESIMS m/z: calcd for (CsgH3506): 566.7. Found, 567.4
[M+H]". Anal. Calcd for C3gH306: C, 76.30; H, 6.76. Found: C,
76.42; H, 6. 88.

4.4. (E)-4-(2,3,4,6-Tetra-0-benzyl-p-p-glucopyranosyl)-1-
(thiazol-2-yl)-but-2-en-1-one (15)

Ylide 14 (Ref. 13; 13.7 g, 35.3 mmol) was added to a solution
of aldehyde 13b (10 g, 17.6 mmol) in CHCl3 (50 ml) and the mix-
ture was heated at 50 °C. After 30 h the reaction mixture did not
show an aldehyde proton signal (9.69 ppm) in the '"H NMR spec-
trum. The solvent was evaporated and the residue chromato-
graphed on a silica gel (light petroleum/ethyl acetate 5:1-3:1)
affording 9.42 g (79%) of compound 15; Ry=0.3 (light petro-
leum/ethyl acetate 3:1). [x]p —3.79 (¢ 1.08, CHCl5); '"H NMR
(CDCl3): 2.56 (ddd, 1H, Jaaap = 15.3 Hz, J4a1 = 7.8 Hz, J4.3 = 6.2 Hz,
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H-4a), 2.85 (ddd, 1H, Jap4a=15.3 Hz, Jap1' = 5.7 Hz, Jap3 = 3.4 Hz,
H-4b), 3.36 (dd, 1H, J3.4 = Ja 5 = 9.1 Hz, H-4"), 3.41-3.51 (m, 2H,
H-1’, H-5'), 3.62-3.76 (m, 4H, H-6'a, H-6'b, H-2', H-3'), 4.50-
4.98 (m, 8H, 4 x CH.Ph), 7.10-7.42 (m, 21H, 4 x CgHs, H-3) 7.43
(d, Jo3=15.6 Hz, H-2), 7.64 (d, 1H, J=3.0 Hz, CH-thiazole) 7.97
(d, 1H, J=3.0Hz, CH-thiazole). *C NMR (CDCl;): 35.2 (C-4),
68.7 (C-6'), 73.5, 75.0, 75.1, 75.5 (4 x CH,Ph), 77.8 (C-1'), 78.4
(C-3), 79.1 (C-5'), 81.5 (C-4'), 87.2 (C-2'), 126.2 (C-3), 126.4
(CH-thiazole), 127.5-128.5 (20 x CgHs), 137.9, 138.1, 138.2,
138.5 (4 x ipso CgHs), 144.6 (CH-thiazole), 147.4 (C-2), 168.2
(C-thiazole), 181.4 (C-1). ESIMS m/z: calcd for (C41H41NOgS):
675.8. Found, 693.7 [M+NH4]". Anal. Calcd for C4H4NOgS: C,
72.86; H, 6.11. Found: C, 72.83; H, 6.17.

4.5. (E)-4-(2,3,4-Tri-0-benzyl-a-L-fucopyranosyl)-1-(thiazol-2-
1)-but-2-en-1-one (20)

Similar to the preceding experiment, aldehyde 19 (Ref. 14; 6.2 g,
13.5 mmol) and ylide 14 (11.5 g; 29.7 mmol) afforded 5.74 g (75%)
of compound 20; R¢= 0.6 (light petroleum/ethyl acetate 3:1). [x]p
—43.0 (c 0.74, CHCl3); "H NMR (CDCl;): 1.30 (d, 3H, J=6.5Hz,
CH3), 2.55 (m, 1H, H-4b), 2.68 (m, 1H, H-4a), 3.74-3.84 (m, 3H,
H-2', H-3', H-4'), 3.96 (m, 1H, H-5"), 4.23 (m, 1H, H-1'), 4.46-4.80
(m, 6H, 3 x CH,Ph), 7.21-7.40 (m, 17H, 3 x CgHs, H-2, H-3), 7.58
(d, 1H, ] = 2.9 Hz, CH-thiazole), 7.95 (d, 1H, J = 2.9 Hz, CH-thiazole).
13C NMR (CDCl3): 15.0 (C-6'), 31.7 (C-4), 68.8, 69.6 (C-1,C-5), 72.1,
72.5,72.9(3 x PhCHy), 76.3, 75.5, 74.1 (C-2', C-3',C-4'), 125.1 (C-3),
126.1 (CH-thiazole), 128.3-127.3 (3 x CgHs), 137.9, 138.3, 138.4
(3 x ipso CgHs), 144.5 (CH-thiazole), 148.1 (C-2), 168.1 (C-thiazole),
181.1 (C-1). ESIMS m/z: caled for (C34H35NOsS): 569.7. Found,
587.2 [M+NH,]*. Anal. Calcd for C34H3sNOsS: C, 71.68; H, 6.19.
Found: C, 71.51; H, 6.22.

4.6. Methyl (R)-2-phenyl-2-((2S, 45)-4-((2,3,4,6-tetra-0-benzyl-
p-p-glucopyranosyl)methyl-6-(thiazol-2-yl)-3,4-dihydro-2H-
pyran-2-yl)oxy)acetate (17)

Eu(fod); (0.46 g, 0.44 mmol) was added to a solution of com-
pound 15 (5g, 7.3 mmol) and chiral vinyl ether (R)-16 (Refs.
4,12) (3.6 g, 18.4 mmol) in dichloromethane (200 ml) and the reac-
tion mixture was stirred at room temperature. After 3 days, the
mixture did not contain (TLC) any starting compound 15. Evapora-
tion of solvent and chromatography of the residue on silica gel
(light petroleum/ethyl acetate 7:1) afforded 5.1 g (79%) of com-
pound 17; R¢=0.35 (light petroleum/ethyl acetate 6:1). [«]p
+96.7 (c 0.54, CHCl3). '"H NMR (CDCl3): 1.75 (ddd, 1H, Jiar 10 =
142 Hz, Jyraqa=10.1Hz, Jip =46Hz, H-1a"); 1.81 (ddd, 1H,
J3ax3eq =13.3 Hz, J3ax4=8.0 Hz, J53a2x=7.3 Hz, H-3,); 1.96 (ddd,
1H, Jia1vr = 142 Hz, Jipa=10.1Hz, Jypq = 2.1 Hz, H-1b"); 2.34
(ddd, J3ax3eq=13.3 Hz, J3eqa=6.4 Hz, J53¢q=2.1 Hz, H-3¢y); 2.85
(m, 1H, H-4); 325 (t, 1H, J=8.8 Hz, H-4'); 3.36-3.43 (m, 2H,
H-5', H-1); 3.62-3.78 (m, 4H, H-2', H-3', H-6'a, H-6'b); 3.73
(s, 3H, PACHCOOCH,); 4.52-4.68, 4.78-4.93 (m, 8H, 4 x PhCH;);
538 (dd, 1H, Jozax=7.3Hz, Jozeq=2.1Hz, H-2); 552 (s, 1H,
PhCHCOOCH,); 5.99 (d, 1H, J5 = 3.2 Hz, H-5); 7.14-7.44 (m, 25H, 5 x
CgHs), 745 (d, 1H, J = 3.2 Hz, CH-thiazole), 7.75 (d, 1H, J = 3.2 Hz, CH-
thiazole). '*C NMR (CDCls): 27.7 (C-4); 33.0 (C-3); 37.9 (C-1"); 52.4
(CH-COOCH;); 69.0 (C-6"); 73.6, 74.9, 75.2, 75.5 (4 x PhCH,); 77.1
(C-1'); 77.7 (CH-COOCHs;); 784 (C-3'); 79.0 (C-5'); 82.67 (C-4);
87.2 (C-2'); 989 (C-2); 106.6 (C-5); 118.53 (CH-thiazole); 127.3-
128.6 (25 x CHs); 136.1, 138.0, 138.2, 138.3, 138.6 (5 x ipso CeHs);
143.1 (CH-thiazole); 143.4 (C-6); 164.1 (C-thiazole); 171.0 (CH-
COOCH5). ESIMS m/z: caled for (Cs;Hs3NOoS): 868.0. Found, 869.0
[M+H]". Anal. Calcd for Cs;Hs3sNOgS: C, 71.95; H, 6.15. Found: C,
72.01; H, 6.18.
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4.7. Methyl (S)-2-phenyl-2-((2R,4R)-4-((2,3,4,6-tetra-0-benzyl-
p-p-glucopyranosyl)methyl-6-(thiazol-2-yl)-3,4-dihydro-2H-
pyran-2-yl)oxy)acetate (18)

According to the same procedure described for the preparation
of compound 17, compound 15 (3.51 g; 5.2 mmol) and chiral vinyl
ether (5)-16 (Refs. 4,12) (2.5 g, 13.0 mmol) afforded 3.65 g (81%) of
compound 18, mp 67-68 °C (ethyl acetate/light petroleum).
Re=0.32 (light petroleum/ethyl acetate 6:1). [2]p +56.9 (¢ 0.048,
CHCl;). '"H NMR (CDCls): 1.76 (ddd, 1H, Jizqp=14. 6Hz,
J1wa=103Hz, Ji1=5.0Hz, H-1a"); 1.83 (ddd, 1H, J3ax3eq=
135Hz, J3axa=8.0Hz, Jo3ax=7.3Hz, H-35); 196 (ddd, 1H,
Jraav = 14.6 Hz, Jiy.4 = 10.3 Hz, J1pr1 = 2.5 Hz, H-1b”); 2.33 (ddd,
TH, J3ax3eq = 13.5 HZ, J3eq.a = 6.7 HZ, Jo3¢q = 1.8 Hz, H-3¢q); 2.85 (m,
1H, H-4); 3.25 (m, 1H, J=8.7 Hz, H-4'); 3.35-3.43 (m, 2H, H-5,
H-1'); 3.61-3.79 (m, 4H, H-2', H-3', H-6'a, H-6'b); 3.72 (s, 3H,
PhCHCOOCH;); 4.53-4.67, 4.78-4.92 (m, 8H, 4 x PhCH,); 5.39
(dd,1H, J23ax=7.3Hz, Jo3eq=1.8Hz, H-2); 552 (s, 1H,
PhCHCOOCH;); 5.98 (d, 1H, J45 = 3.2 Hz, H-5); 7.10-7.43 (m, 25H,
5 x CgHs) 7.45 (1H, J = 3.2 Hz, CH-thiazole); 7.75 (d, 1H, J = 3.2 Hz,
CH-thiazole). '3C NMR (CDCl3): 27.7 (C-4); 32.95 (C-3); 37.9 (C-
17); 524 (CH-COOCHs); 69.0 (C-6'); 73.6, 749, 752, 755
(4 x PhCH,); 77.1 (C-1"); 77.7 (CH-COOCH3); 78.4 (C-3'); 79.0 (C-
5'); 82.7 (C-4'); 87.2 (C-2); 98.9 (C-2); 106.5 (C-5); 118.5 (CH-thi-
azole); 127.3-128.6 (25 x CgHs); 136.1, 138.0, 138.2, 138.3, 138.6
(5 x ipso CgHs); 143.2 (CH-thiazole); 143.4 (C-6); 164.1 (C-thia-
zole); 171.0 (CH-COOCH;). ESIMS m/z: calcd for (Cs;Hs3NOeS):
868.1. Found, 869.6 [M+H]". Anal. Calcd for Cs;H53NOgS: C, 71.95;
H, 6.15. Found: C, 71.99; H, 6.12.

4.8. Methyl (S)-2-phenyl-2-(((2R, 4R)-4-((2,3,4-tri-O-benzyl-o-1-
fucopyranosyl)methyl)-6-(thiazol-2-yl)-3,4-dihydro-2H-pyran-
2-yl)oxy)acetate (21)

According to the same procedure described for the preparation
of compound 17, compound 20 (4.9 g; 8.6 mmol) and chiral vinyl
ether (S)-16 (Refs. “'?) (3.3 g; 17.2 mmol) afforded 4.93 g (75%)
of compound 21. R¢= 0.3 (light petroleum/ethyl acetate 2:1). [«]p
~0 (¢ 3.24, CHCl5). 'TH NMR (CDCl3): 1.22 (d, 3H, ] = 6.4 Hz, CH3);
1.59 (ddd, 1H, Jiar1pr=14.2Hz, 124 =9.6 Hz, J1a1-=2.8 Hz, H-
1a”); 1.87 (ddd, 1H, Jsax3eq = 13.7 HZ, J3ax4= 6.9 Hz, J230¢ = 6.0 Hz,
H-3.,); 2.06 (ddd, 1H, Jipr1ar=142Hz, J1pry=11.6Hz, Jipra=
6.0 Hz, H-1b"); 2.26 (ddd, 1H, J3eq3ax=13.7 Hz, J3eqa=6.8 Hz,
Jaeqz =2.2 Hz, H-3.q); 2.59 (m, 1H, H-4); 3.65 (s, 3H, PhCH-
COOCH3); 3.69-3.81 (m, 4H, H-2', H-3', H-4', H-5'); 4.15 (ddd, 1H,
Jyaw =11.6 Hz, Jy 2 =6.0Hz, Jy 140 = 2.8 Hz, H-1") 4.48-4.79 (m,
6H, 3 x PhCH,); 5.43 (dd, 1H, J53ax = 6.0 HZ, J23eq = 2.2 Hz, H-2);
5.49 (s, 1H, PhCHCOOCH3;); 6.00 (d, 1H, J45 = 3.7 Hz, H-5); 7.20-
7.45 (m, 21H, 4 x CgHs, CH-thiazole); 7.74 (d, 1H, ] = 3.2 Hz, CH-thi-
azole). '>C NMR (CDCl3): 15.0 (C-6'); 27.2 (C-4); 31.8 (C-3); 32.5
(C-1"); 52.2 (CH-COOCH;); 68.2 (C-1'); 68.2 (C-5'); 72.9, 76.6,
77.1 (3 x PhCH,); 75.8 75.8, 76.9, 77.3 (CH-COOCH; C-4', C-3/,
C-2'); 98.0 (C-2); 106.5 (C-5); 118.2 (CH-thiazole); 127.1-128.4
(4 x CgHs); 136.1, 138.1, 138.4, 138.6 (4 x ipso CgHs); 142.7 (C-
6); 143.1 (CH-thiazole); 163.9 (C-thiazole); 170.7 (CH-COOCHs).
ESIMS m/z: calcd for (C45H47NOgS): 761.9. Found, 763.1 [M+H]".
Anal. Calcd for C45sH47NOgS: C, 70.94; H, 6.22. Found: C, 70.89; H,
6.32.

4.9. (25,4S)-2-[(2R)-2-Methoxy-1-phenylethoxy]-4-[(2,3,4,6-
tetra-0-benzyl-g-p-glucopyranosyl)methyl]-6-(thiazol-2-yl)-
3,4-dihydro-2H-pyran (22)

Lithium aluminum hydride (0.5g; 13.8 mmol) was added
portionwise to a solution of compound 17 (4.01 g, 4.61 mmol) in
tetrahydrofuran (200 ml), pre-cooled to 0°C, and the reaction
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mixture was stirred at room temperature for 2 h. After cautious
addition of 1 M solution of NaOH (10 ml), the salts were removed
by filtration, washed with ethyl acetate, and the solvent was evap-
orated. The residue was partitioned between ethyl acetate and
water, the organic layer was dried and taken down, and the residue
was chromatographed through a short silica gel column in light
petroleum/ethyl acetate (5:1). The obtained alcohol (3.8g,
R¢=0.35 in light petroleum/ethyl acetate 2:1, m/z 841.6 [M+H]")
was dissolved in tetrahydrofuran (250 ml) and the solution was
stirred with potassium tert-butoxide (1.4 g, 12.5 mmol) at room
temperature for 15 min, the mixture was then treated with methyl
iodide (1.04 ml, 16.6 mmol) and stirred at room temperature for
15 h. After the addition of saturated aqueous NH4Cl (100 ml), the
reaction mixture was concentrated in vacuo and the residue was
partitioned between dichloromethane and a saturated solution of
NH4Cl. The organic layer was dried, the solvent evaporated, and
the residue chromatographed on silica gel in light petroleum/ethyl
acetate (6:1) affording 2.95g (75%) of compound 22; R¢=0.71
(light petroleum/ethyl acetate 2:1). [], +48.8 (¢ 0.86, CHCl3). 'H
NMR (CDCl3): 1.74-1.84 (m, 2H, H-1a", H-3,,); 2.03 (m, Hz, 1H,
H-1b"); 2.23 (m, 1H, H-3¢q); 2.85 (m, 1H, H-4); 3.29 (dd, 1H,
J3a4=Ju s =87 Hz, H-4'); 3.37 (s, 3H, PhCHCH,OCH;); 3.32-3.44
(m, 2H, H-1’, H-5); 3.47 (dd, 1H, ] = 10.8 Hz, ] = 3.7 Hz, PhCHCH,
OCHs); 3.57 (dd, 1H, J=10.5 Hz, | = 8.5 Hz, H-6',); 3.65-3.78 (m,
4H, H-3', PhCHCH,,0CHs, H-6',, H-2'); 4.54-4.68 (m, 4H, 2 x
PhCH,); 4.76-4.95 (m, 4H, 2 x PhCH,); 4.91 (m, 1H, PhCHCH,
OCH5); 5.42 (dd, 1H, J>3ax = 7.3 Hz, Jo3eq= 1.8 Hz, H-2); 591 (d,
1H, J45=3.0 Hz, H-5); 7.12 (d, 1H, J = 3.2 Hz, CH-thiazole); 7.13-
7.44 (m, 25H, 5 x CgHs); 7.66 (d, J=3.2 Hz, CH-thiazole). *C
NMR (CDCl;): 27.6 (C-4); 329 (C-3); 37.8 (C-1"); 59.3
(PhCHCH,0CH3); 69.0 (C-6'); 73.4, 73.5, 74.9, 75.3, 75.5 (4 x
PhCH,, PhCHCH,0CH5); 76.8 (C-1'); 78.5 (C-3'); 79.0 (C-5'); 81.5
(PhCHCH,0CH3); 82.8 (C-4'); 87.2 (C-2'); 101.3 (C-2); 105.4
(C-5); 118.5 (CH-thiazole); 126.1-128.4 (25 x CgHs); 138.0, 138.2,
138.2, 138.6, 139.8 (5 x ipso CgHs); 142.8 (CH-thiazole); 143.7
(C-6); 164.4 (C-thiazole). ESIMS m/z: calcd for (Cs;HssNOgS):
854.1. Found, 872.4 [M+NH,4]". Anal. Calcd for Cs;HssNOgS: C,
73.13; H, 6.49. Found: C, 73.23; H, 6.56.

4.10. (2R4R)-2-[(2S)-2-Benzyloxy-1-phenylethoxy]-4-[(2,3,4,6-
tetra-0-benzyl-p-p-glucopyranosyl)methyl]-6-(thiazol-2-yl)-
3,4-dihydro-2H-pyran (23)

Lithium aluminum hydride (0.5 g, 22.14 mmol) was added por-
tionwise under argon to a solution of compound 18 (6.41g,
7.38 mmol) in tetrahydrofuran (250 ml), pre-cooled to 0°C, and
the reaction mixture was stirred at room temperature for 2 h. After
cautious addition of 1 M solution of NaOH (10 ml), the salts were
removed by filtration, terahydrofuran was evaporated and the res-
idue was partitioned between ethyl acetate and water. The organic
layer was dried, the solvent evaporated and the residue was sub-
jected to flash chromatography through a short column of silica
gel in light petroleum/ethyl acetate (5:1). The obtained alcohol
(5.248 g, Rr=0.4 in light petroleum/ethyl acetate = 4:1, m/z 839.6
[M+H]") was dissolved in tetrahydrofuran (300 ml) and the solu-
tion was stirred at room temperature for 1 h with a 60% suspension
of NaH v mineral oil (1g, 41.6 mmol). Then benzyl bromide
(2.23 ml, 18.7mmol) and tetrabutylammonium iodide (0.58 g,
1.56 mmol) were added, the reaction mixture was heated at
40 °C for 20 min and then stirred at room temperature for 14 h.
MeOH (5 ml) was added, the solvent was evaporated in vacuo
and the residue partitioned between dichloromethane and a satu-
rated solution of NaHCOs. The organic layer was dried, the solvent
was taken down and the residue was chromatographed on a silica
gel in light petroleum/ethyl acetate (6:1). This procedure yielded
5.07g (74%) of compound 23, mp 107-108°C (from ethyl
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acetate/light petroleum), Ry=0.5 (light petroleum/ethyl acetate
4:1). [o]p +33.8 (c 1.03, CHCl3). 'H NMR (CDCls): 1.75-1.85 (m,
2H, H-1a", H-3,); 2.07 (m, TH, H-1b"); 2.20 (m, 1H, H-3.,); 2.84
(m, 1H, H-4); 3.29 (dd, 1H, J3.4 = J4 5 = 8.9 Hz, H-4'); 3.35-3.46
(m, 2H, H-1, H-5); 357 (dd, 1H, J=11.0Hz, J=3.7Hz,
PhCHCH,,0Bn); 3.60-3.71 (m, 3H, PhCHCH,,0Bn, H-3', H-6',);
3.71-3.77 (m, 2H, H-6', H-2'); 4.45-4.92 (m, 10H, 5 x PhCH,);
4.95 (dd, 1H, J=8.0 Hz, J= 3.7 Hz, PhCHCH,0Bn), 5.46 (dd, 1H,
Jo3ax = 6.9 HZ, J53¢q = 1.6 Hz, H-2); 5.94 (d, 1H, J45 = 3.0 Hz, H-5);
712 (d, 1H, J=32Hz, CH-thiazole); 7.13-7.40 (m, 30H,
6 x CgHs); 7.66 (d, ] = 3.2 Hz, CH-thiazole). >C NMR (CDCls): 27.4
(C-4); 32.7 (C-3); 37.7 (C-1"); 69.0 (C-6'); 73.5, 73.5, 74.9, 75.0,
753 (5 x PhCH,); 75.5 (PhCHCH,0Bn) 76.9 (C-1'); 78.5 (C-3');
79.0 (C-5'), 81.7 (PhCHCH,OBn); 82.8 (C-4'); 87.2 (C-2'); 101.2
(C-2); 105.4 (C-5); 118.5 (CH-thiazole); 126.6-128.4 (30 x CgHs);
138.0, 138.2, 138.3, 138.6, 139.8, 139.8 (6 x ipso CgHs); 142.7
(CH-thiazole); 143.6 (C-6); 164.5 (CH-thiazole). ESIMS m/z: calcd
for (CsgHsoNOgS): 930.2. Found, 948.3 [M+NH,]". Anal. Calcd for
CssHsoNOsS: C, 74.89; H, 6.39. Found: C, 74.97; H, 6.56.

4.11. (2R4R)-2-[(2S)-2-Benzyloxy-1-phenylethoxy]-4-(2,3,4-tri-
0-benzyl-a-1-fucopyranosyl)methyl]-6-(thiazol-2-yl)-3,4-
dihydro-2H-pyran (24)

Using the same procedure as described for the preparation of
compound 23, compound 21 (4.27 g; 5.6 mmol) was converted to
compound 24 (2.65 g; 69%), Ry=0.65 (light petroleum/ethyl ace-
tate 9:1). [x]p —20.8 (¢ 1.26, CHCls). '"H NMR (CDCl3): 1.27 (d, 3H,
J=6.2Hz, CH3), 1.62 (m, 1H, H-1a”), 1.78 (m, 1H, H-3,), 2.08
(ddd, 1H, Jip1a-=14.6Hz, J=9.6 Hz, J=5.0Hz, H-1b"), 2.22
(m,1H, H-3¢y), 2.60 (m, 1H, H-4), 3.60 (dd, 1H, J=11.00,
J=3.7 Hz, PhCHCH,,0Bn), 3.65-3.90 (m, 5H, H-2', H-3', H-4', H-5,
PhCHCH>,0Bn), 4.20 (m, 1H, H-1), 4.42-4.80 (m, 8H, 4 x CH,Ph),
498 (1H, J=83Hz, J=3.7Hz, PhCHCH,OBn), 549 (dd, 1H,
J23ax= 6.9 Hz, J53¢q = 1.8 Hz, H-2), 5.92 (d, 1H, J54=3.2 Hz, H-5),
7.05 (d, 1H, J = 3.2 Hz, CH-thiazole), 7.13-7.38 (m, 25H, 5 x CgHs),
7.08 (d, 1H, J = 3.2 Hz, CH-thiazole)."*C NMR (CDCl3): 15.6 (C-6'),
27.3 (C-4), 32.2 (C-3), 32.3 (C-1"), 68.2, 68.3 (C-1, C-5'), 72.8,
72.9, 73.0, 73.2 (4 x PhCH,), 74.7 (PhCHCH,OBn), 75.9, 76.7, 76.9
(C-2/, C-3, C-4), 80.8 (PhCHCH,0Bn), 100.7 (C-2), 105.3 (C-5),
118.3 (CH thiazole), 126.4-128.2 (5 x CgHs), 138.0, 138.1, 138.4,
138.6, 139.5 (5 x ipso CgHs), 142.7 (CH tiazol), 143.4 (C-6), 164.2
(thiazole C-2). ESIMS m/z: calcd for (Cs;Hs3NO+S): 823.4. Found,
824.3 [M+H]". Anal. Calcd for C5;Hs3NO,S: C, 74.34; H, 6.48. Found:
C, 74.53; H, 6.59.

4.12. (25,4S)-2-[(2R)-2-Methoxy-1-phenylethoxy]-4-[(2,3,4,6-
tetra-0-benzyl-p-p-glucopyranosyl)methyl]-6-formyl-3,4-
dihydro-2H-pyran (25)

Molecular sieves (4 A; 3.5 g) were added to a solution of com-
pound 22 (2.8 g, 3.28 mmol) in acetonitrile (40 ml), and methyl tri-
flate (0.48 ml, 4.26 mmol) was added dropwise. After stirring at
room temperature for 15 min, MeOH (5 ml) was added and the sol-
vent was evaporated in vacuo. The residue was treated with MeOH
(40 ml) and then NaBH, (0.37 g, 9.83 mmol) was added in portions.
After stirring at room temperature for 15 min, acetone (8 ml) was
added, the reaction mixture was filtered through a supercel and
the filtrate was evaporated in vacuo. The residue was dissolved
in acetonitrile (40 ml) and a solution of AgNOs (1.11 g, 6.56 mmol)
in water (4.4 ml) was added under vigorous stirring. After stirring
for 10 min, phosphate buffer (30 ml, pH 7) was added and after
10 min, the acetonitrile was evaporated in vacuo and the residue
was partitioned between dichloromethane and a phosphate buffer
(pH 7). The organic phase was dried, the solvent evaporated, and
the residue flash-chromatographed through a short silica gel
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column in light petroleum/ethyl acetate (4:1). This resulted in a
yield of 1.83 g (70%) of crystalline aldehyde 25, mp 113-114°C
(ethyl acetate/light petroleum), Rf = 0.3 (light petroleum/ethyl ace-
tate, 3:1). [2]p —19.0 (¢ 0.19, CHCl5), '"H NMR (CDCl5): 1.70 (ddd,
1H, Jia-ar = 13.8 Hz, ] = 10.2 Hz, ] = 4.6 Hz, H-1a"); 1.92 (ddd, 1H, J
3ax,3eq = 14.0 Hz, J3axa=9.2 Hz, J53.x=4.6 Hz, H-3,,); 2.03 (ddd,
1H, J3ax3eq = 14.0Hz, J3eqa=7.3 Hz, Jp3¢q=2.6 Hz, H-3.); 2.20
(ddd, 1H, J1ava1 = 13.8 Hz, ] =8.7 Hz, | = 2.2 Hz, H-1b"); 2.73 (m,
1H, H-4); 3.28 (dd, 1H, J3 4 =J45 =9.2 Hz, H-4'); 3.32 (s, 3H,
PhCHCH,0CH;); 3.37-3.47 (m, 3H, H-1, H-5, PhCHCH,,0CH,);
3.50 (dd, 1H, J=10.54 Hz, ] = 8.25 Hz, PhCHCH,0CH3); 3.63 (dd,
1H, J> 3 = ]34 = 9.2 Hz, H-3'); 3.66 (dd, 1H, /= 10.54 Hz, | = 4.6 Hz,
H-6,); 3.69-3.75 (m, 2H, H-6'b, H-2'); 4.51-4.95 (m, 8H, 4 x
PhCH,); 4.90 (m, 1H, PhACHCH,0CHs); 5.49 (dd, 1H, J53.x = 4.6 Hz,
J23eq =2.6 Hz, H-2); 5.87 (d, 1H, Js4=4.1 Hz, H-5); 7.16-7.37 (m,
25H, 5 x CgHs); 8.79 (s, 1H, CHO). *C NMR (CDCls): 27.7 (C-4);
31.4 (C-3); 36.9 (C-1"); 59.2 (CHCH,0CH3); 69.2 (C-6'); 73.5, 75.0,
75.2, 75.6, 77.2 (4 x PhCH,, PhCHCH,0CH3); 77.5 (C-1'); 78.6 (C-
3'), 78.9 (C-5'); 79.8 (PhCHCH,OCH3); 82.6 (C-4'); 87.2 (C-2');
98.8 (C-2); 126.6 (C-5); 127.5-128.5 (25 x CgHs); 138.0, 138.1,
138.2, 138.5, 139.3 (5 x ipso CgHs); 148.7 (C-6); 186.3 (CHO).
ESIMS m/z: calcd for (CsoHs40¢): 799.0. Found, 817.1 [M+NH,4]".
Anal. Calcd for CsoHs4049: C, 75.16; H, 6.81. Found: C, 75.23; H, 6.93.

4.13. (2R,4R)-2-[(2S)-2-Benzyloxy-1-phenylethoxy]-4-[(2,3,4,6-
tetra-0-benzyl-p-p-glucopyranosyl)methyl]-6-formyl-3,4-
dihydro-2H-pyran (26)

Using the same procedure as described for the preparation of
compound 25, compound 23 (3.39 g; 3.64 mmol) was converted to
aldehyde 26, (2.36 g; 74%), R;= 0.5 (light petroleum/ethyl acetate,
3:1). [«]p —83.8 (c 0.66, CHCls). 'H NMR (CDCls): 1.70 (ddd, 1H,
Jraraw = 13.8 Hz, ] = 10.3 Hz, J = 5.7 Hz, H-1"a); 1.94 (m, TH, J3ax 3eq =
142Hz, Jsaxa=9.6Hz, Jsuo=46Hz, H-3,); 2.03 (m, 1H,
Jaeqzax = 14.2 HZ, J3eq4 = 6.4 HZ, J30q2 = 2.8 Hz Hz, H-3,); 2.24 (ddd,
1H, Jib-1ar = 13.8 Hz, J = 8.7 Hz, ] = 2.1 Hz, H-1"b); 2.73 (m, 1H, H-
4); 3.30 (dd, 1H, J3 4 =J4.5 = 9.2 Hz, H-4); 3.36-3.47 (m, 2H, H-1,
H-5'); 3.50-3.58 (m, 2H, PhCHCH,,0Bn, H-6'a); 3.63 (dd, 1H,
Ja3 =J3.4 =9.1 Hz, H-3'); 3.66-3.74 (m, PhCHCH,,0Bn_H-6'b, H-
2'); 443-4.93 (m, 10H, 5 x PhCH,); 4.94 (dd, 1H, J=7.6 Hz,
J=4.1 Hz, PACHCH,0Bn); 5.55 (dd, 1H J530x = 4.6 Hz, J5 3¢q = 2.8 Hz,
H-2); 5.89 (d, 1H, Js 4 = 4.1 Hz, H-5); 7.10-7.39 (m, 30H, 6 x CgHs);
8.82 (s, 1H, CHO). '*C NMR (CDCls): 27.6 (C-4); 31.1 (C-3); 36.8 (C-
17); 69.1 (C-6'); 73.3, 73.4, 74.8, 749, 75.2 (5 x PhCH,); 75.6
(PhCHCH,OBn); 77.4 (C-1'); 785 (C-3'), 78.8 (C-5'); 80.1
(PhCHCH,0Bn); 82.5 (C-4'); 87.2 (C-2’); 98.8 (C-2); 126.5 (C-5);
127.3-128.4 (6 x CgHs); 137.9, 138.0, 138.1, 138.3, 138.4, 139.2
(5 x ipso CgHs); 148.7 (C-6); 186.4 (CHO). ESIMS m/z: caled for
(Cs6Hs809): 875.1. Found, 893.6 [M+NH4]". Anal. Calcd for
Cs6Hsg09: C, 76.86; H, 6.68. Found: C, 76.82; H, 6.75.

4.14. (2R4R)-2-[(2S)-2-Benzyloxy-1-phenylethoxy]-4-[(2,3,4-
tri-0-benzyl-o-1-fucopyranosyl)methyl]-6-formyl-3,4-dihydro-
2H-pyran (27)

Using the same procedure as described for the preparation of
compound 25, compound 24 (2.65 g; 3.22 mmol) was converted
to aldehyde 27 (1.79 g; 72%), Ry= 0.65 (light petroleum/ethyl ace-
tate, 2:1). []p —21.2 (¢ 0.79, CHCl3). "H NMR (CDCl5): 1.12 (d,
3H, J = 6.3 Hz, CHs), 1.72 (m, 1H, H-1a"), 1,95 (m, 1H, H-3,,), 2.01
(ddd, 1H, J3eq3ax=14.2Hz, Jzeqa=7.3 Hz, J3eq2=2.7 Hz, H-3¢q),
2.12 (ddd, TH, Jy 14 = 14.2 Hz, | = 9.6 Hz, | = 6.9 Hz, H-1b"), 2.46
(m, 1H, H-4), 3.56 (m, 1H, H-5"), 3.57 (dd, = 11.00 Hz, ] = 3.7 Hz,
PhCHCH,,0Bn), 3.63 (m, 1H, H-4'), 3.64-3.70m (m, 2H, H-2/,
PhCHCH.,0Bn), 3.85 (m, 1H, H-3'), 4.15 (m, 1H, H-1'), 4.43-4.83
(m, 8H, 4 x O-CH,-Ph), 498 (dd, J=83Hz, J=3.7Hz, 1H,
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PhCHCH,0Bn), 5.60 (d, 1H, J = 2.7 Hz, H-2), 5.90 (d, 1H, ] = 4.6 Hz,
H-5), 7.10-7.40 (m, 25H, 5 x CgHs), 8.85 (s, 1H, CHO). '*C NMR
(CDCls): 15,6 (C-6'), 28.0 (C-4), 31.1 (C-1"), 30.9 (C-3), 67.9 (C-5'),
70.3 (C-1'), 72.9, 73.0, 73.1, 73.4 (4 x PhCH,), 74.3 (PhCHCH,0Bn),
76.5 (C-4'), 76.8 (C-3), 77.3 (C-2'), 78.9 (PhCHCH,0BN), 98.0 (C-2),
126.5-128.3 (5 x CgHs, C-5), 138.0, 138.2, 1384, 138.6, 139.2
(5 x ipso CgHs), 148.3 (C-6), 186.3 (CHO). ESIMS m/z: calcd for
(C49Hs5208): 768.9. Found, 787.1 [M+NH4]'. Anal. Calcd for
CaoHs,04: C, 76.54; H, 6.82. Found: C, 76.73; H, 7.01.

4.15. (2R)-2-Methoxy-1-phenylethyl 2,3-dideoxy-3-C-[(2,3,4,6-
tetra-0-benzyl-g-p-glucopyranosyl)methyl]-4,6-di-O-benzyl-$-1-
arabinohexopyranoside (28)

A 2M solution of BH3-Me,S in tetrahydrofuran (3.94 ml,
7.88 mmol) was added dropwise to a solution of aldehyde 25
(1.8 g, 2.23 mmol) in tetrahydrofuran (40 ml) pre-cooled to 0 °C,
and the reaction mixture was stirred at room temperature for
16 h. Then, a 30% NaOH solution (4 ml) and 30% H,0, (4 ml) were
added in succession. The mixture was stirred at room temperature
for 30 min and partitioned between dichloromethane and a satu-
rated NaCl solution. The organic phase was dried, the dichloro-
methane evaporated in vacuo, and the residue was dissolved in
tetrahydrofuran (60 ml). After addition of a 60% suspension of
NaH in mineral oil (0.72 g, 30.03 mmol), the mixture was stirred
at room temperature for 1 h. Benzyl bromide (1.04 ml, 9.01 mmol)
and tetrabutylammonium iodide (0.21 g, 0.56 mmol) were added
and the reaction mixture was heated at 40 °C for 15 min. After stir-
ring at room temperature for 14 h, MeOH (5 ml) was added, the
solvent was evaporated in vacuo, and the residue was partitioned
between dichloromethane and a saturated solution of NaHCOs;.
The organic layer was dried, the solvent removed in vacuo, and
the residue chromatographed on silica gel in light petroleum/ethyl
acetate (5:1) to give 1.69 g (75%) of compound 28, R¢= 0.35 (light
petroleum/ethyl acetate, 3:1). [#]p —6.3 (¢ 0.19, CHCl;). '"H NMR
(CDCl5): 1.34 (m, 1H, H-2,), 1.45 (m, 1H, H-1a"), 1.71 (m, 1H, H-
3), 2.04 (m, 1H-1b"), 2.12 (m, 1H, H-2¢,), 3.12 (m, 1H, H-1'), 3.17
(m, 1H, H-5), 3.29 (dd, 1H, J34 =Jas=9.1 Hz, H-4), 3.34 (s, 3H,
PhCHCH,0CH;), 3.32-3.40 (m, 2H, PhCHCH,,0CH;, H-4'), 3.47-
3.56 (m, 2H, PhCHCH,,0CH3, H-5), 3.58 (m, 1H, H-6a); 3.58-
3.68 (m, 4H, H-6'a, H-3', H-2/, H-6'a), 3.71 (m, 1H, H-6b), 4.30-
492 (m, 12H, 6 xCH,Ph), 4.75 (dd, 1H, Jj2.x=9.6Hz,
J1.2eq =1.60 Hz, H-1), 4.84 (m, 1H, PhCHCH,0CH3) 7.15-7.40 (m,
35H, 7 x CgHs). 1°C NMR (CDCls): 34.5 (C-1"), 35.8 (C-2), 36.0 (C-
3), 59.2 (PhCHCH,OCH3), 69.0, 69.3 (C-6', C-6), 70.3, 73.4, 73.5,
73.6, 75.0, 75.1, 75.5 (PhCHCH,0CH3, 6 x CH,Ph), 754 (C-5'),
77.9 (C-4),78.0 (C-1"), 78.6 (C-3), 78.7 (C-5), 79.0 (PhCHCH,0Me),
82.6(C-4'), 87.3 (C-2'), 101.8 (C-1), 126.7-128.5 (35 x CsHs), 138.1,
138.2,138.3, 138.4, 138.5, 138.6, 140.3 (7 x ipso CgHs). ESIMS m/z:
calcd for (Cg4H70010): 999.2. Found, 1000.6 [M+H]". Anal. Calcd for
CpaH70010: C, 76.93; H, 7.06. Found: C, 77.25; H, 6.98.

4.16. (2S)-2-Methoxy-1-phenylethyl 2,3-dideoxy-3-C-[(2,3,4,6-
tetra-0-benzyl-p-p-glucopyranosyl)methyl]-4,6-di-O-benzyl-g-
p-arabinohexopyranoside (29)

Using the same procedure as described for the preparation of
compound 28, aldehyde 26 (2.36 g, 2.7 mmol) was converted to
compound 29 (2.21 g; 76%), Rr= 0.4 (light petroleum/ethyl acetate,
3:1). [#]p —45.24 (¢ 1.25, CHCl3). '"H NMR (CDCl5): 1.36 (m, 1H, H-
2.x), 1.48 (m, 1H, H-1";), 1.83 (m, 1H, H-3) 2.05 (m, 1H-2.), 2.14
(m, 1H, H-17,), 3.14 (m, 1H, H-1"), 3.19 (m, 1H, H-5), 3.29 (dd,
1H, J3.4=Ja5=9.1 Hz, H-4), 3.37 (m, 2H, PhCHCH,OBn, H-4), 3.47
(m, 1H, H-5'), 3.54 (m, 1H, H-6a), 3.58-3.74 (m, 6H, H-6a,
PhCHCH,OMe, H-6b, H-3/, H-2, H-6'b), 4.42-4.92 (m, 14H,
7 x CH,Ph) 4.79 (m, 1H, H-1), 4.92 (m, 1H, PhCHCH,0Bn), 4.73-
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4.93 (m, 6H, H-1, 2 x CH,Ph,) 7.14-7.41 (m, 40H, 8 x CgHs). '>C
NMR (CDCls): 34.4 (C-1"), 35.8 (C-2), 35.9 (C-3), 69.0, 69.3 (C-6',
C-6), 73.2, 73.3, 73.4, 73.6, 74.6, 74.9, 75.1, 75.5, (PhCHCH,OCHs3,
7 x CH,Ph), 75.5 (C-5'), 78.0 (C-4), 78.5 (C-1’), 79.0 (C-3'), 79.3
(C-5), 79.4 (PhCHCH,OBn), 82.5 (C-4), 87.3 (C-2), 101.8 (C-1),
126.8-128.4 (40 x CgHs), 138.1, 138.2, 138.2, 138.3, 138.4, 138.5,
138.6, 140.3 (8 x ipso CsHs). ESIMS m/z: calcd for (CeqH70010):
1075.3. Found, 1076.1 [M+H]". Anal. Calcd for C70H74010: C,
78.19; H, 6.94. Found: C, 78.38; H, 7.21.

4.17. (2S)-2-Methoxy-1-phenylethyl 2,3-dideoxy-3-C-[(2,3,4-tri-
0-benzyl-a-1-fucopyranosyl)methyl]-4,6-di-0-benzyl-p-p-
arabinohexopyranoside (30)

Using the same procedure as described for the preparation of
compound 28, aldehyde 27 (1.79 g, 2.33 mmol) was converted to
compound 30 (1.63 g; 72%), Ry=0.65 (light petroleum/ethyl ace-
tate, 9:1). [2]p —11.5 (c 0.41, CHCl3). "H NMR (CDCl5): 1.14 (d,
3H, J=6.4 Hz, CH3), 1.2-1.4 (m, 2H, H-1"b, H-2,), 1.82 (m, 1H,
H-3), 2.2 (m, 2H, H-1"a, H-2¢q), 3.18 (dd, 1H, J34 =J45 = 9.6 Hz, H-
4), 3.35 (m, 1H, H-5), 3.52-3.59 (m, 2H, H-6a, H-4', H-3'), 3.60-
3.69 (m, 4H, H-5', PhCHCH.,0Bn, H-6b), 3.72 (dd, 1H, J = 11.9 Hz,
J=3.7 Hz,, PhCHCH,,0Bn), 3.95 (m, 1H, H-2'), 4.12 (ddd, 1H,
J=124Hz, |J=78Hz, J=32Hz, H-1), 43-475 (m, 12H,
6 x CH,Ph), 4.82 (dd, TH, J; 20x = 11.7 HZ, J; 5¢q = 7.4 Hz, H-1), 4.93
(dd, 1H, J=3.7Hz, J=7.7 Hz, PhACHCH,0Bn), 7.1-7.4 (m, 35H,
7 x CgHs). ">C NMR (CDCl3): 16.1 (C-6'), 28.0 (C-1"), 35.4 (C-2),
35.7 (C-3), 67.2 (C-5'), 67.3 (C-1'), 69.2 (C-6), 72.8, 72.9, 73.0,
73.3, 73.8, 74.3, (6 x PhCH;), 74.6 (PhCHCH,0Bn), 76.6 (C-4'),
76.7 (C-3'), 76.8 (C-2), 78.1 (C-5), 78.5 (C-4), 79.3 (PhCHCH,0Bn),
101.6 (C-1), 126.7-128.3 (7 x CgHs), 138.1, 138.3, 138.4, 138.5,
138.6, 138.7, 140.1 (7 xipso CgHs). ESIMS m/z: caled for
(Ce3Hes00): 969.2. Found, 987.5 [M+NH4]". Anal. Calcd for
Ce3Hgs0q: C, 78.07; H, 6.94. Found: C, 78.56; H, 7.46.

4.18. Phenyl-1-thio 2,3-dideoxy-3-C-[(2,3,4,6-tetra-0-benzyl-§-
p-glucopyranosyl)methyl]-4,6-di-0-benzyl-a-L-arabinohexopy-
ranoside (31a) and phenyl-1-thio 2,3-dideoxy-3-C-[(2,3,4,6-
tetra-0-benzyl-p-p-glucopyranosyl)methyl]-4,6-di-0-benzyl-g-1-
arabinohexopyranoside (31b)

BF3Et;O (0.31 ml, 2.4 mmol) and thiophenol (0.82ml, 8.0
mmol) were added in an inert atmosphere to a solution of
compound 28 (1.6 g, 1.60 mmol) in dichloromethane (100 ml),
pre-cooled to —78° C. The stirred reaction mixture was allowed
to warm spontaneously to room temperature and after 2 h, the
reaction was quenched by cautious addition of aqueous NaHCO;.
The reaction mixture was partitioned between dichloromethane
and a saturated NaHCO; solution, the combined organic phases
were dried and the residue was chromatographed on a silica gel
(light petroleum/ethyl acetate 7:1) affording 1.36 g (89%) of a mix-
ture of thioglycosides 31a,b in a ratio o:p = 3:1 (integration of H-1
in NMR spectrum). R¢= 0.4 (light petroleum/ethyl acetate, 3.5:1).

Major o-diastereoisomer 31a: 'H NMR (CDCl5): 1.49 (m, 1H, H-
1a”), 1.84 (m, TH, H-2,), 1.96 (m, 1H, H-1b"), 2.18 (m, 1H, H-2eq),
2.40 (m, 1H, H-3), 3.16-3.32 (m, 3H, H-1', H-5, H-4,), 3.35 (m, 1H,
H-4'),3.55 (dd, 1H, ] = 9.62 Hz, ] = 3.21 Hz, H-6a), 3.59-3.67 (m, 4H,
H-3', H-6b, H-5', H-2"), 3.73 (m, 1H, H-6'a), 3.83 (dd, 1H, ] = 10.9 Hz,
J=3.2Hz, H-6'b), 4.34-4.93 (m, 12H, 6 x CH,Ph), 5.60 (d, 1H,
J12=5.3 Hz, H-1), 7.14-7.53 (m, 35H, 7 x C¢Hs). >C NMR (CDCls):
33.9 (C-1"), 35.3 (C-3), 35.5 (C-2), 69.0, 69.3 (C-6', C-6), 72.1, 72.6,
73.5, 74.9, 75.2, 75.7, (6 x CH,Ph), 75.6 (C-5'), 78.1 (C-4), 78.6 (C-
1), 79.2 (C-3'), 80.0 (C-5), 82.5 (C-4), 84.8 (C-1), 87.4 (C-2),
126.1-128.7 (35 x CgHs), 138.0, 138.1, 138.2, 138.3, 138.3, 138.6,
138.6, (7 x ipso CsHs). ESIMS m/z: calcd for (Ce1HgsaOsS): 957.2.
Found, 973.5 [M+NH,]".
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Minor p-diastereoisomer 31b: 'H NMR, 4.75 (dd, J; 2ax = 11.7 Hz,
J1.2¢q = 1.6 Hz, H-1). Further signals were overlapped by those of
the major diastereoisomer.

4.19. Phenyl-1-thio 2,3-dideoxy-3-C-[(2,3,4,6-tetra-0-benzyl--
p-glucopyranosyl)methyl]-4,6-di-0-benzyl-a-p-arabinohexo-
pyranoside (32a) and phenyl-1-thio 2,3-dideoxy-3-C-[(2,3,4,6-
tetra-0-benzyl-p-p-glucopyranosyl)methyl]-4,6-di-0-benzyl-$-
p-arabinohexopyranoside (32b)

Using the same procedure as described for the preparation of
compounds 31a,b, compound 29 2.1 g (1.95 mmol) was converted
to a mixture of thioglycosides 32a,b (1.72 g; 92%), Ry = 0.45 (light
petroleum/ethyl acetate, 3:1).

Major a-diastereoisomer 32a: 'H NMR (CDCls): 1.49 (m, 1H, H-
1a"), 1.86 (m, 1H, H-2,x), 1.98 (m, 1H, H-1b"), 2.16 (m, TH, H-2¢q),
2.41 (m, 1H, H-3), 3.15-3.32 (m, 3H, H-1', H-4, H-5'), 3.32-3.39 (m,
1H, H-4'), 3.51 (m, 1H, H-6a), 3.57-3.71 (m, 4H, H-3', H-6b, H-5, H-
2'), 3.75 (m, 1H, H-6'a), 3.83 (m, 1H, H-6'b), 4.37-4.97 (m, 12H,
6 x CH,Ph), 5.61 (d, 1H, J;2=5.1 Hz, H-1), 7.14-7.53 (m, 35H,
7 x CgHs). >C NMR (CDCl3): 33.4 (C-1"), 34.0 (C-3), 34.2 (C-2),
69.0, 69.3 (C-6, C-6), 72.1, 72.8, 73.4, 74., 75.2, 75.7, (6 x CH,Ph),
75.6 (C-5'), 78.3 (C-4), 79.0 (C-1'), 79.2 (C-3'), 80.0 (C-5), 82.5 (C-
4'), 84.8 (C-1), 87.4 (C-2), 126.2-128.7 (35 x CgHs), 138.0, 138.0,
138.1, 138.2, 138.2, 138.3, 138.6, (7 x ipso CgHs). ESIMS m/z: calcd
for (C1Hg405S): 957.2. Found, 973.5 [M+NH4]".

Minor -diastereoisomer 32b: 'H NMR, 4.75 (dd, J; 5ax = 11.5 Hz,
J1.2eq = 1.7 Hz, H-1). Further signals were overlapped by those of
the major diastereoisomer.

4.20. Phenyl-1-thio 2,3-dideoxy-3-C-[(2,3,4-tri-0-benzyl-o-1-
fucopyranosyl)methyl]-4,6-di-0-benzyl-o-p-
arabinohexopyranoside (33a) and phenyl-1-thio 2,3-dideoxy-3-
C-[(2,3,4-tri-0-benzyl-a-L-fucopyranosyl)methyl]-4,6-di-0-
benzyl-g-p-arabinohexopyranoside (33b)

Using the same procedure as described for the preparation of
compounds 31a,b, compound 30 (1.63 g; 1.68 mmol) was con-
verted to a mixture of thioglycosides 33a,b, (1.1 g; 83%). Rr=0.55
(light petroleum/ethyl acetate, 3:1).

Major a-diastereoisomer 33a: '"H NMR (CDCl5): 1.11 (m, 1H, H-
1a”), 1.22 (d, 3H, J = 6.4 Hz, CH3), 1.76 (m, 1H, H-2,), 2.12 (m, 1H,
H-3), 2.15-2.27 (m, 2H, H-1b", H-2¢), 3.35 (dd, 1H, J34=
Jas=9.6 Hz, H-4), 3.48 (m, 1H, H-5), 3.57-3.65 (m, 3H, H-6a, H-
4, H-3"), 3.66-3.78 (m, 2H,, H-5', H-6b), 3.91 (m, 1H, H-2'), 4.06
(m, 1H, H-1"), 4.42-4.86 (m, 12H, 6 x CH,Ph), 5.61 (dd, 1H,
J=1Hz, J=5.0 Hz, H-1), 7.12-7.54 (m, 35H, 6 x CgHs). '*C NMR
(CDCls): 15.9 (C-6'), 29.6 (C-17), 33.8 (C-3), 35.0 (C-2), 67.7 (C-5'),
67.7 (C-1'), 69.2 (C-6), 72.7, 72.8, 73.2, 74.3, 75.7 (5 x PhCH,),
76.6 (C-4'), 76.7 (C-3'), 76.8 (C-2'), 78.6 (C-5), 81.2 (C-4), 84.7 (C-
1), 126.6-127.3 (6 x CgHs), 137.9, 138.3, 138.5, 138.6, 138.8,
140.2 (6 x ipso CgHs). ESIMS m/z: calcd for (Cs4Hs505S): 850.4.
Found, 868.3 [M+NH,]".

Minor B-diastereoisomer 33b: 'H NMR, 4.93 (dd, J; .x = 9.2 Hz,
J1.2¢q = 3.2 Hz, H-1). Further signals were overlapped by those of
the major diastereoisomer.

4.21. 1,5-Anhydro-4,6-di-0-benzyl-2,3-dideoxy-3-C-[(2,3,4,6-
tetra-0-benzyl-p-p-glucopyranosyl)methyl]-i-arabino-hex-1-
enitol (9)

N-Bromosuccinimide (0.06 g, 0.34 mmol) was added to a solu-
tion of anomers 31a,b (0.24 g, 0.25 mmol) in acetone (12 ml) con-
taining 1% water. The reaction mixture was stirred at —15 °C under
exclusion of light and the reaction course was monitored by TLC
(light petroleum/ethyl acetate 3:1). After 1 h, the reaction mixture
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did not contain the starting compound and the reaction was
quenched by the addition of a NaHCO; solution to pH 8. After par-
titioning between dichloromethane and aqueous NaHCOs, the or-
ganic phase was dried, the solvent evaporated, and the residue
chromatographed on a short silica gel column in light petroleum/
ethyl acetate (2:1) affording 0.20 g of 2,3-dideoxy-3-C-[(2,3,4,6-
tetra-0-benzyl-B-p-glucopyranosyl)methyl]-4,6-di-O-benzyl-i-ara-
bino-hexopyranose (Ry 0.3, light petroleum/ethyl acetate (2:1), m/z
865.7 [M+H]"). The obtained compound (0.23 mmol) was dissolved
in dichloromethane (5 ml) and the solution was treated in an inert
atmosphere at 0 °C with s-collidine (0.415 g, 3.43 mmol) and mesyl
anhydride (0.08 g, 0.458 mmol). The reaction mixture was stirred
at 0 °C and its course was monitored by TLC (light petroleum/ethyl
acetate 3:1). After 4 h, the reaction mixture was partitioned be-
tween dichloromethane and aqueous NaHCOs. The organic phase
was dried, the solvent evaporated, and the residue chromato-
graphed on silica gel in light petroleum/ethyl acetate (7:1-4:1),
affording 0.145 g (64%) of compound 9, Re=0.65 (light petro-
leum/ethyl acetate, 3:1). [«]p +35.1 (c 0.43, CHCl;). '"H NMR
(CDCl3): 1.50 (m, 1H, H-1a"), 1.76 (ddd, 1H, Jyx.1pr = 13.3 Hz,
J=10.1 Hz, J=3.2 Hz, H-1b"), 2.65 (m, 1H, H-3), 3.19 (dd, 1H,
J3.4 =Jus = 8.9 Hz, H-4"), 3.30-3.38 (m, 2H, H-1', H-5'), 3.44 (dd,
1H, J3.4=Jas = 8.8 Hz, H-4), 3.56-3.76 (m, 4H, H-3', H-6,, H-6/,
H-2'), 3.77-3.81 (m, 1H, H-6,), 3.82-3.86 (m, 2H, H-5, H-6,),
4.47-4.67 (m, 8H, 4 x CH,Ph), 4.69 (dd, 1H, J=5.9 Hz, J=2.0 Hz,
H-2), 4.75-4.92 (m, 4H, 2 x CHyPh), 6.30 (dd, 1H, J=5.9Hz,
J=1.8Hz, H-1), 7.16-7.38 (m, 30H, 6 x CgHs). '*C (CDCl;): 34.5
(C-17), 35.3 (C-3), 68.7, 69.0 (C-6', C-6), 73.4, 73.6, 73.8, 74.9,
75.2, 75.6 (6 x CH,Ph), 76.0, 76.2 (C-4, C-4), 77.9 (C-5), 78.6 (C-
3’), 79.1 (C-1'), 82.4 (C-5), 87.3 (C-2'), 102.1 (C-2), 127.5-128.4
(6 x CgHs), 138.0, 138.1, 138.2, 138.3, 138.4, 138.6 (6 x ipso
CgHs), 142.4 (C-1). ESIMS m/z: calcd for (Cs5Hs505): 847.0. Found,
848.3 [M+H]". Anal. Calcd for CssHsg0s: C, 77.99; H, 6.90. Found:
C, 78.36; H, 7. 7.06.

4.22. 1,5-Anhydro-4,6-di-0-benzyl-2,3-dideoxy-3-C-[(2,3,4,6-
tetra-0-benzyl-p-p-glucopyranosyl)methyl]-p-arabino-hex-1-
enitol (10)

Using the same procedure as described for the preparation of
compound 9, the mixture of compounds 32a,b (1.6 g; 1.11 mmol)
was converted to compound 10 (0.63 g; 67%), Ry = 0.65 (light petro-
leum/ethyl acetate, 3:1). [o]p +7.4 (¢ 0.99, CHCl5). "H NMR (CDCls):
1.53 (m, 1H, H-1"), 1.77 (m, 1H, H-1"), 2.67 (m, 1H, H-3), 3.21 (dd,
1H, J34 = Ja5 = 9.0 Hz, H-4'), 3.31-3.38 (m, 2H, H-1', H-5), 3.45
(dd, 1H, J34 =Js5 = 8.9 Hz, H-4), 3.56-3.74 (m, 4H, H-3', H-6,', H-
6y, H-2), 3.76-3.82 (m, 1H, H-6,), 3.82-3.88 (m, 2H, H-5, H-6}),
4.37-4.68 (m, 8H, 4 x CH,Ph), 4.70 (dd, 1H, J = 5.9 Hz, ] = 1.6 Hz,
H-2), 4.76-4.95 (m, 4H, 2 x CH,Ph), 6.32 (dd, 1H, J=5.9Hz,
J=2.0Hz, H-1), 7.05-7.45 (m, 30H, 6 x CsHs). >C (CDCl;): 34.4
(C-17), 35.2 (C-3), 68.6, 68.9 (C-6, C-6), 73.3, 73.4, 73.5, 73.7,
74.9, 75.1, (6 x CH,Ph), 75.9, 76.1 (C-4', C-4), 77.8 (C-5), 78.5 (C-
3'), 79.0 (C-1'), 82.3 (C-5), 87.3 (C-2'), 102.0 (C-2), 127.4-128.3
(6 x CgHs), 138.1, 138.2, 138.2, 138.4, 138.3, 138.6 (6 x ipso
CeHs), 142.4 (C-1). ESIMS m/z: calcd for (CssHssOs): 847.1. Found,
848.3 [M+H]". Anal. Calcd for C5sHsg0g: C, 77.99; H, 6.90. Found:
C, 78.29; H, 7.12.

4.23. 1,5-Anhydro-4,6-di-0-benzyl-2,3-dideoxy-3-C-[(2,3,4-tri-O-
benzyl-a-L-fucopyranosyl)methyl]-p-arabino-hex-1-enitol (11)

Using the same procedure as described for the preparation of
compound 9, the mixture of compounds 33a,b (0.69 g; 0.81 mmol)
was converted to compound 11 (0.26 g; 67%), Ry = 0.75 (light petro-
leum/ethyl acetate, 3:1). [¢]p —43.0 (¢ 0.74, CHCls). '"H NMR
(CDCl3): 1.13 (d, 3H, J = 6.4 Hz, CH3), 1.19 (dt, 1H, J14.1v- = 14.2 Hz,
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J=2.8Hz, H-1"b), 2.04 (dt, 1H, Jyp-1ar = 14.2 Hz, ] = 2.8 Hz, H-1"a),
239 (dt, 1H, J=11.00Hz, J=19Hz, H-3), 348 (dd, 1H,
J34=Jas = 9.2 Hz, H-4), 3.54 (m, 1H, H-3'), 3.56-3.63 (m, 2H, H-4',
H-5'), 3.75-3.87 (m, 3H, H-5, H-6a, H-6b), 3.92 (m, 1H, H-2),
4.11 (ddd, 1H, J=13.3 Hz, J=7.8 Hz, ] =3.2 Hz, H-1'), 4.47-4.86
(m, 11H, 5 x CH,Ph, H-2), 6.32 (dd, 1H, J = 2.3 Hz, ] = 5.9 Hz, H-1),
7.1-7.45 (m, 25H, 5 x CgHs). *C NMR (CDCl3): 16.0 (C-6'), 29.6
(C-17), 35.1 (C-3), 67.4 (C-5'), 68.6 (C-6), 69.0 (C-1"), 72.8, 73.0,
73.8, 73.5, 74.3 (5 x PhCH,), 76.7 (C-4'), 76.7 (C-2'), 76.9 (C-4),
77.8 (C-5), 78.2 (C-3'), 101.7 (C-2), 127.3-128.3 (5 x CgHs), 138.2,
138.3, 138.4, 138.5, 138.8 (5 x ipso CgHs), 142.4 (C-1). ESIMS m/z:
caled for (Cy4gHs,07): 740.9. Found, 758.1 [M+NH,4]". Anal. Calcd
for C4gH5207: C, 77.81; H, 7.07. Found: C, 77.95; H, 7.68.

Acknowledgments

This work was supported by the Grant Agency of the Czech
Republic (Grant No. 203/08/1124) and by the Ministry of Education,
Youth and Sport of the Czech Republic (Grant No. 6046137305).

References

. Bertozzi, C. R; Kiessling, L. L. Science 2001, 291, 2357-2364.

. (a) Danishefsky, S. J.; Allen, J. R. Angew. Chem., Int. Ed. 2000, 39, 836-863; (b)
Galonic, D. P.; Gin, D. Y. Nature 2007, 446, 1000-1007; (c) Demange, R.; Awad,
L.; Vogel, P. Tetrahedron: Asymmetry 2004, 15, 3573-3585.

. (a) Stépanek, P.; KnieZo, L.; Dvofakova, H.; Vojtisek, P. Synlett 2003, 963-966;
(b) Stépanek, P.; Vich, O.; KnieZo, L.; Dvofakovd, H.; Vojtisek, P. Tetrahedron:
Asymmetry 2004, 15, 1033-1041.

. Stépanek, P.; Vich, 0.; Werner, L.; KnieZo, L.; Dvorikova, H.; Vojtisek, P. Coll.
Czech. Chem. Commun. 2005, 70, 1411-1428.

. Parkan, K.; Vich, O.; Dvofdkovd, H.; KnieZo, L. Coll. Czech. Chem. Commun. 2008,
73, 690-700.

. (a) Shao, H.; Wang, Z; Lacroix, E.; Wu, S. H.; Jennings, H. ].; Zhou, W. J. Am.
Chem. Soc. 2002, 124, 2130-2131; (b) Wang, Z.; Shao, H.; Lacroix, E.; Wu, S. H.;
Jennings, H. J.; Zhou, W. J. Org. Chem. 2003, 68, 8097-8105; (c) Zhou, W.; Shao,
H.; Wu, S. H. Carbohydr. Res. 2004, 339, 2475-2485; (d) Massi, A.; Nuzzi, A.;
Dondoni, A. J. Org. Chem. 2007, 72, 10279-10282.

7. (a) Di Bussolo, V.; Kim, Y.-J.; Gin, D. Y. J. Am. Chem. Soc. 1998, 120, 13515~

13516; (b) Tiwari, P.; Misra, A. K. J. Org. Chem. 2006, 71, 2911-2913.

8. Kim, Y.-].; Di Bussolo, V.; Gin, D. Y. Org. Lett. 2001, 3, 303-306.

,J.: Gin, D. Y. J. Am. Chem. Soc. 2002, 124, 9789-9797.

10. Liu, J.; Gin, D. Y. Tetrahedron Lett. 2003, 44, 4015-4018.

11. (a) Parrish, J. D.; Little, R. D. Org. Lett. 2002, 4, 1439-1442; (b) Allwein, S. P.;
Cox, J. M.; Howard, B. E.; Johnson, H. W. B.; Rainier, ]. D. Tetrahedron 2002, 58,
1997-2009; (c) Codeé, J. D. C.; van der Marel, G. A.; van Boeckel, C. A. A.; van
Boom, J. H. Eur. J. Org. Chem. 2002, 3954-3965.

12. Dujardin, G.; Rossignol, S.; Brown, E. Tetrahedron Lett. 1995, 36, 1653-
1656.

13. Dondoni, A.; Marra, A.; Merino, P. J. Am. Chem. Soc. 1994, 116, 3324-
3336.

14. Uchiyama, T.; Woltering, J. T.; Wong, W.; Lin, C.-C.; Kajimoto, T.; Takebayashi,
M.; Weitz-Schmidt, G.; Asakura, T.; Noda, M.; Wong, C.-H. Bioorg. Med. Chem.
1996, 4, 1149-1165.

15. Dondoni, A.; Marra, A.; Scherrmann, M.-Ch.; Bertolasi, V. Chem. Eur. J. 2001, 7,
1371-1382.

16. (a) Martin-Lomaz, M.; Khiar, N.; Garcia, S.; Koessler, J.-L.; Nieto, P. M.;
Rademacher, T. W. Chem. Eur. J. 2000, 6, 3608-3621; (b) Werner, L.; KnieZo, L.;
Dvordkovd, H. Tetrahedron Lett. 2007, 48, 609-612.

17. Charette, A. B.; Coté, B. J. Org. Chem. 1993, 58, 933-936.

18. (a) Giannis, A.; Sandhoff, K. Tetrahedron Lett. 1985, 26, 1479-1482; (b) Hosomi,
A.; Sakata, Y.; Sakurai, H. Carbohydr. Res. 1987, 171, 223-232; (c) Allevi, P.;
Anastasia, M.; Ciuffreda, P.; Fiecchi, A.; Scala, A. J. Chem. Soc., Chem. Commun.
1987, 1245-1246; (d) Bombard, S.; Maillet, M.; Capmau, M.-L. Carbohydr. Res.
1995, 275, 433-440; (e) Marron, T. G.; Woltering, T. J.; Weitz-Schmidt, G.;
Wong, C.-H. Tetrahedron Lett. 1996, 37, 9037-9040; (f) McDevitt, ]. P.; Lansbury,
P.T.J. Am. Chem. Soc. 1996, 118, 3818-3828; (g) Lucero, C. G.; Woerpel, K. A. J.
Org. Chem. 2006, 71, 2641-2647; (h) McGarvey, G. J.; LeClair, Ch. A;
Schmidtmann, B. A. Org. Lett. 2008, 10, 4727-4730.

19. (a) Ref. 2c; (b) Zhu, Y.-H.; Demange, R.; Vogel, P. Tetrahedron:Asymmetry 2000,

11,263-282; (c) Pasquarello, C.; Picasso, S.; Demange, R.; Malissard, M.; Berger,

E. G.; Vogel, P. J. Org. Chem. 2000, 65, 4251-4260; (d) Zhu, Y.-H.; Vogel, P.

Synlett 2001, 79-81; (e) Demange, R.; Bithlmann, C.; Vogel, P. Helv. Chim. Acta

2003, 86, 361-376; (f) Avad, L.; Riedner, J.; Vogel, P. Chem. Eur. J. 2005, 11,

3565-3573; (g) Vauzeilles, B.; Sinay, P. Tetrahedron Lett. 2001, 42, 7269-7272;

(h) Notz, W.; Hartel, Ch.; Waldscheck, B.; Schmidt, R. R. J. Org. Chem. 2001, 66,

4250-4260; (i) Mikkelsen, L. M.; Krintel, S. L.; Jiménez-Barbero, J.; Skrydstrup,

T.J. Org. Chem. 2002, 67, 6297-6308; (j) Liu, L.; Postema, M. H. D. J. Am. Chem.

w N o=

[SFN

=




Parkan K., Habilitaéni prace, VSCHT v Praze, Praha, 2021.

362 K. Parkan et al./Carbohydrate Research 345 (2010) 352-362
Soc. 2001, 123, 8602-8603; (k) Postema, M. H. D.; Piper, J. L.; Liu, L.; Shen, J.; 1765; (m) Hirai, G.; Watanabe, T.; Yamaguchi, K.; Miyagi, T.; Sodeoka, M. J. Am.
Faust, M.; Andreana, P. . Org. Chem. 2003, 68, 4748-4754; (1) Wan, Q.; Chem. Soc. 2007, 129, 15420-15421; (n) Watanabe, T.; Hirai, G.; Kato, M.;
Lubineau, A.; Guillot, R.; Scherrmann, M.-Ch. Carbohydr. Res. 2008, 343, 1754- Hashizume, D.; Miyagi, T.; Sodeoka, M. Org. Lett. 2008, 10, 4167-4170.

78



Parkan K., Habilitaéni prace, VSCHT v Praze, Praha, 2021.

PRILOHA III

Lovyova, Z.; Parkan, K.; Kniezo, L. Stereoselective preparation of four 3-C-mannosylated D-
and L-glucals from a single starting compound. Tetrahedron 2011, 67 (27), 4967-4979.

79



Parkan K., Habilitaéni prace, VSCHT v Praze, Praha, 2021.

Tetrahedron 67 (2011) 49674979

ELSEVIER

Contents lists available at ScienceDirect

Tetrahedron

journal homepage: www.elsevier.com/locate/tet

Stereoselective preparation of four 3-C-mannosylated p- and L-glucals from

a single starting compound

Zuzana Lovyova, Kamil Parkan, Ladislav Kniezo *

Department of Chemistry of Natural Compounds, Institute of Chemical Technology, Technicka 5, 166 28 Prague 6, Czech Republic

ARTICLE INFO ABSTRACT

Article history:

Received 14 February 2011

Received in revised form 29 March 2011
Accepted 12 April 2011

Available online 20 April 2011

Keywords:
C-Disaccharides

Glucal derivatives
Stereoselective synthesis

The corresponding oxadiene, prepared from the starting perbenzylated «-p-mannopyranosylethanal was
subjected to stereoselective cycloaddition reactions with R and S methyl (ethenyloxy)(phenyl)acetates.
From the two obtained diastereoisomeric cycloadducts, 3-C-z-p-mannosylated 1,2-p-glucal and 3-C-o-p-
mannosylated 1,2-i-glucal were prepared. A simple epimerisation of the starting «-p-mannopyr-
anosylethanal afforded perbenzylated B-p-mannopyranosylethanal, which was converted to 3-C-p-p-
mannosylated 1,2-p-glucal or to 3-C-f-p-mannosylated 1,2-t-glucal by the same procedure. The structure of
the obtained 3-C-z-p-mannosylated 1,2-p-glucal has been confirmed independently by its transformation
to the known peracetylated methyl z-C-(1 —3)-mannobioside. The prepared glucals are suitable precursors
for the synthesis of stable glycoconjugates with non-hydrolyzable mannose-containing epitopes.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Communication systems used on a molecular level by living or-
ganisms, are not limited to only the four letters of the genetic al-
phabet. A detailed study of the role played by saccharides in living
organisms revealed that in addition to the two well-known ‘alpha-
bet’ types (represented by amino acids and nucleotides), another
‘alphabet’ type that is utilized in biological recognition processes
may also be formed by monosaccharides.! Using this alphabet, the
cell surface carbohydrates mediate interactions between them-
selves and other cells (including immunodifferentiation, cell adhe-
sion, cell differentiation, and regulation of cell growth) as well as
between cells and antibodies, viruses, bacteria, peptide hormones or
toxins. Among these interactions, mannose-containing ligands oc-
cupy asignificant position because they are present on the surface of
a large number of pathogens, such as viruses (including HIV), bac-
teria, fungi, and parasites. Aside from other lectins, they are also
recognized by the carbohydrate recognition domain of lectin
DC-SIGN, principally expressed by dendritic cells in genital and in-
testinal mucosa.? It has been shown that the inhibition of the rec-
ognition process between the mannose-containing ligands present,
e.g., in HIV glycoprotein gp 120 and lectin DC-SIGN, may inhibit an
infection process at one of the earliest stages.? In the studies of these
and similar processes, it could be useful to obtain C-glycoside or
C-oligosaccharide analogs of saccharides, which can mimic the

* Corresponding author. Tel.: +420 220 444 265; fax: +420 220 444 422; e-mail
address: Ladislav.Kniezo@vscht.cz (L. Kniezo).

0040-4020/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2011.04.044
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structure of natural saccharide epitopes but are by far more stable in
the organism because of their resistance to the ubiquitous glycosi-
dases. The quest for effective synthetic methods leading to glyco-
conjugates with non-hydrolyzable saccharide mimetics is therefore
very desirable. For the synthesis of the glycoconjugates mentioned,
one might advantageously utilize the reactivity of the C=C bond in
1,2-glucals® because of its reactivity, which enables one- or two-step
stereoselective preparations of gluco-> or mannopyranosyl glyco-
sides,® glycosides of glucosamine’ or mannosamine,® and some
C-glycosides.” One can envisage that these or similar reactions of
C-mannosylated 1,2-glucals may also be utilized for their attach-
ment to an oligosaccharide, peptide or lipid moieties, either by
glycosidic or C—C bonding, thus enabling the synthesis of various
stable glycoconjugates with non-hydrolyzable mannose-containing
epitopes. Therefore, we decided to prepare diastereoisomeric 3-C-
mannosylated 1,2-glucals 14 as precursors for the synthesis of non-
hydrolyzable glycoconjugates, using an approach to the preparation
of 3-C-glycosylated p- and t-1,2-glucals that was recently published
by our group.'”

Thus, in the present paper, we describe a method enabling the
conversion of the starting perbenzylated o«-p-mannopyranosyl-
ethanal 5 into either of the two 3-C-z-p-mannosylated 1,2-glucals,
namely 1,5-anhydro-4,6-di-O-benzyl-2,3-dideoxy-3-C-[(2,3,4,6-tetra-
0-benzyl-o-p-mannopyranosyl)methyl]-p-arabino-hex-1-enitol 1
or 1,5-anhydro-4,6-di-O-benzyl-2,3-dideoxy-3-C-[(2,3,4,6-tetra-0-
benzyl-z-p-mannopyranosyl)methyl]-L-arabino-hex-1-enitol 2.
Following facile epimerization of aldehyde 5 to B-p-mannopyr-
anosylethanal 6, it is possible to obtain any of the two 3-C-
B-p-mannosylated 1,2-glucals by the same procedure, namely
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1,5-anhydro-4,6-di-0-benzyl-2,3-dideoxy-3-C-[(2,3,4,6-tetra-0-
benzyl-B-p-mannopyranosyl)methyl]-p-arabino-hex-1-enitol 3 and
1,5-anhydro-4,6-di-0-benzyl-2,3-dideoxy-3-C3,4,6-tetra-0-[(2,-
benzyl-B-p-mannopyranosyl)methyl]-L-arabino-hex-1-enitol 4.
The structure of the obtained glucal 1 has been confirmed in-
dependently by its transformation to the known peracetylated
methyl o-C-mannobioside 7."" By the same manner, glucal 2 was
converted to the diastereomeric C-disaccharide 8 with 1-man-
nopyranose at the reducing end (Scheme 1).

BnO.

OBn
BnO 0 =
Bno
CHO
5

mixture of peracetylated o- and B—n—mannopyranosylpropenes.“‘ Al-
though this mixture is not separable by simple column chromatog-
raphy, our preliminary experiments have shown that replacement of
the acetyl protecting groups by benzyl groups and subsequent 0zo-
nolysis of the C=C bond leads to a mixture of perbenzylated «- and f3-
p-mannopyranosylethanals 5 and 6 that are separable (as shown by
TLC) by chromatography on silica gel.

We prepared the mixture of peracetylated 2- and -b-mannopyr-
anosylpropenes using a slight modification of the original procedure."

A0 OAc
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AcO’
AcO

1
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Scheme 1. Synthetic route to 3-C-mannosylated glucals 1-4.

2. Results and discussion

The starting perbenzylated #-p-mannopyranosylethanal 5 is
a known compound,'? and the best method of its preparation is 0zo-
nolysis or dihydroxylation of the C=C bond (and its subsequent oxi-
dative cleavage) of perbenzylated «-p-mannopyranosylpropene,
accessible by stereoselective allylation of the p-mannopyranosyl cat-
ion generated from suitable precursors.> Because we required
a greater amount (more than 10 g) of pure a-p-mannopyr-
anosylethanal 5 and its B-isomer 6, stereoselective synthesis of mul-
tigram amounts of pure perbenzylated 2-p-mannopyranosylpropene
did not appear to be practical. Therefore, we tried to obtain the alde-
hyde 5 through a more economicapproach, from the readily accessible

BnO.
BnO. ol

BnO_  oBn no,
BnO. 0Bn 9 Sad o o) oo
i n(
& .o ii Bno N ii no8
BnO CHO S,
4 |
12

ratio 10:11 = 1:9

ratio 5:6 = 1:9

OBn
BN BnO’% '°:
BnO .0 — BnO
|ano)&‘4 _cHo il
ratio 5:6 = 9:1 5

ii
CHO 10

A solution of peracetylated p-mannose, 4 equiv of allyltrimethylsilane,
and 5.5 equiv of BF3 - Et;0 was refluxed in acetonitrile for 5 h. Following
a workup of the reaction mixture, an unseparable mixture of per-
acetylated o- and B-p-mannopyranosylpropenes was afforded in 75%
yield. Replacement of the acetyl protecting groups by benzyl groups
and the subsequent ozonolysis gave amixture of perbenzylated - and
B-p-mannopyranosylethanals 5 and 6 in the ratio of 9:1 (as de-
termined by integration of the —CHO protons in the 'H NMR spec-
trum; o anomer: triplet at 9.71 ppm, f anomer: triplet at 9.56 ppm).
Chromatography of this mixture on silica gel afforded pure perben-
zylated a-p-mannopyranosylethanal 5 in good yield, which in the
Wittig reaction with ((2-thiazolylcarbonyl)methylen)triphenylphos-
phorane 9' gave the only product substituted oxadiene 10, which is

0

— S

o OBn
g Bni -0,

BnO: P D

B 0Bn
o D
F s

0
1"

Scheme 2. Synthesis of 10 and 11. Reagents and conditions: (i) 1% K,CO3/MeOH, rt, sonication, 6 h; (ii) 9, CHCl3, 50 °C, 48 h; (iii) flash chromatography.
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the intermediate for the synthesis of glucal 1 or 2 (Scheme 2). It is
evident that, alternatively, the described processes'> may be used for
the preparation of pure perbenzylated z-mannopyranosylpropene,
which can be converted to aldehyde 5 by ozonolysis and subsequently
converted to oxadiene 10 by reaction with phosphorane 9.

To synthesize the substituted oxadiene 11, which is an in-
termediate for the synthesis of glucals 3 and 4, we made use of the
epimerization of -p-mannopyranosylethanal 5. This epimerization
was described to proceed in methanolic solution with either
MeONa'® or proline in a microwave oven.” In the first case, how-
ever, the arising f-p-mannopyranosylethanal 6 was not isolated but
was reduced in situ to the corresponding alcohol. In the second
case, the reaction was performed with only 0.4 mmol of aldehyde 5.
For epimerization of multigram amounts of the aldehyde 5, a 1%
methanolic solution of K>CO3 proved to be useful. After adding
smaller amounts (<0.5 g) of pure aldehyde 5 into a stirred solution
of 1% methanolic K,CO3; at room temperature, equilibrium was
achieved after about 2 days, and according to the 'H NMR, the
equilibrium mixture consisted of aldehydes 5 and 6 in the ratio of
1:12. Epimerization of greater amounts of the aldehyde was slower,
and moreover, signals of other products began to appear in the
'H NMR spectrum. However, the epimerization can be markedly
accelerated by sonication. Thus, when 7 g of the starting aldehyde
(or a mixture of aldehydes 5:6=9:1) was sonicated for 6 h at room
temperature, the equilibrium mixture contained solely compounds
5 and 6 in the ratio of 1:9, whereas after longer periods of sonica-
tion, traces of the side product began to appear. Attempts to sep-
arate B-p-mannopyranosylethanal 6 from the remnants of the
starting o-p-mannopyranosylethanal 5 by chromatography on silica
gel were not very successful, and we isolated the pure B-p-man-
nopyranosylethanal 6 in a maximum yield of about 35%. The low
yield is most likely due to relatively rapid decomposition of 6
(unlike 5) on silica gel. Therefore, we abandoned purification at-
tempts at this step and directly subjected the mixture of aldehydes
5 and 6 (1:9) to the Wittig reaction with ((2-thiazolylcarbonyl)-
methylen)triphenylphosphorane 9. The minor «-epimer 10 in the
obtained mixture of oxadienes 10 and 11 was then removed by
chromatography on silica gel, affording pure intermediate 11 in
a good yield.

The obtained intermediates 10 and 11 were subjected to cyclo-
addition reactions with both enantiomers of methyl (ethenylox-
y)(phenyl)acetate, (R)-12 and (S)-12, easily obtainable from cheap
and commercially accessible enantiomers of mandelic acid.'® The
cycloadditions were accelerated by sonication and proceeded at
room temperature in the presence of 0.15 equiv of Eu(fod); .The
reaction time was 48 h for the o-p-mannopyranosyl derivative 10
and 24 h for the B-p-mannopyranosyl derivative 11. NOE experi-
ments confirmed the cis-relation of substituents on the C-2 and C-4
atoms of the 3,4-dihydro-2H-pyran ring in all of the obtained
cycloadducts 13—16. On the basis of analogy with similar cycload-
ditions that we had studied earlier,'®"®"1% we can assume with
great certainty that, similar to all preceding cases, the vinyl ether
(5)-12 afforded cycloadducts 13 and 15 with 2R,4R-configuration
and the vinyl ether (R)-12 gave cycloadducts 14 and 16 with 25,4S-
configuration on the 3,4-dihydro-2H-pyran ring (Scheme 3).

All four synthesized cycloadducts 13—16 were converted into
the final glucal derivatives 1-4 using a procedure that was recently
published by our group,'® shown in Scheme 4. Reduction of the
ester group in 13—16, followed by benzylation of the resultant
hydroxy group, afforded compounds 17—20, which gave aldehydes
21-24 after transformation of the thiazole ring. Simultaneous re-
duction of the aldehyde group and hydroboration of the double
bond by BH3-Me;S led to C-(1—3)-disaccharides 25—28, having 2-
deoxy-arabino-hexopyranose (compound 25: J34 9.5 Hz, J459.7 Hz,
compound 26: J34=/45 9.7 Hz, compound 27: J34=/45 9.7 Hz, and
compound 28: J34=J45 9.4 Hz) at the reducing end, and these
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Scheme 3. Stereoselective synthesis of 13—16. Reagents and conditions: (i) (R}-12 or
(5)-12, Eu(fod); (15 mol %), CH,Cl,, rt, sonication 48 h; (ii) (R)-12 or (5)-12, Eu(fod);
(15 mol %), CH,Cl,, rt, sonication 24 h.

disaccharides were treated with thiophenol to give anomeric
mixtures of thioglycosides 29a,b—32a,b. Hydrolysis of the thio-
glycosides and subsequent mesylation and elimination of the
formed hydroxy group led to glucals 1-4. It is worth mentioning
that in the synthesized structures with the z-p-mannopyranosyl
moiety (e.g., 13, 14, 25, 26, and 2), this non-reducing p-man-
nohexopyranose showed deviation from the normal “C; confor-
mation, as follows from lower values (6.4—7.3 Hz) of vicinal diaxial
interactions between H-3" and H-4’ and between H-4' and H-5' in
the NMR spectra of these compounds. The same effect was also
observed for 2-C-(1—3)-mannobioside'’ and was explained by the
steric congestion between the two monosaccharide moieties. In
structures containing the B-p-mannopyranosyl moiety (15, 16, 19,
20, 23, 24, 27, 28, 31a, 3, and 4), this steric congestion is evidently
not present because their f-p-mannohexopyranose moieties have
‘normal’ values of vicinal diaxial interactions between H-3' and
H-4' and between H-4" and H-5' (in the range 9.2—9.7 Hz).
Because the assignment of the p- or i-configuration in glucals
1-4 is based only on analogy with similar previously studied
cycloadditions,'®'¥>1? we decided to confirm the assignment un-
equivocally by transforming glucal 1 to the known peracetyl methyl
4-C-(1—3)-mannobioside 7 that has already been prepared by
coupling two p-mannohexopyranoses in an Smyl-promoted C-gly-
cosylation."" The simplest way to transform glucal 1 to methyl
C-mannobioside 7 is to perform an epoxidation with m-chlor-
operoxybenzoic acid in methanol, where formation of the z-ep-
oxide should give rise to the corresponding methyl
glucopyranoside derivative, whereas epoxidation from the -face of
the double bond should lead to the desired methyl mannopyr-
anoside 7. As indicated by the literature data, the diaster-
eoselectivity of this epoxidation may depend significantly on the
structure and substitution of the starting unsaturated sacch-
aride. Thus, for example, epoxidation of 4-O-glycosylated glucal,
namely hexa-O-methylmaltal, with m-chloroperoxybenzoic acid in
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4

Scheme 4. Synthesis of glucals 1-4. Reagents and conditions. (i) (a) LiAlH4, THF, rt, 1 h; (b) NaH, BnBr, BusNI, THF, 40 °C, 4 h, then rt 14 h; (ii) (a) MeOTf, MeCN, rt, 15 min; (b) NaBH4,
MeOH, rt, 15 min; (c) AgNO3, MeCN/H>0, rt, 20 min; (iii) (a) Me,S-BHs, THF, rt, 16 h; (b) NaOH, H;0, rt, 30 min; () NaH, BnBr, BugNI, THF, 40 °C, 4 h, then rt 14 h; (iv) PhSH,
BF3-Et;0, CH,Cly, —78 °C, then to rt 2 h; (v) (a) NBS, moist acetone (1% H,0), —15 °C, 1 h, exclusion of light; (b) Ms,0, s-collidine, CH,Cl,, 0 °C, 4 h.

methanol proceeded selectively from the o-face, affording solely
methyl hexa-O-methyl-B-maltoside.’® The same epoxidation of
3-C-glycosylated galactal, ie., 4,6-di-O-benzyl-3-C-[(1R)-1,3,4,5,
7-penta-O-benzyl-2,6-anhydro-p-glycero-.-manno-heptitol-1-C-yl]-
3-deoxy-p-galactal, took place predominantly from the f-face under
formation of methyl 4,6-di-O-benzyl-1,3-C-[(1R)-1,3,4,5,7-penta-O-
benzyl-2,6-anhydro-p-glycero-.-manno-heptitol-1-C-yl]-3-deoxy-
a-p-talo-pyranoside as the principal reaction product.?’

We performed this simple epoxidation with glucal 1 and found
that the reaction also proceeded preferentially from the p-face and
that stereoselectivity of the epoxidation is practically the same as in
the case of the C-glycosylated galactal.?! The epoxidation afforded
a mixture of two methyl glycosides 33 and 34, which were easily
separable by chromatography on silica gel (Scheme 5). The major
product 33 was isolated chromatographically in 56% yield, and the
minor product 34 was isolated in 20% yield. Both products had the
same molecular weight (MS), corresponding to the expected
methyl glycosides. In the "H NMR spectrum of 33, the H-1 proton
appeared as a broad singlet at 4.29 ppm, which corresponds to the

83

methyl z-mannopyranoside structure, whereas in the spectrum of
34, the H-1 proton appeared as a doublet at 4.13 ppm (J; 2 7.6 Hz),
corresponding to methyl B-glucopyranoside. Moreover, debenzy-
lation, followed by acetylation of the major product 33, afforded
a compound whose NMR spectra were identical with those pub-
lished for peracetylated methyl o-C-(1—3)-mannobioside 7."" The
only significant difference was the chemical shift of the methylene
protons of the C-glycoside bond (H-1"a,b), described in the original
paper as a multiplet at 1.40 to 1.24 ppm, which we found to be
a multiplet at 1.88 to 1.83 ppm, partly overlapped with signals of
acetyl groups. Chemical shifts of these protons were confirmed by
using COSY and HMQC spectra. Because the chemical shifts and
multiplicities of other protons were identical with the published
values, we assume that the chemical shift of the C-glycoside
methylene protons was assigned erroneously in the original paper.

By analogy, the same epoxidation of glucal 2 afforded a mixture
of two methyl glycosides 35 and 36, which were isolated by chro-
matography on silica gel in the yields of 51% and 20%, respectively.
Similar to the preceding case, the H-1 proton in the major methyl
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Scheme 5. Epoxidation of glucals 1 and 2. Reage!

glycoside 35 exhibited a broad singlet at 4.59 ppm, whereas in the
methyl glycoside 36, it appeared as a doublet at 4.11 ppm (Ji2
7.6 Hz). Debenzylation of methyl glycoside 35 followed by acety-
lation afforded C-disaccharide 8, whose 'H NMR spectrum was
similar to that of compound 7. However, it exhibited significant
differences in chemical shifts or coupling constants for some pro-
tons. The most significant chemical shift differences (more than
0.1 ppm) were found for the protons H-1, H-2, H-3, and H-4 and for
the methylene protons of the C-glycoside bond, which appeared as
two discrete multiplets at 1.92 and 1.77 ppm. In regard to the
coupling constants, the most significant deviations were observed
for the H-3 proton.

Comparison of the NMR spectra of the obtained methyl glyco-
sides 7 and 8 with the published spectra of methyl «-C-(1—3)-
mannobioside showed convincing evidence that compound 7 is
identical to the known methyl #-C-(1—3)-mannobioside, whereas
compound 8 is its diastereoisomer. The differences in the H-3
proton coupling constants (for 7: J 11.0, 5.5, 5.5, 3.0 Hz, and for 8: J
11.2,11.2, 3.1, 3.1 Hz) agree with the fact that C-disaccharides 7 and
8 differ in the absolute configuration of mannohexopyranose at the
reducing end, which manifests itself in different conformational
preferences of the C-aglycone bond. Thus, as follows from the
obtained NMR spectra, the configuration for the cycloadducts 13
and 14 have been assigned correctly and compounds 1 and 3 are 3-
C-mannosylated glucals with p-configuration, whereas compounds
2 and 4 are 3-C-mannosylated glucals with -configuration.

3. Conclusion

In summary, we have reported a stereoselective synthesis of any
of the four diastereoisomeric 3-C-mannosylated 1,2-glucals (1,5-
anhydro-2,3-dideoxy-arabino-hex-1-enitols) 14 starting from the
known z-p-mannopyranosylethanal 5. The key step of the synthetic
protocol is the cycloaddition of substituted oxadienes, prepared
from starting aldehyde 5, with chiral vinyl ethers derived from both
enantiomers of mandelic acid. The final compounds were obtained
in seven steps with overall yields 8.37% (for 1), 9.17% (for 2), 9.37%
(for 3), and 9.00% (for 4). Epoxidation of glucals 1 or 2 in methanol
afforded as the principal reaction products methyl glycosides of
C-disaccharides 33 or 35in 56% and 51%isolated yields, respectively.
The obtained methyl glycoside 33 is a non-hydrolyzable analog of
disaccharide #-p-Man-(1—3)-p-Man, which is significantly present
in cell surface carbohydrates as the core branching region of aspar-
agine-linked oligosaccharides. The simple epoxidation of glucal 1
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BnO
OH
+
H
BnO (o) BnO O, OMe
BnO OMe BnO
35 36

nts and conditions: (i) MCPBA, MeOH, CH,Cl,, rt, 1.5 h.

and the subsequent facile chromatographic isolation of C-di-
saccharide 33 represent a good alternative to the published prepa-
ration of this structure.!" Moreover, the prepared 3-C-mannosylated
1,2-glucals 1—4 are useful intermediates for preparation of various
non-hydrolyzable mannose—containing (1—3)-disaccharide mi-
metics, which may serve either as tools for study of recognition
processes with lectins or for synthesis of non-hydrolyzable glyco-
protein or glycolipid epitopes.

4. Experimental
4.1. General methods

All solvents were purified by standard procedures. TLC was
performed on HF,s4 plates (Merck), and the detection utilized ei-
ther UV light or spraying with Ce(SO4), solution (5 g) in 10% H2S04
(500 mL), with subsequent heating. Flash column chromatography
was performed on silica gel (Merck, 100—160 pm) with solvents
that had been distilled prior to use. Optical rotations were mea-
sured at 20 °C on a spectropolarimeter Autopol VI. 'H (300 and
500 MHz) and '3C (75 and 125.7 MHz) NMR spectra were recorded
on Varian Oxford 300 and Bruker DRX 500 Avance spectrometers,
using tetramethylsilane as an internal standard. The assignments of
'H and C signals were confirmed by homonuclear COSY and
heteronuclear 2D correlated spectra, respectively. NOE connectiv-
ities were obtained using 1D 'H DPFGSE-NOE experiments. Infrared
spectra were recorded as CHCl3 solutions on Nicolet 750 FI-IR
spectrometer and are reported in wave numbers (cm™'). Mass
spectra and HPLC were performed on a 250x4.6 mm column
packed with 5 pum Supelco BDS Hypersil C-18, with a mobile phase
of MeOH/water, using an HP 1100 instrument equipped with
a gradient pump, a column thermostat and, in addition to a UV
detector, an Agilent G1956B single quadrupole system as an MS
detector.

4.1.1. (2,3,4,6-Tetra-0-benzyl-a-p-mannopyranosyl)-ethanal
(5). Allyltrimethylsilane (60 mL, 368 mmol) and BF;-Et;0 (65 mL,
492 mmol) were portionwise added to a solution of 1,2,3,4,6-penta-
0-acetyl-p-mannopyranose (35 g, 93 mmol) in dry CH3CN (500 mL).
The mixture was refluxed for 5 h, then cooled to room temperature,
and after concentration diluted with CH2Cl; (500 mL). The solution
was washed with 2 M NaOH under vigorous stirring to persisting
alkaline reaction of the aqueous phase. The organic layer was
washed with NaHCO; solution, dried over MgSOy, and the solvent
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was evaporated. Chromatography of the residue (light petroleum/
ethyl acetate, 3:1) afforded an unseparable mixture of o and
B (2,3,4,6-tetra-0-acetyl-p-mannopyranosyl)-prop-2-enes (25 g,
75%); R=0.5 (light petroleum/ethyl acetate, 2:1). ESIMS: MH"
found: 373.7. C17H2509 requires 373.2. The spectroscopic data were
consistent with those reported.'* A 0.1 M solution of MeONa in
MeOH was added dropwise to the obtained mixture of peracetylated
p-mannopyranosylprop-2-enes in MeOH (500 mL) to allow the al-
kaline reaction to persist, and the reaction mixture was stirred at
room temperature, After 20 h, no starting compound was detected
(TLC) in the reaction mixture, and the reaction was then neutralized
with Dowex 50 (5 g) and filtered. Evaporation of the solvent and
chromatography on silica gel (chloroform/MeOH, 5:1) afforded 13 g
of a mixture of o and B p-mannopyranosylprop-2-enes; R=0.4
(chloroform/MeOH, 5:1). ESIMS: MH" found: 205.7. CoH705 re-
quires 205.2. The obtained mixture of p-mannopyranosylprop-2-
enes was dissolved in dry tetrahydrofuran (400 mL). To this solution,
we added 11.8 g(296.7 mmol) of a 60% suspension of NaH in mineral
oil, and the reaction mixture was stirred at room temperature for 1 h.
Then, tetrabutylammonium iodide (4.56 g, 12.3 mmol) was added,
followed by dropwise addition of benzyl bromide (35.3 mlL,
296.7 mmol). The reaction mixture was heated at 50 °C for 2 h and
then stirred at room temperature for another 15 h. The excess hy-
dride was decomposed by the addition of MeOH (5 mL), the solvent
was evaporated, and the residue was partitioned between CH,Cl,
and H0. The organic phases were combined, dried, and stripped of
solvent, and the residue was chromatographed on silica gel (light
petroleum/ethyl acetate, 12:1 —9:1). This procedure yielded 33 g of
a mixture of 2 and B perbenzylated p-mannopyranosylprop-2-enes;
R=0.35 (light petroleum/ethyl acetate, 9:1). ESIMS: MH™ found:
565.8. C37H4105 requires 565.7. The mixture obtained was dissolved
in dry dichloromethane (200 mL) and was subsequently ozonized,
after addition of anhydrous MeOH (40 mL) and cooling to —78 °C.
After 20 min, the mixture did not contain (TLC) any starting com-
pound, and the reaction was terminated by passing nitrogen
through the mixture for 5 min. Then NaHCOs (4 g) (to prevent an
acetalization) and then dimethyl sulfide (43 mL, 587 mmol) were
added successively, and the stirred mixture was allowed to warm to
room temperature. After stirring the mixture for 3 days at room
temperature, the NaHCO3; was filtered off, and the solvent was
evaporated. 'H NMR of the crude product showed the presence of
a mixture of « and f perbenzylated p-mannopyranosylethanals 5
and 6 in a 9:1 ratio (aldehyde proton of the z-diastereoisomer as
atriplet at 9.71 ppm and that of the -diastereoisomer as a triplet at
9.56 ppm). Chromatography on a silica gel column (light petroleum/
ethyl acetate, 9:1—5:1) afforded 23 g (60% from mixture of per-
acetylated p-mannopyranosylprop-2-enes) of (2,3,4,6-tetra-O-ben-
zyl-o-p-mannopyranosyl)-ethanal 5; R=0.35 (light petroleum/ethyl
acetate, 3:1) and 6.5 g of a mixture of « and B of perbenzylated p-
mannopyranosylethanals 5 and 6; R=0.30 (light petroleum/ethyl
acetate, 3:1). The spectroscopic data obtained for compound 5 were
identical to those reported.'?®

4.1.2. (E)-4-(2,3,4,6-Tetra-0-benzyl-a-p-mannopyranosyl)-1-(thia-
zol-2-yl)-but-2-en-1-one (10). Ylide 9'5 (172 g, 44.5 mmol) was
added to a solution of aldehyde 5 (11.5 g, 20.3 mmol) in CHCl3
(130 mL), and the mixture was stirred and heated at 50 °C. After
48 h, the reaction mixture did not show an aldehyde proton signal
(9.71 ppm) in the '"H NMR spectrum. The solvent was evaporated,
and the residue was chromatographed on silica gel (light petro-
leum/ethyl acetate, 5:1—3:1), affording 9.6 g (70%) of compound
10 as a yellow viscous oil; [Found: C, 72.66; H, 5.96. C4H41NOgS
requires C, 72.86; H, 6.11%]; R=0.3 (light petroleum/ethyl acetate,
3:1); [a]f® +9.5 (c 0.74, CHCl3); vmax 3011, 1671, 1625, 1454, 1390,
1094,1028 cm'; 'H NMR (500 MHz, CDCl3) 7.89 (d, 1H, J 3.0 Hz, H-
thiazol), 7.52 (d, 1H, ] 3.0 Hz, H-thiazol), 7.15—-7.40 (m, 22H, 4 x CgHs,
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H-2, H-3), 4.64—4.44 (m, 8H, 4x O—CH>—Ph), 416 (m, 1H, H-1'),
3.96 (dd, 1H, J4 5 10.4 Hz, J5 ¢, 5.0 Hz, H-5'), 3.91-3.76 (m, 3H, H-3',
H-6'a, H-4'), 3.72 (dd, 1H, Je'agp 10.3 Hz, Jebs 5.0 Hz, H-6'b), 3.62
(dd,1H, J3 > 6.3 Hz, Joy: 2.7 Hz, H-2'), 2.73-2.52 (m, 2H, H-4a, H-
4b); 3C NMR (125 MHz, CDCl3) 180.9 (C-1), 167.8 (thiazol C-2),
146.7 (C-2), 144.4 (C—H thiazol), 138.1, 137.9, 137.7, 137.6 (4x ipso
CeHs), 128.2—127.2 (20x CgHs), 126.3 (C-3), 126.0 (C—H thiazol),
75.4 (C-2), 75.1, 74.3 (C-3, C-4"), 73.9 (C-5'), 72.9, 72.7, 72.0, 712
(4x CHy—Ph), 70.3 (C-5'), 68.4 (C-6'), 34.1 (C-4). ESIMS: MH",
found: 676.4. C41H42NOgS requires 676.8.

4.1.3. (E)-4-(2,3,4,6-Tetra-0-benzyl-f-p-mannopyranosyl)-1-(thia-
zol-2-yl)-but-2-en-1-one (11). Aldehyde 5 (or the mixture of alde-
hydes 5 and 6 in a ratio of 9:1) (7.0 g, 12.3 mmol) was dissolved in
a 1% methanolic solution of K,CO3 (270 mL) and was sonicated at
room temperature. According to 'H NMR, the reaction mixture
contained the mixture of aldehydes 5 and 6 in a ratio of 1:9 after
6 h. The reaction was quenched by neutralization with acetic acid,
the solvent was evaporated, and the residue was partitioned be-
tween CH,Cl; and a saturated NaCl solution. The organic phase was
dried, the solvent evaporated, and the residue dissolved in CHCls.
Ylide 9% (10.5 g, 27.2 mmol) was added to the solution, and the
mixture was heated at 50 °C. After 30 h, the reaction mixture did
not show any aldehyde proton signals in the '"H NMR spectrum. The
solvent was evaporated, and the residue was chromatographed on
silica gel (light petroleum/ethyl acetate, 5:1—3:1), affording 3.8 g
(60%) of compound 11 as a yellow viscous oil; [Found: C, 72.64; H,
6.25. C41H41NOgS requires C, 72.86; H, 6.11%]; R=0.32 (light pe-
troleum/ethyl acetate, 3:1); [2]3° +7.4 (c 0.74, CHCl3); vmax 3009,
1675, 1627, 1453, 1390, 1095, 1028 cm ™ '; "H NMR (500 MHz, CDCl3)
7.99 (d, 1H, H-thiazol, ] 2.9 Hz), 7.65 (d, 1H, H-thiazol, J 2.9 Hz),
715-7.42 (m, 22H, 4x CgHs, H-2, H-3), 45-5.1 (m, 8H, 4x
0—CH>—Ph), 3.95 (dd, 1H, J4 5 10.0 Hz, J4 y-3 9.5 Hz, H-4"), 3.77 (m,
2H, H-2', H-6a), 3.70 (dd, 1H, Je'aeb 10.9 Hz, Jebs 5.3 Hz, H-6'b),
3.64 (dd,1H, J3 4 9.5 Hz, J3 » 2.2 Hz, H-3'), 3.49 (m, 2H, H-1/, H-5'),
2.78 (m, 1H, H-4a), 2.49 (m, 1H, H-4b); '>C NMR (125 MHz, CDCl3)
181.4 (C-1), 168.1 (thiazol C-2), 147.0 (C-2), 144.7 (C—H thiazol),
138.4, 138.3, 138.2 (4x ipso CgHs), 128.5-127.4 (20x CgHs), 126.4
(C—H thiazol), 126.3 (C-3), 85.2 (C-3'), 79.9, 77.1 (C-1/, C-5"), 749
(C-2', C-4'), 74.3, 73.5, 72.6 (4x CHy—Ph), 69.5 (C-6'), 34.9 (C-4).
ESIMS: MNHy, found, 693.2. C41H42N206S requires 693.3.

4.14. Methyl (S)-2-phenyl-2-{[(2R,4R)-4-(2,3,4,6-tetra-O-benzyl-a-
p-mannopyranosyl)methyl-6-(thiazol-2-yl)-3,4-dihydro-2H-pyran-2-
ylJoxy}acetate (13). Eu(fod); (2.10 g, 2.06 mmol) was added to
a solution of compound 10 (9.0 g, 13.3 mmol) and chiral vinyl ether
(5)-12'% (3.9 g, 20.3 mmol) in dichloromethane (200 mL), and the
reaction mixture was sonicated at room temperature. After 48 h,
the mixture did not contain (TLC) any starting compound 10.
Evaporation of solvent and chromatography of the residue on silica
gel (light petroleum/ethyl acetate, 3:1—2:1) afforded 8.7 g (75%) of
compound 13 as a colorless foam; [Found: C, 71.78; H, 6.05.
Cs2Hs3NOgS requires C, 71.95; H, 6.15%]; R=0.30 (light petroleum/
ethyl acetate, 2:1); [a]f° +21.1 (¢ 1.36, CHCl3); ymax 3010, 1736, 1496,
1454,1272,1095,1028 cm™'; "TH NMR (500 MHz, CDCl3) 7.73 (d, 1H,
H-thiazol, J 3.2 Hz), 7.45-7.15 (m, 26H, 5x CgHs, H-thiazol), 6.05
(d, INS> 1H, Js,4 3.7 Hz, H-5), 5.46 (s, 1H, PhCHCOOCH), 5.42 (dd,
1H, J3ax 5.5 Hz, Jozeq 2.2 Hz, H-2), 473-4.42 (m, 8H, 4x
0—CH,—Ph),4.18 (m, 1H, H-1), 3.92—-3.81 (m, 3H, H-4’, H-5', H-6'a),
3.76 (dd, 1H, Jeasb 10.5 Hz, J¢ 5 3.3 Hz, H-6'b), 3.71 (dd, 1H, J3 4
6.7 Hz, J3 > 2.7 Hz, H-3'), 3.68 (s, 3H, COOCHs), 3.49 (dd, 1H, J>.1/
4.3 Hz, J32 2.7 Hz, H-2'), 2.67 (m, 1H, H-4), 2.23 (ddd, TH, J3eq3ax
13.7 Hz, J3eqa 6.8 Hz, J3eq2 2.2 Hz, H-3¢q), 2.04 (ddd, 1H, J3eq3ax
13.7 Hz, J3ax4 5.9 Hz, J3ax2 5.5 Hz, H-34), 1.89 (m, 1H, H-1"a), 1.70
(m, 1H, H-1"b); '3C NMR (125 MHz, CDCl3) 170.8 (COOCH3), 163.9
(thiazol C-2), 143.1 (C—H thiazol), 143.0 (C-6), 138.4, 138.3, 138.2,
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138.1, 136.1 (5x ipso CgHs), 128.4—127.1 (25x CgHs), 118.5 (C—H
thiazol), 104.6 (C-5), 97.9 (C-2), 77.6 (PhCHCOOCH3), 77.3 (C-3),
76.6 (C-2'), 74.8,73.4(C-4',C-5'), 73.6, 73.2, 72.0, 71.6 (4x CH—Ph),
71.1 (C-1'), 69.2 (C-6'), 52.2 (COOCH3), 35.4 (C-1"), 32.8 (C-3), 27.1
(C-4). ESIMS: MH", found, 869.3. Cs52Hs54NOoS requires 869.1.

4.15. Methyl (R)-2-phenyl-2-{[(25,4S)-4-(2,3,4,6-tetra-O-benzyl-a-
p-mannopyranosyl)methyl-6-(thiazol-2-yl)-3,4-dihydro-2H-pyran-2-
ylJoxy}acetate (14). According to the same procedure described for
the preparation of compound 13, compound 10 (8.0 g, 11.8 mmol)
and chiral vinyl ether (R)-12'® (3.4 g, 17.8 mmol) afforded 8.2 g
(80%) of compound 14 as a colorless foam; [Found: C, 71.75; H, 5.95.
C52H53NOgS requires C, 71.95; H, 6.15%]; Re=0.30 (light petroleum/
ethyl acetate, 2:1); [a]° —9.1 (c 0.99, CHCl3); vmax 3011, 1747,
1496,1454, 1272, 1096, 1028 cm ™ '; 'H NMR (500 MHz, CDCl3) 7.73
(d, 1H, H-thiazol, J 3.2 Hz), 7.45—7.13 (m, 26H, 5x CgHs, H-thiazol),
5.95 (d,1H, J5 4 3.9 Hz, H-5), 5.46 (s, 1H, PhCHCOOCH3), 5.41 (dd, 1H,
J23ax 6.0 Hz, J23¢q 2.3 Hz, H-2), 473—4.42 (m, 8H, 4x O—CH,—Ph),
418 (m, 1H, H-1’), 3.86 (dd, 1H, J4 5=J4 3 6.4 Hz, H-4'), 3.82—-3.74
(m, 2H, H-3', H, 6’a), 3.70 (m,5H, COOCH3, H-5', H-6'b), 3.52 (dd, 1H,
J213 48 Hz, J» 3.0 Hz, H-2'),2.71 (m, 1H, H-4), 2.18 (ddd, TH, J3eq3ax
13.6 Hz, J3eq4 6.8 HZ, J3eq2 2.3 Hz, H-3¢q), 1.98—1.79 (m, 2H, H-3, H-
17),1.63 (m, 1H, H-1”); '*C NMR (125 MHz, CDCl3) 170.8 (COOCH3),
163.9 (thiazol C-2), 143.2, 143.1 (C-6, C—H thiazol), 138.4, 138.2,
138.1, 136.2 (5x ipso CgHs), 128.5-127.1 (25x CgHs), 118.4 (C—H
thiazol), 106.1 (C-5), 98.3 (C-2), 77.7 (PhCHCOOCH3), 77.1 (C-4),
76.5 (C-2'), 74.8 (C-5'), 73.6, 73.3, 72.1, 71.6 (4 x PhCH,), 73.5 (C-3),
70.1 (C-1'), 68.9 (C-6'), 52.2 (COOCH3), 35.1 (C-1"), 31.5 (C-3), 26.9
(C-4). ESIMS: MH", found, 869.3. Cs2Hs54NOgS requires 869.1.

4.1.6. Methyl (S)-2-phenyl-2-{[(2R 4R)-4-(2,3,4,6-tetra-0O-benzyl-{-
p-mannopyranosyl)methyl-6-(thiazol-2-yl)-3,4-dihydro-2H-pyran-2-
ylJoxy}acetate (15). According to the same procedure described for
the preparation of compound 13 after 24 h of sonification, com-
pound 11 (9.25 g, 13.69 mmol) and chiral vinyl ether (5)-12(3.94 g,
20.54 mmol) afforded 9.2 g (77%) of compound 15 as a colorless
foam; [Found: C, 80.05; H, 6.25. Cs»H53NOqS requires C, 71.95; H,
6.15%]; R—=0.30 (light petroleum/ethyl acetate, 2:1); [«]§” +15.0 (¢
1.02, CHCl3); vmax 3015, 1745, 1497, 1456, 1272,1096, 1028 cm '; 'H
NMR (300 MHz, CDCl3) 7.77 (d, 1H, H-thiazol, ] 2.6 Hz); 7.48—7.16
(m, 26H, 5x CgHs, H-thiazol), 5.96 (d,1H, J54 3.5 Hz, H-5), 5.49 (s,
1H, PhCHCOOCH3), 5.38 (dd, 1H, J23ax 6.4 Hz, J23¢q 2.3 Hz, H-2),
4.51-5.15 (m, 8H, 4x O—CH>—Ph), 3.95 (dd, 1H, J4 5 10.0 Hz, J4 3
9.5 Hz, H-4'), 3.77 (m, 2H, H-2/, H-6'a), 3.75 (s, 3H, COOCH3), 3.70
(dd, 1H, Je-aen 109 Hz, Job5 5.3 Hz, H-6'b), 3.64 (dd,1H, J3 4 9.5 Hz,
Ja2r 2.2 Hz, H-3'), 3.50—3.45 (m, 2H, H-1/, H-5), 2.55 (m, 1H, H-4),
2.20-2.15 (m, 2H, H-3¢q, H-1”), 1.85 (m, 1H, H-35), 1.57 (m, 1H, H-
1”); 13C NMR (75 MHz, CDCl3) 171.2 (COOCH3), 164.3 (thiazol C-2),
143.6, 143.5 (C-6, C—H thiazol), 138.8, 138.7, 136.4 (5x ipso CgHs),
128.9—127.5 (25xCgHs), 118.9 (C—H thiazol), 106.0 (C-5), 98.7 (C-2),
85.7 (C-3'), 77.9 (PhCHCOOCH3), 76.0, 75.8, 75.7 (C-5', C-2', C-1"),
75.8 (C-4'), 74.7, 73.7, 72.8 (4x PhCH,), 70.0 (C-6'), 52.7 (COOCH3),
36.9 (C-1"), 32.3 (C-3), 271 (C-4). ESIMS: MH*, found, 869.2.
C52H54N0gS requires 869.1.

4.1.7. Methyl (R)-2-phenyl-2-{[(2S,4S)-4-(2,3,4,6-tetra-O-benzyl-(3-
p-mannopyranosyl)methyl-6-(thiazol-2-yl)-3,4-dihydro-2H-pyran-2-
ylJoxy}acetate (16). According to the same procedure described for
the preparation of compound 15, compound 11 (9.0 g, 13.3 mmol)
and chiral vinyl ether (R)-12 (3.9 g, 20.3 mmol) afforded 9.3 g (80%)
of compound 16 as a colorless foam; [Found: C, 71.70; H, 5.95.
C52H53N0gS requires C, 71.95; H, 6.15%]; R=0.30 (light petroleum/
ethyl acetate, 2:1); [a]3° —27.5 (¢ 1.48, CHCl3); vmax 3020, 1748, 1497,
1454, 1268, 1096, 1028 cm~'; "H NMR (500 MHz, CDCl3) 7.72 (d, TH,
H-thiazol, | 3.1 Hz), 748—7.10 (m, 26H, 5x CgHs, H-thiazol), 6.00
(d,1H, J5.4 3.5 Hz, H-5), 5.48 (s, 1H, PhACHCOOCH3), 5.42 (dd, TH, J2 3ax
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6.5 Hz, J23¢q 2.0 Hz, H-2), 490—4.48 (m, 8H, 4x O—CH,—Ph), 3.94
(dd, 1H, J 5=J4.3 9.3 Hz, H-4'), 3.78—3.69 (m, 2H, H-6'a, H-6'b),
3.68 (s, 3H, COOCH3), 3.62—3.56 (m, 2H, H-3', H-2), 3.50 (m, 1H, H-
1), 345 (m, 1H, H-5'), 2.70 (m, 1H, H-4), 227 (ddd, TH, J3eq3ax
13.5 Hz, J3eq4 7.1 Hz, J2,3eq 2.0 Hz, H-3¢q), 2.1 (m, 1H, H-1"a), 1.88
(ddd, 1H, J3eq3ax 13.5 Hz, J3ax4 6.9 Hz, J23ax 6.5 Hz, H-34), 1.52 (m,
1H, H-1"b); 3C NMR (125 MHz, CDCl3) 170.7 (COOCHs), 163.9
(thiazol C-2), 143.1 (C-6), 143.1 (C—H thiazol), 138.5, 138.4, 1383,
13.2, 136.0 (5x ipso CgHs), 128.4—127.0 (25% CgHs), 118.5 (C—H
thiazol), 104.2 (C-5), 98.1 (C-2), 85.0 (C-3'), 79.6 (C-5'), 77.4 (C-2'),
76.3 (PhCHCOOCH3), 75.4 (C-4'), 75.3 (C-1'), 74.9, 74.4, 73.2, 72.3
(4x PhCH,), 69.5 (C-6'), 52.2 (COOCH3), 37.6 (C-1"), 33.5 (C-3),
26.42 (C-4). ESIMS: MH", found, 869.2. Cs;H54NOoS requires 869.1.

4.1.8. (2R4R)-2-[(S)-2-(Benzyloxy)-1-phenylethoxy]-4-[(2,3,4,6-
tetra-O-benzyl-a-p-mannopyranosyl)methyl]-6-(thiazol-2-yl)-3,4-di-
hydro-2H-pyran (17). Lithium aluminum hydride (0.9 g,23.7 mmol)
was added portionwise under argon to a solution of compound 13
(6.9 g, 7.9 mmol) in tetrahydrofuran (120 mL) that was pre-cooled to
0 °C, and the reaction mixture was stirred at room temperature for
1 h. After cautious addition of a 1 M solution of NaOH (10 mL), the
reaction mixture was concentrated and partitioned between a 0.5 M
solution of HCl and CH,Cl,. The organic layer was washed with
NaHCOj3 solution and dried. The solvent was subsequently evapo-
rated, and the residue was subjected to flash chromatography
through a short column of silica gel in light petroleum/ethyl acetate
(5:1). The obtained alcohol (6.34 g, R—=0.4 in light petroleum/ethyl
acetate, 4:1, m/z 839.6 [M+H]") was dissolved in tetrahydrofuran
(300 mL), and the solution was stirred at room temperature for 1 h
with a 60% suspension of NaH in mineral 0il (1.9 g,47.5 mmol). Then,
benzyl bromide (2.7 mL, 18.7 mmol) and tetrabutylammonium io-
dide (0.71 g, 1.9 mmol) were added, and the reaction mixture was
heated at 40 °C for 4 h and then stirred at room temperature for 14 h.
MeOH (5 mL) was added, the solvent was evaporated in vacuo, and
the residue was partitioned between dichloromethane and a satu-
rated solution of NaHCOs. Then, the organic layer was dried, the
solvent was taken down, and the residue was chromatographed on
silica gelin light petroleum/ethyl acetate (12:1—3:1). This procedure
yielded 5.2 g (70%) of compound 17 as a pale yellow viscous oil;
[Found: C, 74.75; H, 6.55. CsgHs59NOsS requires C, 74.89; H, 6.39%];
R=035 (light petroleum/ethyl acetate, 3:1); [2]3° +12.4 (c 143,
CHCl3); ¥max 3011,1722,1700, 1496, 1454,1363,1265,1094,1028 cm '
"H NMR (500 MHz, CDCl3) 7.63 (d, 1H, H-thiazol, ] 3.2 Hz), 7.38—7.09
(m, 30H, 6x CgHs), 7.04 (d, 1H, J 3.2 Hz, H-thiazol), 6.01 (d,1H, Js 4
3.7Hz,H-5),5.48 (dd, TH, J3¢q 2.2 Hz, ]2 3ax 5.8 Hz,H-2),4.94 (dd, 1H,]
8.2 Hz, ] 3.5 Hz, PhCHCH;0Bn), 4.70—4.47 (m, 10H, 5x O—CH,—Ph),
4.23 (ddd, 1H, 1172 10.5 Hz, J1:37 4.5 Hz, ]2 3.0 Hz, H-1'),3.95-3.86
(m,2H,H-4',H-5'),3.85—3.72 (m, 3H, H-3', H-6'a, H-6'b), 3.66 (dd, 1H,
J 10.6 Hz, J 8.2 Hz, PhCHCH,,0Bn), 3.58 (dd, 1H, ] 10.6 Hz, ] 3.5 Hz,
PhCHCH,0Bn), 3.54 (dd, TH, J2 3 4.8 Hz, J> 1 3.0 Hz, H-2'), 2.66 (m,
1H, H-4), 2.15 (ddd, 1H, J3eq3ax 13.5 HZ, J3eq4 6.9 HZ, J2 3¢q 2.2 Hz, H-
3eq), 2.00—1.85 (m, 2H, H-1"a, H-34), 1.80 (m, 1H, H-1"b); BCNMR
(125 MHz, CDCl3) 164.2 (thiazol C-2),143.5 (C-6), 142.6 (C—H thiazol),
139.6, 138.3, 138.2, 138.1, 138.1, 138.0 (6x ipso CgHs), 128.2—126.3
(30xCgHs), 1183 (C—H thiazol), 103.5 (C-5), 100.2 (C-2), 80.9
(PhCHCH0Bn), 76.9 (C-3'), 76.5 (C-2'), 74.7, 73.4 (C-4, C-5'), 74.7
(PhCHCH,0Bn), 73.4, 73.1, 73.1, 71.9, 71.4 (5x PhCH,, PhCHCH,0Bn),
70.8 (C-1),69.7 (C-1"), 69.0 (C-6'), 35.5 (C-1"), 33.4 (C-3), 27.3 (C-4).
ESIMS: MH", found, 931.2. C55HggNOsS requires 931.2.

4.1.9. (25,4S)-2-[(R)-2-(Benzyloxy)-1-phenylethoxy]-4-[(2,3,4,6-
tetra-O-benzyl-a-p-mannopyranosyl Jmethyl]-6-(thiazol-2-yl)-3,4-di-
hydro-2H-pyran (18). Using the same procedure as described for
the preparation of compound 17, compound 14 (6.1 g, 7.03 mmol)
was converted to compound 18 (pale yellow viscous oil, 4.6 g, 70%);
[Found: C, 74.98; H, 6.25. CsgH59NOgS requires C, 74.89; H, 6.39%];
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R=0.35 (light petroleum/ethyl acetate, 3:1); [#]3° —0.7 (c 157,
CHCl3); »max 3011, 1723,1699, 1496, 1454, 1363, 1266, 1099,
1028 cm™'; 'H NMR (500 MHz, CDCl3) 7.63 (d, 1H, H-thiazol, J
3.2 Hz), 7.36—7.14 (m, 30H, 6x CgHs), 7.07 (d, 1H, H-thiazol, J
3.2 Hz), 5.88 (d,1H, Js.4 3.5 Hz, H-5), 5.47 (dd, 1H, J23ax 6.5 Hz, J2:3¢q
19 Hz, H-2), 495 (dd, 1H, J 8.0 Hz, J 3.5 Hz, PhCHCH,0Bn),
4.70—4.47 (m, 10H, 5x O—CH>—Ph), 4.17 (m, 1H, H-1"), 3.90—3.83
(m, 2H, H-4', H-5'), 3.83—3.76 (m, 2H, H-6'a, H-3"), 3.73 (dd, 1H,
Joragb 10.2 Hz, Job s 3.6 Hz, H-6'b), 3.68 (dd, 1H, J 10.7 Hz, ] 8.0 Hz,
PhCHCH,,0Bn), 3.60 (dd, 1H, J 10.7 Hz, J 3.5 Hz, PhCHCH,,0Bn),
3.55 (dd, 1H, J».3 4.9 Hz, Jo1+ 3.0 Hz, H-2'), 2.72 (m, 1H, H-4), 2.23
(ddd, TH, J3eq3ax 13.3 Hz, J3eqa 6.7 HZ, 2 3eq 1.9 Hz, H-3¢q), 1.93 (m,
1H, H-1"a), 1.83 (ddd, 1H, Jeq 3ax 13.3 HZ, J3ax4 7.5 Hz, J23ax 6.5 Hz,
H-34), 1.69 (m, 1H, H-1"b); *C NMR (125 MHz, CDCl3) 164.2
(thiazol C-2), 143.6 (C-6), 142.8 (C—H thiazol), 139.6, 138.3, 138.2,
138.1, 138.1, 138.1 (6x ipso CgHs), 128.3—126.5 (30x CgHs), 118.4
(C—H thiazol), 105.0 (C-5), 100.7 (C-2), 81.0 (PhCHCH,0Bn), 77.0,
74.7,73.5(C-3',C-4',C-5'),76.6 (C-2'),74.8,73.4,73.3,73.1,72.1,71.5
(5% PhCHa, PhCHCH,0Bn), 69.7 (C-1), 68.8 (C-6'), 35.4 (C-1"), 32.1
(C-3), 27.1 (C-4). ESIMS: MH", found, 931.2. Cs5sHgoNOgS requires
931.2.

4.1.10. (2R,4R)-2-[(S)-2-(Benzyloxy)-1-phenylethoxy]-4-[(2,3,4,6-
tetra-0-benzyl-3-p-mannopyranosyl)methyl]-6-(thiazol-2-yl)-3,4-di-
hydro-2H-pyran (19). Using the same procedure as described for
the preparation of compound 17, compound 15 (7.1 g, 8.2 mmol)
was converted to compound 19 (pale yellow viscous oil, 5.3 g, 70%);
[Found: C, 75.05; H, 6.55. CsgHs9NOsS requires C, 74.89; H, 6.39%];
Re=0.35 (light petroleum/ethyl acetate, 3:1); [2]® +6.3 (c 1.81,
CHCl3); vmax 3011, 1722, 1700, 1496, 1454, 1363, 1257, 1116,
1028 cm'; '"H NMR (500 MHz, CDCl3) 7.63 (d, 1H, J 3.2 Hz, H-
thiazol,), 742—7.14 (m, 30H, 6x CgHs), 7.03 (d, 1H, J 3.2 Hz, H-
thiazol,), 5.89 (d,1H, J5 4 3.2 Hz, H-5), 5.39 (dd, 1H, J2 3ax 7.1 HZ, J2;3¢q
2.3 Hz, H-2), 498 (d, 1H, J 10.8 Hz, O—CH,—Ph), 4.94 (dd, 1H, J
8.3 Hz, | 3.4 Hz, PhCHCH,0Bn), 4.89 (d, 1H, J 10.8 Hz, 0—CH»—Ph),
4,78—4.43 (m, 8H, 4x O—CH>—Ph), 3.97 (dd, 1H, Ja 5=J4 3 9.5 Hz,
H-4"), 3.80-3.55 (m, 6H, PhCHCH,,0Bn, PhCHCH,,0Bn, H-6'a, H-
6'b, H-2', H-3'),3.52—3.42 (m, 2H, H-1", H-5'), 2.49 (m, 1H, H-4), 2.16
(m, 1H, H—1"a), 2,07 (ddd, 1H, ,’3eq,3ax 13.1 Hz, ,I3eq,4 6.9 Hz, .’2.3eq
2.3 Hz, H-3¢q), 175 (ddd, 1H, J3eq3ax 13.1 Hz, J3ax2 7.1 Hz, J3axa
6.7 Hz, H-3,4),1.58 (m, 1H, H-1"b); 3CNMR (125 MHz, CDCl3) 164.1
(thiazol C-2); 143.5 (C-6), 142.6 (C—H thiazol), 1394, 138.3, 138.2,
138.1, 138.1, 137.9 (6x ipso CgHs), 128.2—126.3 (30xCgHs), 118.5
(C—H thiazol), 1042 (C-5), 100.7 (C-2), 85.2 (C-3'), 812
(PhCHCH,0Bn), 79.7 (C-5), 75.3, 75.1, 74.9 (C-1/, C-2/, C-4'), 74.9,
74.6, 74.0, 73.2, 73.1, 72.3 (5% PhCH2, PhCHCH20Bn), 69.4 (C-6'),
36.5 (C-1"), 32.7 (C-3), 27.0 (C-4). ESIMS: MH", found, 931.2.
CsgHsoNOgS requires 931.2.

4.1.11. (25,4S)-2-[(R)-2-(Benzyloxy)-1-phenylethoxy]-4-[(2,3,4,6-
tetra-0-benzyl-(-p-mannopyranosyl)methyl]-6-(thiazol-2-yl)-3,4-di-
hydro-2H-pyran (20). Using the same procedure as described for
the preparation of compound 17, compound 16 (6.1 g, 7.03 mmol)
was converted to compound 20 (pale yellow viscous oil, 4.6 g, 70%);
[Found: C, 74.78; H, 6.25. CsgHsgNOgS requires C, 74.89; H, 6.39%];
R=0.35 (light petroleum/ethyl acetate, 3:1); [«]f° —13.8 (c 1.26,
CHCl3); vmax 3011, 1722, 1699, 1497, 1454, 1363, 1266, 1098,
1028 cm'; 'H NMR (500 MHz, CDCl3) 7.66 (d, 1H, H-thiazol,
J 3.2 Hz), 742-7.16 (m, 30H, 8x CgHs), 7.13 (d, 1H, H-thiazol, J
3.2 Hz), 5.87 (d,1H, J5,4 3.2 Hz, H-5), 5.47 (dd, 1H, J2;3ax 6.7 Hz, J2:3¢q
1.9 Hz, H-2), 5.10—4.95 (m, 2H, PhCHCH,0Bn, O—CH,—Ph), 4.88 (d,
1H, J 10.8 Hz, 0—CH,—Ph), 4.90—4.48 (m, 8H, 4x O—CH,—Ph), 3.94
(dd, 1H, Jy 5=J4 3 9.4 Hz, H-4'), 3.80—3.68 (m, 4H, PhCHCH,,0Bn,
PhCHCH,,0Bn, H-6a, H-6'b), 3.67—3.57 (m, 2H, H-2', H-3'), 3.53
(m, 1H, H-1"),3.44 (ddd, 1H, J4 5 94 Hz, |5 ¢ 5.0 Hz, |5 54 1.7 Hz, H-
5'), 2.68 (m, 1H, H-4), 2.21 (ddd, 1H, J3eq3ax 13.3 Hz, J3eq4 6.6 Hz,
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Jaeq2 19 Hz, H-3¢q), 2.11 (m, 1H, H-1"a), 1.75 (ddd, 1H, Jaeq3ax
13.3 Hz, J3ax4 8.5 Hz, J3ax2 6.7 Hz, H-3;y), 1.42 (m, 1H, H-1"b); 1*C
NMR (125 MHz, CDCl3) 164.5 (thiazol C-2), 143.7 (C-6), 142.9 (C—H
thiazol), 139.7, 138.6, 138.5, 138.5, 138.4, 138.2 (6x ipso CgHs),
128.4—-126.6 (30 CgHs), 118.7 (C—H thiazol), 103.3 (C-5), 100.9 (C-
2), 85.3 (C-3'), 81.1 (PhCHCH,0Bn), 79.8 (C-5'), 76.2, 75.6 (C-2/,
C-4'), 75.2 (C-1'), 75.1, 74.9, 74.4, 73.4, 73.3, 72.6 (5x PhCHy,
PhCHCH,0Bn), 69.7 (C-6'), 37.7 (C-1"), 34.5 (C-3), 27.2 (C-4). ESIMS:
MH, found, 931.2. C5gHggNOgS requires 931.2.

4.1.12. (2R4R)-2-[(S)-2-(Benzyloxy)-1-phenylethoxy]-4-[(2,3,4,6-
tetra-0-benzyl-«-p-mannopyranosyl)methyl]-6-formyl-3,4-dihydro-
2H-pyran (21). Molecular sieves (4 A; 7.2 g) were added to a solu-
tion of compound 17 (5.3 g, 5.68 mmol) in acetonitrile (160 mL),
and methyl triflate (0.96 mL, 8.45 mmol) was added dropwise. After
stirring at room temperature for 15 min, MeOH (5 mL) was added,
and the solvent was evaporated in vacuo. The residue was treated
with MeOH (80 mL), and then, NaBH4 (0.7 g, 18.6 mmol) was added
in portions. After stirring at room temperature for 15 min, acetone
(15 mL) was added, the reaction mixture was filtered through Super
Cel and the filtrate was evaporated in vacuo. The residue was dis-
solved in acetonitrile (60 mL), and a solution of AgNO; (2.1 g,
12.36 mmol) in water (6 mL) was added under vigorous stirring.
After stirring for 10 min, phosphate buffer (20 mL; pH 7) was added,
and after 10 min, the acetonitrile was evaporated in vacuo, and the
residue was partitioned between dichloromethane and phosphate
buffer (pH 7). The organic phase was dried, the solvent was evap-
orated, and the residue was flash-chromatographed through
a short silica gel column in light petroleum/ethyl acetate
(7:1—5:1). This procedure resulted in a yield of 3.7 g (73%) of al-
dehyde 21 as a viscous oil; [Found: C, 76.74; H, 6.52. CsgHs309 re-
quires C, 76.86; H, 6.68%]; R=0.3 (light petroleum/ethyl acetate,
3:1); [2]f +5.7 (¢ 1.2, CHCl3); vmax 3011, 2926, 2865, 1697, 1496,
1454, 1364, 1093, 1028, 986 cm™'; 'H NMR (500 MHz, CDCl3) 8.75
(s, 1H, HCO), 7.40—7.10 (m, 30H, 6x CgHs), 5.81 (d, 1H, J5 4 4.3 Hz, H-
5), 555 (m, 1H, H-2), 4.93 (dd, 1H, J 8.1, 3.5 Hz, PhCHCH,0Bn),
4.71-4.45 (m, 10H, 5x 0—CH,—Ph), 4.06 (ddd, 1H, Jy;1»;, 10.1 Hz,
Jvam 5.2 Hz, J112 2.8 Hz, H-1"), 3.98—3.73 (m, 4H, H-3', H-4', H-5', H-
6'a), 3.68 (dd, 1H, Jgraeb 10.2 Hz, Job 5 3.7 Hz, H-6'b), 3.62 (m, 1H,
PhCHCH3,0Bn), 3.57—3.48 (m, 2H, H-2', PhCHCH2,0Bn), 2.64 (m,
1H, H-4), 2.10-1.91 (m, 3H, H-1"a, H-3q, H-3), 1.85 (m, 1H, H-
1”b); *C NMR (125 MHz, CDCl3) 186.3 (HCO); 148.7 (C-6), 139.3,
138.2,138.1,138.1 (6 ipso CsHs), 128.4—126.5 (30 x CsHs), 125.2 (C-
5),98.3 (C-2), 79.8 (PhCHCH,0BN), 76.8, 74.8, 73.7 (C-3', C-4, C-5'),
76.4 (C-2'), 74.6 (PhCHCH,0Bn), 73.3, 73.2, 73.1, 72.4, 71.8 (5x
PhCH3), 69.1 (C-1'), 68.8 (C-6'), 35.7 (C-1"), 32.1 (C-3), 26.5 (C-4).
ESIMS: MNHy, found 892.6. CssHgzNOg requires 892.4.

4.1.13. (2S5,4S)-2-[(R)-2-(Benzyloxy)-1-phenylethoxy]-4-[(2,3,4,6-
tetra-O-benzyl-«-p-mannopyranosyl)methyl]-6-formyl-3,4-dihydro-
2H-pyran (22). Using the same procedure as described for the
preparation of compound 21, compound 18 (5.3 g, 5.68 mmol) was
converted to aldehyde 22 (viscous oil, 3.8 g, 75%); [Found: C, 76.65;
H, 6.56. C56Hsg0g requires C, 76.86; H, 6.68%]; R=0.3 (light petro-
leum/ethyl acetate, 3:1); [2]3” +10.0 (c 1.05, CHCl3); vmax 3019,
2925, 2865, 1696, 1496, 1454, 1364, 1096, 1028, 986 cm™~'; 'H NMR
(500 MHz, CDCl3) 8.75 (s, 1H, HCO), 7.39—7.08 (m, 30H, 6x CgHs);
5.94 (d, 1H, Js4 4.3 Hz, H-5); 5.56 (m,1H, H-2); 4.95 (dd, 1H, J 8.1,
3.6 Hz, PhCHCH,0Bn), 4.71-4.45 (m, 10H, 5x O—CH,—Ph), 4.15
(ddd,1H, J117a 11.0 Hz, J1,15 4.8 Hz, J1» 2.7 Hz, H-1"), 3.86—-3.71 (m,
4H, H-3', H-4/, H-5, H-6'a), 3.69-3.60 (m, 2H, H-6'b,
PhCHCH,,0Bn), 3.60—3.53 (m, 2H, H-2', PhCHCH;,0Bn), 2.59 (m,
1H, H-4), 2.03—-1.87 (m, 3H, H-1"a, H-3¢q, H-3x), 1.78 (m, 1H, H-
1”b); 3C NMR (125 MHz, CDCl3) 186.3 (HCO), 148.4 (C-6), 139.0,
138.0, 138.0, 137.9, 137.8 (6x ipso CgHs), 128.2—127.2 (30x CgHs),
126.4 (C-5), 98.1 (C-2) 79.3 (PhCHCH,0Bn), 76.4, 76.3 (C-2’, C-3'),
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74.8,73.3 (C-4', C-5'), 74.5 (PhCHCH,0Bn), 73.4, 73.1, 72.0, 71.4 (5
PhCH3), 71.0 (C-1'), 68.9 (C-6'), 34.8 (C-1"), 30.9 (C-3), 27.7 (C-4).
ESIMS: MNH,, found 892.6. Cs¢Hg2NOg requires 892.4.

4.1.14. (2R4R)-2-[(S)-2-(Benzyloxy)-1-phenylethoxy]-4-[(2,3,4,6-
tetra-0-benzyl-§-p-mannopyranosyl)methyl|-6-formyl-3,4-dihydro-
2H-pyran (23). Using the same procedure as described for the
preparation of compound 21, compound 19 (5.1 g, 5.45 mmol) was
converted to aldehyde 23 (viscous oil, 3.5 g, 73%); [Found: C, 76.74;
H, 6.88. C56Hs309 requires C, 76.86; H, 6.68%]; R=0.3 (light petro-
leum/ethyl acetate, 3:1); []3° +5.2 (c 1.24, CHC3); ¥max 3020, 2928,
2863, 1697, 1497, 1454, 1364, 1088, 1028, 986 cm '; 'H NMR
(500 MHz, CDCl3) 8.78 (s, 1H, HCO), 7.43—7.15 (m, 30H, 6x CgHs),
5.84 (d, 1H, Jy-sn-4 4.10 Hz, H-5), 5.5 (m, 1H, H-2), 498 (d, 1H, J
11.7 Hz, O—CH>—Ph), 4.95 (dd, 1H, ] 7.7, 3.8 Hz, PhCHCH,0Bn), 4.89
(d, 1H, J 10.8 Hz, O—CH,—Ph), 4.78—4.47 (m, 8H, 4x O—CH,—Ph),
3.92 (dd, 1H, Ja 5=Ja 3 9.5 Hz, H-4'), 3.79-3.55 (m, 6H, H-2', H-3,
H-6'a, H-6'b, PhACHCH2,0Bn, PhCHCH2,0Bn), 3.48-3.41 (m, 2H, H-
1', H-5"), 2.56 (m, 1H, H-4), 2.15 (ddd, 1H, Jy7a1 13.4,] 9.9, 6.0 Hz,
H-1"a), 1.95 (ddd, TH, J3eq3ax 13.9 HZ, J43eq 7.1 HZ, J23eq 2.2 Hz, H-
3eq), 1.84 (ddd, TH, J3eq3ax 13.9 Hz, J23ax=Ja3ax 4.1 Hz, H-3x), 1.57
(ddd, TH, Jy#a17» 13.4 Hz, ] 8.6, 2.3 Hz, H-1"b); '*C NMR (125 MHz,
CDCl3) 186.3 (HCO), 148.6 (C-6), 139.2, 138.5, 138.4, 138.3, 138.1 (6%
ipso CgHs), 128.4—127.2 (30 CgHs), 126.6 (C-5), 98.5 (C-2), 85.3 (C-
3'),79.8 (PhCHCH,0Bn), 79.8 (C-5'), 76.2, 76.1, 75.4 (C-1', C-2/, C-4'),
75.,74.7,74.4, 73.4, 73.2 (5% PhCH,), 72.6 (PhCHCH,0Bn), 69.8 (C-
6), 36.3 (C-1"), 31.1 (C-3), 27.5 (C-4). ESIMS: MNH{, found 892.6.
CseHp2NOg requires 892.4.

4.1.15. (25,4S)-2-[(R)-2-(Benzyloxy)-1-phenylethoxy]-4-[(2,3,4,6-
tetra-0-benzyl-B-p-mannopyranosyl)methyl]-6-formyl-3,4-dihydro-
2H-pyran (24). Using the same procedure as described for the
preparation of compound 21, compound 20 (4.8 g, 5.16 mmol) was
converted to aldehyde 24 (viscous oil, 3.4 g, 75%); [Found: C, 76.59;
H, 6.75. CsgHsg09 requires C, 76.86; H, 6.68%]; R=0.3 (light petro-
leum/ethyl acetate, 3:1); []3° —1.9 (¢ 1.13, CHCl3); ¥max 3020, 2928,
2861, 1697, 1497, 1454, 1363, 1097, 1028, 987 cm '; 'H NMR
(500 MHz, CDCl3) 8.82 (s, 1H, HCO); 7.43—7.15 (m, 30H, 6x CgHs),
5.71(d, 1H, Js 4 4.1 Hz, H-5); 5.57 (m, 1H, H-2), 510 (d, 1H,J 11.7 Hz,
0—CHy—Ph), 4.95 (dd, 1H, J 8.1, 3.5 Hz, PhCHCH,0Bn), 4.89 (d, 1H, J
10.8 Hz, O—CH,—Ph), 4.82—4.46 (m, 8H, 4x O—CH,—Ph), 3.92 (dd,
1H._I4'.5':_]4'_3' 9.2 Hz, H-4'), 3.75 (dd, IHJG’a,G’h 10.7 sz.l(i’a.S’ 1.4 Hz,
H-6'a), 3.71-3.64 (m, 2H, H-6'b, PhCHCH,,0Bn), 3.64—3.56 (m, 3H,
H-2, H-3', PhCHCH,,0Bn), 3.42—3.34 (m, 2H, H-1/, H-5'), 2.59 (m,
1H, H-4), 2.15 (m, 1H, H-1"a), 2.03 (ddd, 1H, J3eq3ax 13.8 Hz, J3eq4
7.4 Hz, J3eq2 2.4 Hz, H-3¢q), 1.88 (ddd, 1H, J3eq 3ax 13.8 HZ, J3eq4=/3eq.2
4.0 Hz, H-34),1.78 (m, 1H, H-1"b); *C NMR (125 MHz, CDCl3) 186.5
(HCO), 148.9 (C-6), 139.1, 138.5, 138.4, 138.3, 138.2 (6 ipso CgHs);
128.4—-126.6 (30x CgHs), 125.2 (C-5), 98.5 (C-2), 85.2 (C-3'), 79.9 (C-
5'), 79.2 (PhCHCH20Bn), 76.1 (C-2'), 75.7 (C-1'), 75.4 (C-4'), 75.1,
74.7, 744, 73.4, 73.3, 72.6 (5% PhCH,, PhCHCH,0Bn), 69.8 (C-6'),
36.8 (C-1”), 32.4 (C-3), 26.6 (C-4). ESIMS: MNH4, found 892.6.
C55H52N09 requires 892.4.

4.1.16. (S)-2-Benzyloxy-1-phenylethyl 2,3-dideoxy-3-C-[(2,3,4,6-tetra-
0-benzyl-a-p-mannopyranosyl)methyl]-4,6-di-O-benzyl-(-p-arabino-
hexopyranoside (25). A2 M solution of BH3-Me,S in tetrahydrofuran
(7.4 mL, 14.7 mmol) was added dropwise to a solution of aldehyde 21
(3.7 g, 4.2 mmol) in tetrahydrofuran (80 mL) that was pre-cooled to
0 °C, and the reaction mixture was stirred at room temperature for
16 h. Then, a 30% NaOH solution (4.6 mL) and a 30% H;0; (4.6 mL)
were added in succession. The mixture was stirred at room tem-
perature for 30 min and partitioned between ethyl acetate and
a saturated NaCl solution. The organic phase was dried, the ethyl
acetate evaporated in vacuo, and the residue was dissolved in tet-
rahydrofuran (150 mL). After addition of a 60% suspension of NaH in
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mineral oil (1 g, 25 mmol), the mixture was stirred at room tem-
perature for 1 h. Benzyl bromide (3.1 mL, 25.8 mmol) and tetrabu-
tylammonium iodide (0.49 g, 1.3 mmol) were added, and the
reaction mixture was heated at 40 °C for 4 h. After stirring at room
temperature for 14 h, MeOH (5 mL) was added, the solvent was
evaporated in vacuo, and the residue was partitioned between
dichloromethane and a saturated solution of NaHCOs;. The organic
layer was dried, the solvent was removed in vacuo, and the residue
was chromatographed on silica gel in light petroleum/ethyl acetate
(12:1-8:1) to give 2.7 g (60%) of compound 25 as a viscous oil;
[Found: C, 78.26; H, 6.75. C50H74010 requires C, 78.19; H, 6.94%];
R=056 (light petroleum/ethyl acetate, 3:1); [2]3’ +2.5 (c 0.73,
CHCl3); vmax 3011, 2922, 2867, 1496, 1454, 1364, 1087,1028 cm 1.3g
NMR (500 MHz, CDCl3) 7.42—7.13 (m, 40H, 8 x CgHs); 491 (dd, 1H, ]
7.8,4.1 Hz, PhCHCH,0Bn), 4.73 (dd, 1H, J12ax 94 Hz, J1 2¢q 1.6 Hz, H-1),
469 (d, 1H, H-1, J 112 Hz, 0—CH,—Ph), 4.60—4.30 (m, 13H,
0—CHy—Ph), 4.08 (ddd, 1H, Jiyn 7.8 Hz, Ji117a 44 Hz, Jy2» 3.1 Hz,
H-1'), 3.85 (dd, 1H, J4 5=J3 4 6.7 Hz, H-4'), 3.76—3.58 (m, 7H, H-3',
H-5', H-6a, H-6b, H-6'a, PhCHCH,,0Bn, PhCHCH,,0Bn), 3.53 (dd, 1H,
Jobea 1.2 Hz, Jobs 1.6 Hz, H-6'b), 3.46 (dd, 1H, Jy3 42 Hz, J» v
3.1 Hz, H-2'), 3.30 (ddd, 1H, Ja5 94 Hz, J5 62 3.9 Hz, J56p 1.8 Hz, H-5),
3.16 (dd, 1H, J45=/34 94 Hz, H-4), 2 0.18 (ddd, TH, J2eq2ax 12.6 Hz,
J2eq3 3.7 Hz, Jaeq1 1.6 Hz, H-2¢q), 1.86 (ddd, 1H, Ji7a1b 13.8 Hz, Ji7ay
4.4 Hz, Ji7a3 3.9 Hz, 17a), 1.62 (m, 1H, H-3), 1.42 (ddd, TH, J2eq2ax
12.8 Hz, J2ax3=)2ax1 94 Hz, H-2,4), 1.33 (ddd, 1H, J17a17b 13.8 Hz, J171,3
8.3 Hz, Ji"by 7.8 Hz, H-1"b); *C NMR (125 MHz, CDCl3) 140.3, 138.6,
138.5, 138.4, 138.3, 138.2, 138.1, 138.0 (8x ipso CgHs), 128.3—126.7
(40x CgHs), 101.5 (C-1), 79.3 (PhCHCH,0Bn), 78.3, 78.2 (C-5, C-4),
773 (C-3"), 75.9 (C-2'), 74.9 (C-4'), 74.7, 741, 73.7, 73.4, 73.3, 73.2,
722, 714 (7% PhCH,, PhCHCH,0Bn), 73.4 (C-5'), 72.5 (C-1'), 69.2
(C-6', C-6), 38.7 (C-3), 36.9 (C-2), 32.3 (C-1"). ESIMS: MNHj, found
1092.7. C7oH78NOo requires 1092.6.

4.1.17. (R)-2-(Benzyloxy)-1-fenylethyl 2,3-dideoxy-3-C-[(2,3,4,6-tetra-
0-benzyl-a-p-mannopyranosyl)methyl]-4,6-di-O-benzyl-3-L-ara-
bino-hexopyranoside (26). Using the same procedure as described
for the preparation of compound 25, aldehyde 22 (1.9 g, 2.17 mmol)
was converted to compound 26 (viscous oil, 1.4 g, 60%); [Found: C,
78.05; H, 7.05. C79H7404 requires C, 78.19; H, 6.94%]; R=0.58 (light
petroleum/ethyl acetate, 3:1); [«]p° +8.6 (¢ 1.03, CHCI3); vmax 3010,
2918, 2866, 1496, 1454, 1363, 1089, 1028 cm'; 'H NMR (500 MHz,
CDCl3) 7.40—7.12 (m, 40H, 8x CgHs), 4.88 (dd, 1H, J 7.5, 4.0 Hz,
PhCHCH0Bn), 4.78 (dd, 1H, J12ax 94 Hz, J12¢q 1.8 Hz, H-1), 4.77 (d,
1H, J 11.5 Hz, 0—CH,—Ph), 4.63—4.32 (m, 13H, O—CH,—Ph), 4.08
(ddd, 1H, Jyyp 119 Hz, Jy2=Jy17a 3.2 Hz, H-1’), 3.88 (dd, 1H,
Jars=J34 7.3 Hz, H-4'), 3.77-3.57 (m, 7H, H-3', H-5', H-6a, H-6b,
H-6'a, PhCHCH;,0Bn, PhACHCH,,0BN), 3.52 (dd, 1H, Jeaep 11.1 Hz,
Jo' s 1.5 Hz, H-6'b), 3.43 (dd, TH, J2'3' 3.4 Hz, Jo' 1 3.2 Hz, H-2"), 3.30
(ddd, 1H, Js4 9.6 Hz, Js6a 3.9 Hz, Js6, 2.1 Hz, H-5), 3.14 (dd, 1H,
Ja5=J349.6 Hz, H-4), 2.21 (ddd, TH, J2eq 2ax 12.8 HZ, J2eq3 3.9 HZ, J2¢q.1
1.8 Hz, H-2¢q), 2.06 (m, 1H, H-1"a), 1.90 (m, 1H, H-3), 1.30 (ddd, 1H,
J2eq2ax=J2ax3 12.8 HZ Jpax1 9.4 Hz, H-2,), 0.85 (m, 1H, H-1"b); Be
NMR (125 MHz, CDCl3) 140.3,138.6, 138.5, 138.5, 138.3, 138.3, 138.1,
138.1 (8x ipso CgHs), 128.4—126.7 (40x CgHs), 101.6 (C-1), 79.3
(PhCHCH20Bn), 78.1 (C-5, C-3'), 77.7 (C-4), 76.5 (C-2'), 75.0 (C-4"),
744, 739, 738, 734, 732, 729, 719, 714 (7x PhCHy,
PhCHCH,0Bn), 72.5 (C-5'), 69.4 (C-1’), 69.2 (C-6, C-6), 35.7 (C-3),
35.6 (C-2), 31.2 (C-17). ESIMS: MNHj, found 1092.7. C0H7sNO1g
requires 1092.6.

4.1.18. (S)-2-(Benzyloxy)-1-fenylethyl 2,3-dideoxy-3-C-[(2,3,4,6-tetra-
0-benzyl-f-p-mannopyranosyl)methyl]-4,6-di-O-benzyl-3-p-ara-
bino-hexopyranoside (27). Using the same procedure as described
for the preparation of compound 25, aldehyde 23 (3.4 g, 3.9 mmol)
was converted to compound 27 (viscous oil, 2.9 g, 70%); [Found: C,
78.35; H, 6.74. C;0H7401 requires C, 78.19; H, 6.94%]; R=0.6 (light
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petroleum/ethyl acetate, 3:1); [2]2” —4.9 (c 0.78, CHCl3); ¥max 3011,
2921, 2864, 1497, 1454, 1364, 1086, 1028 cm ™ '; 'H NMR (500 MHz,
CDCl3) 7.40-7.10 (m, 40H, 8x CgHs), 4.80 (d, 1H, J 11.8 Hz,
0—CH,—Ph), 4.90 (dd, 1H, ] 7.6, 3.9 Hz, PACHCH,0Bn), 4.86 (d, 1H, J
11.8 Hz, 0—CH—Ph), 4.75 (dd, 1H, J12ax 9.5 Hz, J1.2eq 19 Hz, H-1),
4.72-4.29 (m, 12H, 6x O—CHa—Ph), 3.95 (dd, 1H, Ja 5=J34 9.5 Hz,
H-4'), 3.78-3.66 (m, 4H, H-2', H-6a, H-6b, PhCHCH,,0Bn),
3.66—3.57 (m, 2H, H-6’a, PhCHCH,,0BN), 3.56—3.48 (m, 2H, H-3/,
H-6'b), 3.42—3.36 (m, 2H, H-1', H-5'), 3.34 (ddd, 1H, Js 4 9.7 Hz, Js 65
4.0 Hz, J562 2.1 Hz, H-5), 3.14 (dd, TH, J4 5=J3,4=9.7 Hz, H-4), 2.37 (m,
1H, H-1"a), 2.0 (ddd, TH, Jaeq2ax 12.8 HZ, J2eq3 3.9 Hz, J12¢q 1.9 Hz, H-
2eq), 1.87 (m, 1H, H-3), 1.35 (ddd, 1H, heg,z,,x 12.8 Hz, J12ax 9.5 Hz,
J32ax 1.6 Hz, H-2,x), 1.15 (m, 1H, H-1"b); '>C NMR (125 MHz, CDCl3)
140.1, 138.7, 138.6, 138.4, 138.4, 138.3, 138.1, 138.0 (8x ipso CgHs);
128.3-126.6 (40x CgHs), 101.4 (C-1), 85.3 (C-3'), 79.9 (C-5'), 79.2
(PhCHCH,0Bn), 78.4 (C-4), 77.8 (C-5), 76.0 (C-2'), 75.3, 74.8 (C-4',
C-1'), 749, 74.6, 742, 735, 73.3, 73.3, 73.1, 724 (7x PhCH,,
PhCHCH,0Bn), 69.6 (C-6), 69.2 (C-6'), 36.3 (C-2), 35.9 (C-3), 34.7
(C-1"). ESIMS: MNH,4*, found 1092.7. C70H7sNO g requires 1092.6.

4.1.19. (S)-2-(Methoxy)-1-fenylethyl 2,3-dideoxy-3-C-[(2,3,4,6-tetra-
0-benzyl--p-mannopyranosyl)methyl]-4,6-di-O-benzyl-$-.-ara-
bino-hexopyranoside (28). Using the same procedure as described
for the preparation of compound 25, aldehyde 24 (1.3 g, 1.5 mmol)
was converted to compound 28 (viscous oil, 0.9 g, 60%); [Found: C,
77.99; H, 7.04. C70H74010 requires C, 78.19; H, 6.94%]; Rp=0.6 (light
petroleum/ethyl acetate, 3:1); [«]3° —9.6 (c 0.85, CHCl3); rmax 3010,
2923, 2865, 1497, 1454, 1363, 1095,1028 cm™~'; 'H NMR (500 MHz,
CDCl3): 7.50-7.05 (m, 40H, 8x CgHs), 494 (d, 1H, J 11.7 Hz,
0—CH,—Ph), 4.92 (dd, 1H, J 8.0, 3.7 Hz, PhACHCH,0Bn), 4.85 (d, 1H, J
10.8 Hz, 0—CH>—Ph), 4.79 (dd, TH, J12ax 9.5 Hz, J12¢q 1.6 Hz, H-1),
4.74—4.28 (m, 12H, 6x 0—CH,—Ph), 3.95 (dd, 1H, J4 5=J3 4 9.5 Hz,
H-4'),3.75-3.65 (m, 3H, H-6a, H-6b, PhCHCH;,0Bn), 3.65—3.58 (m,
2H, H-6'a, PhACHCH,,0Bn), 3.57 (br s, 1H, H-2'), 3.55—3.48 (m, 2H,
H-3', H-6'b), 3.42—-3.36 (m, 2H, H-1', H-5'), 3.33 (ddd, 1H, J45 9.4 Hz,
J5604.4 Hz, J5 62 1.8 Hz, H-5), 3.24 (dd, 1H, J45=/3.4 9.4 Hz, H-4), 2.08
(ddd, 1H, Jzeq.2ax 12.8 Hz, J2eq3 4.1 Hz, J2eq1 1.6 Hz, H-2¢), 1.82—-1.66
(m, 3H, H-3, H-1"a, H-1"b), 149 (ddd, 1H, J2ax 2eq 12.8 Hz, J2ax,3 12.6,
Jaaxa 9.5 Hz, H-2,4); >C NMR (125 MHz, CDCl3) 140.2, 138.7, 138.6,
138.5, 138.4, 138.4, 138.3, 138.2 (8 ipso CgHs), 128.4—126.8 (40x
CHs), 101.7 (C-1), 85.4 (C-3"), 79.6 (C-5), 79.4 (PhCHCH,0Bn), 78.6
(C-4), 78.5 (C-5), 77.1 (C-1'), 75.9 (C-2'), 75.5 (C-4'), 75.1, 74.8, 74.4,
74.3, 73.4, 73.3, 73.3, 72.6 (7x PhCH, PhCHCH,0Bn), 69.8 (C-6),
69.4 (C-6'), 38.2 (C-2), 36.9 (C-3), 33.9 (C-1”). ESIMS: MNH3, found
1092.7. C;0H78NOg requires 1092.6.

4.1.20. Phenyl-1-thio  2,3-dideoxy-3-C-[(2,34,6-tetra-O-benzyl-a-p-
mannopyranosyl)methyl]-4,6-di-O-benzyl-a-p-arabino-hexopyranoside
(29a) and phenyl-1-thio 2,3-dideoxy-3-C-[(2,3,4,6-tetra-O-benzyl-a-p-
mannopyranosyl)methyl]-4,6-di-O-benzyl-3-p-arabino-hexopyranoside
(29b). BF3-Et;0 (0.50 mL, 3.76 mmol) and thiophenol (1.3 mlL,
12.5 mmol) were added in an inert atmosphere to a solution of
compound 25 (2.70 g, 2.50 mmol) in dichloromethane (150 mL) that
was pre-cooled to —78 °C. The stirred reaction mixture was allowed to
warm spontaneously to room temperature, and after 2 h, the reaction
was quenched by cautious addition of 1 M NaOH. The reaction mix-
ture was partitioned between dichloromethane and a saturated
NaHCOs3 solution, the combined organic phases were dried and
evaporated, and the residue was chromatographed on silica gel (light
petroleum/ethyl acetate, 8:1), affording 1.9 g (80%) of a mixture of
thioglycosides 29a,b in a ratio o/f=3:1 (determined by integration of
H-1 in "H NMR spectrum; for the o anomer d at 5.53 ppm, and for the
 anomer dd at 4.65 ppm); R=0.35 (light petroleum/ethyl acetate,
4:1). Repeated chromatography afforded an analytical sample of the
major z-diastereoisomer 29a as a viscous oil; [Found: C, 76.38; H, 6.89.
Ce1Hp40gS requires C, 76.54; H, 6.69%]; rmax 3011, 2913, 2868, 1585,
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1497, 1454, 1364, 1088, 1028 cm'; 'H NMR (500 MHz, CDCls)
747—713 (m, 35H, 7x CgHs), 5.53 (d, 1H, J1 2a¢ 5.4 Hz, H-1), 4.73—4.40
(m, 12H, 6x O—CH,—Ph), 426 (m, 1H, H-5), 410 (m, 1H, H-1'),
3.85-3.73 (m, 3H, H-4, H-5', H-6a), 3.72—3.64 (m, 2H, H-3, H-6'a),
3,61 (dd, 1H,] 1.4,10.7 Hz, H-6'b), 3.50 (dd, 1H, ] 3.3, 41 Hz, H-2'), 3.31
(dd, 1H, J45 9.7 Hz, J34 9.5 Hz, H-4), 2.41 (ddd, 1H, J2eq2ax 13.9 Hz, J2eq3
39 Hz, Jreq1 ~0 Hz, H-2¢q), 2.04 (m, 1H, H-3),1.94 (m, 1H, H-1"a), 1.86
(ddd, H, J2eq2ax 13.9 Hz, J2ax3 12.6 Hz, Joax1 5.4 Hz, H-25); 127 (m, TH,
H-1"b); BC NMR (125 MHz, CDCl3) 138.4, 1383, 138.3, 138.2, 13811,
1379, 135.7 (7 ipso GgHs), 130.8—126.5 (35x CgHs), 84.7 (C-1), 784
(C-4), 77.2 (C-3'), 77.3 (C-3'), 76.1 (C-2'), 74.9 (C-4'), 73.9, 738, 734,
73.3,72.0, 714 (6x PhCH,), 73.5 (C-5'), 72.6 (C-5), 72.2 (C-1"), 69.4 (C-
6),69.3 (C-6'), 371 (C-3), 364 (C-2), 31.6 (C-1"). ESIMS: MNH;, found
974.8. Cg1HegNOgS requires 974.5.

4.1.21. Phenyl-1-thio  2,3-dideoxy-3-C-[(2,3,4,6-tetra-O-benzyl-a-p-
mannopyranosyl)methyl |-4,6-di-O-benzyl-a-1-arabino-hexopyranoside
(30a) and phenyl-1-thio 2,3-dideoxy-3-C-[(2,3,4,6-tetra-O-benzyl-a-p-
mannopyranosyl)methyl|-4,6-di-O-benzyl-§-L-arabino-hexopyranoside
(30b). Using the same procedure as described for the preparation of
compounds 29a,b, compound 26 (1.4 g, 1.30 mmol) was converted to
a mixture of thioglycosides 30a,b (viscous oil 1.2 g, 80%) in a ratio «/
p=1.3:1 (integration of H-1 in 'H NMR spectrum; for the & anomer
d at 5.58 ppm, for the § anomer dd at 4.75 ppm); R=0.4 (light pe-
troleum/ethyl acetate, 4:1). ESIMS: MNHj, found 974.8. Cs1HggNOsS
requires 974.5. The obtained mixture was sufficiently pure to use in
the next step without further purification.

4.1.22. Phenyl-1-thio 2,3-dideoxy-3-C-[(2,3,4,6-tetra-O-benzyl-3-p-
mannopyranosyl )methyl]-4,6-di-O-benzyl-a-p-arabino-hexopyrano-
side (31a) and phenyl-1-thio 2,3-dideoxy-3-C-[(2,3,4,6-tetra-O-ben-
zyl-B-p-mannopyranosyl)methyl]-4,6-di-0-benzyl-3-p-arabino-hex-
opyranoside (31b). Using the same procedure as described for the
preparation of compounds 29a,b, compound 27 (2.9 g, 2.7 mmol)
was converted to a mixture of thioglycosides 31a,b (2.1 g, 81%), in
a ratio o/B=3:1 (integration of H-1 in '"H NMR spectrum; for the
o.anomer d at 5.56 ppm, for the p anomer dd at 4.67 ppm); R—0.46
(light petroleum/ethyl acetate, 4:1). Repeated chromatography
afforded an analytical sample of the major a-diastereoisomer 31a
as a viscous oil; [Found: C, 76.38; H, 6.89. Cs1Hg40sS requires C,
76.54; H, 6.69%]; ymax 3011, 2915, 2867, 1585, 1497, 1454, 1363, 1086,
1028 cm™'; "H NMR (500 MHz, CDCl3) 7.46—7.10 (m, 35H, 7x CgHs),
5.58 (d, 1H, J12ax 5.3 Hz, H-1), 5.02 (d, 1H, J 11.6 Hz, O—CH,—Ph),
486 (d, 1H, J 1.6 Hz, O—CH,—Ph), 4.76—4.42 (m, 10H, 5x
0—CH,—Ph),4.29 (m, 1H, H-5), 3.94 (dd, 1H, J4 5=/3' 4 9.5 Hz, H-4'),
3.81 (dd, 1H, Je'ae'b 10.8 Hz, Jas 3.6 Hz, H-6'a), 3.80—-3.71 (m, 2H,
H-6a, H-6b), 3.69 (m, 1H, H-2'), 3.63 (dd, Jsaeb 10.8 Hz, 1H, Jgas
1.6 Hz, H-6'p), 3.53 (dd, 1H, J3'.4 9.4 Hz, J3 2 2.4 Hz, H-3'), 3.42—-3.37
(m, 2H, H-1', H-5"), 3.34 (dd, 1H, J4 5=J43 9.7 Hz, H-4), 2.38—2.22 (m,
2H, H-3, H-1"a), 2.05 (ddd, 1H, J2eq.2ax 13.8 Hz, J2eq3 3.5 Hz, J2eqa
~0 Hz, H—Zeq), 1.96 (ddd, 1H, .’Zeq,hx 13.8 Hz, ]23,(_3 12.6 Hz, .’ZJXJ
5.3 Hz, H-24), 1.25 (m, 1H, H-1"b); *C NMR (125 MHz, CDCl3)
138.8, 138.7, 138.5, 138.5, 138.1, 138.0, 135.6 (7x ipso CgHs),
130.0—126.6 (35x CgHs), 85.4 (C-3'), 84.7 (C-1), 80.0 (C-5'), 78.4
(C-4), 76.3 (C-2'), 75.4, 75.2 (C-4/, C-1'), 75.0, 74.5, 73.6, 73.5, 73.4,
72.5 (6x PhCHy, PACHCH,0BN), 72.2 (C-5), 69.7 (C-6), 69.3 (C-6"),
36.0 (C-2), 34.2 (C-1"), 34.1 (C-3). ESIMS: MNH;, found 974.8.
Ce1HesNOgS requires 974.5.

4.1.23. Phenyl-1-thio 2,3-dideoxy-3-C-[(2,3,4,6-tetra-0-benzyl-a-p-
mannopyranosyl)methyl]-4,6-di-O-benzyl-3-.-arabino-hexopyrano-
side (32a) and phenyl-1-thio 2,3-dideoxy-3-C-[(2,3,4,6-tetra-O-ben-
zyl-B-p-mannopyranosyl)methyl]-4,6-di-O-benzyl-3-L-arabino-hex-
opyranoside (32b). Using the same procedure as described for the
preparation of compounds 29a,b, compound 28 (0.9 g, 0.84 mmol)
was converted to a mixture of thioglycosides 32a,b (viscous oil,
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0.7 g, 85%), in a ratio «/p=1.2:1 (integration of H-1 in 'H NMR
spectrum; for o anomer d at 5.64 ppm, for  anomer dd at
4.71 ppm); R=04 (light petroleum/ethyl acetate, 4:1). ESIMS:
MNHj, found 974.8. CgHssNOsS requires 974.5. The obtained
mixture was sufficiently pure to use in the next step without fur-
ther purification.

4.1.24. 1,5-Anhydro-4,6-di-O-benzyl-2,3-dideoxy-3-C-[(2,3,4,6-tetra-
0O-benzyl-a-p-mannopyranosyl)methyl]-p-arabino-hex-1-enitol
(1). N-Bromosuccinimide (0.27 g, 1.5 mmol) was added to a solution
of anomers 29a,b (1.1 g, 1.1 mmol) in acetone (12 mL) containing 1%
water. The reaction mixture was stirred at —15 °C under exclusion of
light, and the reaction course was monitored by TLC (light petroleum/
ethyl acetate, 3:1). After 40 min, the reaction mixture did not contain
the starting compound, and the reaction was quenched by the addi-
tion of a NaHCO; solution to pH 8. After partitioning between
dichloromethane and aqueous NaHCO3, the organic phase was dried,
the solvent was evaporated, and the residue was chromatographed on
a short silica gel column in light petroleum/ethyl acetate (2:1),
affording 0.83 g of 23-dideoxy-3-C-[(2,3,4,6-tetra-O-benzyl-o-p-
mannopyranosyl)methyl]-4,6-di-O-benzyl-p-arabino-hexopyranose
(Rr0.3, light petroleum/ethyl acetate (2:1); ESMSI: MH", found 865.7.
Cs5Hg10g requires 865.4.). The obtained compound was dissolved in
dichloromethane (20 mL), and the solution was treated in an inert
atmosphere at 0 °C with s-collidine (1.9 mL, 14.4 mmol) and mesyl
anhydride (0.33 g, 1.9 mmol). The reaction mixture was stirred at0°C,
and the reaction course was monitored by TLC (light petroleum/ethyl
acetate, 3:1). After 4 h, the reaction mixture was partitioned between
dichloromethane and aqueous NaHCO3. The organic phase was dried,
the solvent was evaporated, and the residue was chromatographed on
silica gel in light petroleum/ethyl acetate (8:1), affording 0.63 g (65%)
ofcompound 1asa colorless syrup; [Found: C, 78.10; H, 6.80.Cs5Hss0g
requires C, 77.99; H, 6.90%]; R=0.5 (light petroleum/ethyl acetate,
4:1); [2]2° —10.3 (c 1.28, CHCl3); ¥max 3011, 1650, 1497, 1454, 1364,
1096, 1028, 914 cm™'; 'H NMR (500 MHz, CDCl3) 7.40—7.14 (m, 30H,
6x CgHs); 6.24 (dd, 1H, J12 6.0 Hz, J13 2.3 Hz, H-1), 4.75 (dd, 1H, J;2
6.0Hz,J232.0Hz,H-2); 4.73—-4.44(m, 12H, O—CH,—Ph),4.10 (ddd,1H,
Jvan 8.3 Hz, Jo v 42 Hz, J137a 4.1 Hz, H-1"), 3.86—3.71 (m, 6H, H-4', H-
5/, H-5, H-6'a, H-6a, H-6b), 3.70-3.62 (m, 2H, H-3', H-6'b), 3.50 (dd,
1H, Ja5=Ja3 8.9 Hz, H-4), 3.47 (dd, 1H, J2 1,4.2 Hz, J» 3,3.2 Hz, H-2'),
2.33 (m, 1H, H-3), 1.67 (ddd, 1H, Ji7a3 14.2 Hz, Jy7a1 41 Hz, J17a3
3.9 Hz, H-1"a), 1.45 (ddd,1H, J17a17b 14.2 Hz, J1vb3 8.4 Hz, J171' 8.3 Hz,
H-1"b); *C NMR (125 MHz, CDCl3) 142.6 (C-1), 138.4, 1384, 138.3,
138.3,138.2,137.9 (6 x ipso CgHs), 128.4—127.4(30x CgHs),102.9(C-2),
78.0,75.0,73.4 (C-4', C-5',C-5),77.6 (C-3'), 76.2, 75.9 (C-2',C4),72.6
(C-1"),74.1,73.9,73.6,73.3,72.1,71.5 (6 x PhCH,), 69.3,68.7 (C-6,C-6'),
38.6 (C-3), 31.8 (C-1"). ESIMS: MNHy, found, 864.8. Cs5Hg2NOg re-
quires 864.4.

4.1.25. 1,5-Anhydro-4,6-di-0-benzyl-2,3-dideoxy-3-C-[(2,3,4,6-tetra-
0-benzyl-a-p-mannopyranosyl)methyl]-.-arabino-hex-1-enitol
(2). Using the same procedure as described for the preparation of
compound 1, the mixture of compounds 30a,b (0.8 g, 0.8 mmol)
was converted to compound 2 (colorless syrup, 048 g, 65%);
[Found: C, 77.75; H, 6.65. Cs5sHsgOg requires C, 77.99; H, 6.90%];
Re=0.5 (light petroleum/ethyl acetate, 4:1); [2]8 +6.8 (c 0.45,
CHCl3); 7max 3009, 1651, 1496, 1454, 1363, 1096, 1028, 914 cm ™ '; 'H
NMR (500 MHz, CDCl3) 7.39-7.14 (m, 30H, 6x CgHs), 6.30 (dd, 1H,
J12 6.0 Hz, J13 2.3 Hz, H-1), 4.74 (d, 1H, J 11.4 Hz, O—CH>—Ph), 4.66
(d, 1H, J 12.0 Hz, 0—CH,—Ph), 4.62 (dd, 1H, J;2 6.0 Hz, J,3 1.8 Hz, H-
2), 461-4.43 (m, 10H, O—CH>—Ph), 4.09 (ddd, Ji1»» 115 Hz,
]1',1"52]1'.2' 3.3 Hz, H-]’), 3.88 (dd. 1H, ]4"3':]4',5' 7.0 Hz, H-4’).
3.85-3.67 (m, 6H, H-5', H-5, H-6'a, H-6'b, H-6a, H-6b), 3.63 (dd, 1H,
Ja3 73 Hz, J3 > 3.2 Hz, H-3'), 3.46—3.39 (m, 2H, H-2', H-4), 2.50 (m,
1H, H-3),1.91 (ddd, 1H, Ji#a17b 13.8 Hz, J175,3 11.1 Hz, J1751 3.3 Hz, H-
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1”a), 0.96 (ddd, 1H, Ji»b1#a 13.8 Hz, Jip1r 11.5 Hz, Jip3 2.6 Hz, H-
1”b); *C NMR (125 MHz, CDCl3) 142.6 (C-1), 138.7, 138.5, 138.3,
138.3,138.2,137.9 (6 x ipso CgHs), 128.5—127.4 (30x CgHs), 101.8 (C-
2), 779 (C-5'or C-5), 77.8 (C-3'), 76.6, 76.1 (C-4, C-2'), 75.0 (C-4'),
72.9 (C-5'or C-5), 73.9, 73.8, 73.7, 73.2, 72.1, 71.6 (6x PhCH,), 69.8
(C-1'), 69.2, 68.7 (C-6, C-6'), 35.2 (C-3), 3.8 (C-1"). ESIMS: MNH3,
found, 864.8. C55Hg;NOg requires 864.4.

4.1.26. 1,5-Anhydro-4,6-di-O-benzyl-2,3-dideoxy-3-C-[(2,3,4,6-tetra-
0-benzyl-$-p-mannopyranosyl)methyl]-pb-arabino-hex-1-enitol
(3). Using the same procedure as described for the preparation of
compound 1, the mixture of compounds 31a,b (1.4 g, 1.4 mmol)
was converted to compound 3 (colorless syrup, 0.87 g, 70%);
[Found: C, 77.85; H, 6.75. Cs5Hsg0g requires C, 77.99; H, 6.90%];
R=0.5 (light petroleum/ethyl acetate, 4:1); [2J’ —5.9 (c 103,
CHCl3); ¥max 3011, 1650, 1497, 1454, 1363, 1086, 1028, 914 cm™'; 'H
NMR (500 MHz, CDCl3) 7.38—7.15 (m, 30H, 6x CgHs), 6.31 (dd, 1H,
J12 6.0 Hz, J13 2.3 Hz, H-1), 5.00 (d, 1H, J 11.7 Hz, O—CH,—Ph), 4.86
(d, 1H, J 10.9 Hz, O—CH»—Ph), 4.73—-4.50 (10H, O—CH,—Ph), 4.63
(dd, 1H, J21 6.0 Hz, J23 1.5 Hz, H-2), 3.94 (dd, 1H, Ja3=Ja.5 9.5 Hz,
H-4'), 3.85-3.67 (m, 6H, H-5, H-6a, H-6b, H-6'a, H-6'b, H-2'), 3.54
(dd, 1H, J3.4' 9.5 Hz, Jo 3 2.7 Hz, H-3'), 3.47—3.35 (m, 3H, H-1/, H-4,
H-5'), 2.51 (m, 1H, H-3), 2.29 (ddd, 1H, J;7a17» 14.0 Hz, ] 9.2 Hz, |
5.3 Hz, H-1"a), 1.19 (ddd, 1H, J17a17p 14.0 Hz, ] 8.9 Hz, ] 4.1 Hz, H-
17b); C NMR (125 MHz, CDCl3) 142.6 (C-1), 138.8, 138.7, 138.5,
138.5, 138.1, 137.9 (6x ipso CgHs), 128.4—127.3 (30x CgHs), 102.6
(C-2), 85.4 (C-3), 80.1 (C-5'), 77.9 (C-5), 76.7, 76.2, 75.3 (C-1’, C-4,
C-2'),75.4 (C-4'), 75.1, 744, 73.8, 73.6, 73.5, 72.4 (6x PhCH3), 69.7,
68.7 (C-6, C-6'), 35.6 (C-3), 351 (C-1”). ESIMS: MNHy, found,
864.8. Cs55Hs2NOg requires 864.4.

4.1.27. 1,5-Anhydro-4,6-di-O-benzyl-2,3-dideoxy-3-C-[(2,3,4,6-tetra-
0-benzyl-B-p-mannopyranosyl)methyl]-L-arabino-hex-1-enitol
(4). Using the same procedure as described for the preparation of
compound 1, the mixture of compounds 32a,b (0.7 g, 0.7 mmol)
was converted to compound 4 (colorless syrup, 0.43 g, 70%);
[Found: C, 77.79; H, 7.10. Cs5HsgOg requires C, 77.99; H, 6.90%];
R=0.5 (light petroleum/ethyl acetate, 4:1); [«]3” +10.9 (c 0.39,
CHCl3); ¥max 3010, 1650, 1497, 1454, 1363, 1087,1028, 915 cm™'; 'H
NMR (500 MHz, CDCl3) 7.40—7.09 (m, 30H, 6x CgHs), 6.29 (dd, 1H,
J12 59 Hz, J13 2.0 Hz, H-1), 495 (d, 1H, J 11.7 Hz, O—CH,—Ph), 4.86
(d, 1H, J 10.9 Hz, O—CH>—Ph), 4.73 (dd, 1H, 1H, J21 5.9 Hz, J»3
1.8 Hz, H-2), 4.66—4.45 (m, 10H, 5x O—CH,—Ph), 3.88 (dd, 1H,
Ja3=Ja5 9.5 Hz, H-4'), 3.84-3.76 (m, 3H, H-6a, H-6b, H-5), 3.73
(dd, 1H, Jeagp 10.8 Hz, Jas 1.8 Hz, H-6'a), 3.67 (dd, 1H, Jsaeb
10.8 Hz, Je¢bs 5.8 Hz, H-6'b), 3.62 (br s, 1H, H-2'), 3.60-3.53 (m,
2H, H-4, H-3'), 3.45-3.35 (m, 2H, H-1/, H-5'), 2.39 (m, 1H, H-3),
1.83 (ddd, 1H, Jy#a17p 14.1 Hz, J1:17a=J317a 8.2 Hz, H-1"a), 1.64 (ddd,
1H, Ji7ar'b 141 Hz, Jib=/17b3 3.9 Hz, H-1"b); 3C NMR (125 MHz,
CDCl3) 142.5 (C-1), 138.8, 138.8, 138.5, 138.4, 138.3, 137.9 (6x ipso
CgHs), 128.4—127.4 (30x CgHs), 103.3 (C-2), 85.3 (C-3'), 79.5 (C-5),
78.1 (C-5"), 77.5 (C-1'), 76.3, 76.2 (C-2', C-4), 75.5 (C-4'), 75.1, 74.3,
74.3,73.6, 73.4, 72.5 (6x PhCH3), 69.9, 68.9 (C-6/, C-6), 38.1 (C-3),
34.1 (C-1"). ESIMS: MNHy, found, 864.8. Cs5HgzNOg requires 864.4.

4.1.28. Methyl 3-deoxy-3-C-[(2,3,4,6-tetra-O-benzyl-a-p-mannopyr-
anosyl)methyl]-4,6-di-O-benzyl-a-p-mannopyranoside (33) and methyl
3-deoxy-3-C-[(2,3,4,6-tetra-0-benzyl-a-p-mannopyranosyl)methyl |-
4,6-di-0O-benzyl-B-p-glucopyranoside  (34). m-Chloroperoxybenzoic
acid (77%) (150 mg, 0.67 mmol) was added, with stirring in an inert
atmosphere, to a solution of 1 (470 mg, 0.56 mmol) in anhydrous
MeOH (8 mL) and CHCl; (2 mL) at room temperature. TLC showed
that the reaction was complete after 1.5 h. The excess of peroxyacid
was reduced by addition of aqueous NaHCOs3 (to pH=8), and the
reaction mixture was partitioned between CH)Cl, and H,0. The



Parkan K., Habilitaéni prace, VSCHT v Praze, Praha, 2021.

4978

organic layer was dried and concentrated, and the residue
was chromatographed on silica gel (light petroleum/ethyl acetate,
3:1) to yield 33 as a viscous oil (270 mg, 56%), R/=0.36 (light petro-
leum/ethyl acetate, 2:1) and 34 as a viscous oil (120 mg, 25%),
R=0.30 (light petroleum/ethyl acetate, 2:1). Compound 33:
[Found: C, 74.93; H, 6.75. CsgHg2010 requires C, 75.13; H, 6.93%]; (a3’
+6.3 (¢ 0.92, CHCl3); 'H NMR (500 MHz, CDCl3) 7.37—7.09 (m, 30H,
6x CgHs), 478—4.31 (m, 12H, O—CH,—Ph), 4.28 (br s, 1H, H-1),
409-4.02 (m, 2H, H-1’, H-2), 394 (dd, 1H, J4 3=J¢ 5 7.8 Hz, H-4'),
3.75-3.64 (m, 4H, H-5, H-6a, H-6b, H-6'a), 3.62 (dd, 1H, J3 4 7.8 Hz,
Ja2 2.3 Hz, H-3'), 3.60—3.50 (m, 2H, H-5', H-6'b), 3.50—3.40 (m, 2H,
H-4, H-2"), 3.31 (s, 3H, OCH3), 1.98 (m, 1H, H-3), 1.81 (ddd, TH, 721
14.0 Hz, Jyay=hra3 1.0 Hz, H-17a), 156 (m, 1H, H-1"b); C
NMR (125 MHz, CDCl5) 138.3, 138.3,138.2, 138.1, 138.1,137.4 (6 ¢ ipso
CeHs), 128.4-127.5 (30x GCgHs), 1009 (C-1), 78.2 (C-3'), 775
(C-4), 75.7 (C-5'), 75.0 (C-2'), 74.8 (C-2), 72.6 (C-4'), 77.7 (C-5), 74.2,
74.1,73.5,73.4,72.1,71.7 (6x PhCH;), 70.1,69.7 (C-6, C-6'), 67.8 (C-1"),
545 (OCH3), 42.7 (C-3), 29.7 (C-1"). ESIMS: MNHj, found 912.2.
Cs6HesNO1o requires 912.5. Compound 34: [«]3° —3.8 (c 0.85, CHCls);
'H NMR (500 MHz, CDCl3) 7.40—7.10 (m, 30H, 6x CgHs), 4.68—4.43
(m, 12H, 6x O—CH,—Ph), 422—-4.17 (m, 1H, H-1"), 411 (dd, 1H, J2
7.5 Hz, H-1), 3.98 (m, 1H, H-5'), 3.82 (dd, 1H, J3 4=Jy 5 5.8 Hz, H-4'),
3.79-3.68 (m, 5H, H-3, H-6'a, H-6'b, H-6a, H-6b), 3.57—3.52
(m, 4H, H-2, OCH3), 3.45 (m, 1H, H-5), 3.35(dd, 1H, J3 4=/45 9.5 Hz, H-
4), 321 (dd, 1H, J,3 9.6 Hz, Ji2 7.5 Hz, H-2), 2.08 (m, 1H, H-1"a),
1.80-1.67 (m, 2H, H-1"b, H-3); '3C NMR (125 MHz, CDCl3) 138.2,
1382, 1381, 138.1, 137.9, 137.8 (6x ipso CgHs), 128.3—127.4 (30x
CeHs), 105.4 (C-1), 77.6 (C-5), 77.2 (C-4), 765 (C-2'), 76.1 (C-3'), 74.6
(C-4'), 741 (PhCHy), 73.6 (C-5'), 735 (2x PhCH,), 73.2 (PhCH,), 72.8
(C-2), 72.2 (PhCHy), 719 (C-1'), 71.3 (PhCHy), 69.1, 68.7 (C-6, C-6'),
56.7 (OCH3), 46.3 (C-3), 30.7 (C-1"). ESIMS: MNH,, found 912.2.
Cs6HesNO1g requires 912.5.

4.1.29. Methyl 3-deoxy-3-C-[(2,3,4,6-tetra-O-benzyl-a-p-mannopyr-
anosyl)methyl]-4,6-di-O-benzyl-a-L.-mannopyranoside  (35) and
methyl  3-deoxy-3-C-[(2,3,4,6-tetra-O-benzyl-a-p-mannopyranosyl)
methyl]-4,6-di-0-benzyl-3-1-glucopyranoside (36). Using the same
procedure as in the previous case, the glucal 2 (290 mg, 0.34 mmol)
was converted to compounds 35 (viscous oil, 160 mg, 51%), R=0.30
(light petroleum/ethyl acetate, 2:1) and 36 (viscous oil, 76 mg, 24%),
R=0.36 (light petroleum/ethyl acetate, 2:1). Compound 35:
[Found: C, 74.93; H, 6.75. CsgHg2010 requires C, 75.13; H, 6.93%];
[]3° —4.2 (¢ 0.56, CHCI3); "H NMR (500 MHz, CDCl3) 7.40—7.10 (m,
30H, 6x CgHs), 4.69 (d, 1H, J 114 Hz, O—CH,—Ph), 4.65 (d, 1H, J
114 Hz, 0—CH,—Ph), 459 (br s, 1H, H-1), 4.57-4.34 (m, 10H,
0—CHz—Ph), 419 (m, 1H, H-1"), 3.87-3.82 (m, 2H, H-2, H-6a),
3.81-3.65 (m, 7H, H-5, H-3', H-4', H-5', H-6b, H-6'a, H-6'D),
3.58-3.53 (m, 2H, H-2/, H-4), 3.3 (s, 3H, OCH3), 2.19 (m, 1H, H-3),
1.93 (m, 1H, H-1"a), 1.64 (m, 1H, H-1"b); *C NMR (125 MHz, CDCl3)
138.5—138.1 (6x ipso CsHs), 128.3—127.3 (30x CgHs), 100.6 (C-1),
76.7 (C-3'), 76.1,74.9, 73.8 (C-4, C-2', C-2), 74.1,73.5,73.5,73.2, 721,
71.5 (6x PhCHy), 73.3, 72.0, 69.3 (C-4', C-5, C-4'), 69.4, 69.0 (C-6, C-
6'), 54.7 (OCH3), 37.9 (C-3), 26.5 (C-1"). ESIMS: MNH,, found 912.2.
Cs6HssNOjo requires 912.5. Compound 36: [«]° +5.6 (¢ 0.56,
CHCl3); "H NMR (500 MHz, CDCl3) 7.40—7.14 (m, 30H, 6x CgHs),
4.73-4.39 (m, 11H, O—CH,—Ph), 4.33 (ddd, 1H, Ji'17» 10.4 Hz, J1/17a
39Hz, )y 2.2 Hz, H-1'), 423 (d, 1H, 1H,J 11.0 Hz, 0—CH,—Ph), 4.10
(d,1H, J12 7.7 Hz, H-1), 3.94 (ddd, 1H, J5 4=J5' 6'a 7.4 Hz, J5 'b 2.8 Hz,
H-5'), 3.77-3.65 (m, 5H, H-3’, H-4', H-6a, H-6b, H-6'a), 3.63—3.56
(m, 2H, H-6'b, H-2), 3.53—3.48 (m, 4H, H-2', OCH3), 3.45 (ddd, 1H,
Jas 9.6 Hz, Jsea=J56b 3.3 Hz, H-5), 3.38 (dd. 1H, Ja3 10.5 Hz, J45
9.6 Hz, H-4), 2.16 (m, 1H, H-1"a), 1.84 (m, 1H, H-3), 1.56 (m, 1H, H-
1”b); ®C NMR (125 MHz, CDCl3) 138.1-137.8 (6x ipso CgHs),
128.3—127.5 (30x CgHs), 105.6 (C-1), 77.8, 77.7 (C-5, C-3), 76.4 (C-
2'),75.3 (C-4'), 74.9 (C-4), 73.9, 73.8, 73.5, 73.3 (4x Ph(H>), 72.8 (C-
5'),72.3, 71.6 (2x PhCHy), 71.2 (C-2), 71.0 (C-1"), 69.6, 69.2 (C-6, C-
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6'), 56.7 (OCH3), 45.0 (C-3), 25.5 (C-1"). ESIMS: MNHj, found 912.2.
Cs6HesNO o requires 912.5.

4.1.30. Methyl 3-deoxy-3-C-[(2,3,4,6-tetra-O-acetyl-a-p-mannopyr-
anosyl)methyl]-2,4,6-tri-O-acetyl-a-p-mannopyranoside (7). 10% Pd/
C (30 mg) were added to a solution of C-disaccharide 33 (150 mg,
0.17 mmol) in MeOH (15 mL) and glacial acetic acid (3 mL), and the
reaction was stirred overnight under an atmosphere of hydrogen,
then filtered through a pad of Celite and coevaporated three times
with toluene. The obtained compound (methyl 3-deoxy-3-C-[(%-p-
mannopyranosyl)methyl]-o-p-mannopyranoside, ESIMS: MNHj,
found 372.1. C14H39NO;o requires 372.2) was dissolved in pyridine
(16 mL) and Acz0 (8 mL) and stirred overnight at room tempera-
ture. The reaction mixture was concentrated and coevaporated
three times with toluene, and column chromatography (light pe-
troleum/ethyl acetate, 2:1—1:2) yielded 55 mg (50%) of 7 as a vis-
cous oil; [Found: C, 51.60; H, 6.05. CogH40017 requires C, 51.83; H,
6.17%); Re=0.67 (CHCl3/MeOH, 15:1); []§” +10.7 (c 0.68, CHCl3);
vmax 3034, 2932, 1744, 1371, 1142, 1048 cm™'; 'H NMR (500 MHz,
CgDg) 5.56 (dd, 1H, J3 4 6.0 Hz, J»3 3.2 Hz, H-3'), 541 (dd, 1H,
Jaz=Jas 10.5 Hz, H-4), 5.29 (dd, 1H, J>.1 6.9 Hz, J» 3 3.2 Hz, H-2'),
5.26 (dd, 1H, J23 3.0 Hz, ] 1.3 Hz, H-2), 5.18 (dd, 1H, J3' 4 6.0 HZ, 4 5
4.4Hz,H-4'),4.76 (dd, 1H, Je'agp 11.9 Hz, |5 ¢'a 8.0 Hz, H-6'a), 4.71 (d,
1H, J1 1.3 Hz, H-1), 4.41 (dd, 1H, Jeaep 12.1 Hz, J564 5.2 Hz, H-6a),
4.21-4.12 (m, 2H, H-1', H-6b) 4.06 (ddd, 1H, J5' 62 8.0 Hz, J5 4 4.4 Hz,
Js.6'b 3.7 Hz, H-5'), 4.02 (dd, 1H, Je'aeb 11.9 Hz, J5 ¢ 3.7 Hz, H-6'b),
3.89 (ddd, 1H,J5‘4 10.5 Hz, ,’5.63 52 szjS,Gb 2.5 Hz, H—5), 3.0 (S, 3H,
OCH3), 2.58 (dddd, 1H, J43 10.5 Hz, J17a3=/17b3 5.5 Hz, J32 3.0 Hz, H-
3),1.87 (s, 3H, COOCH3), 1.86—1.84 (m, 2H, H-1"a, H-1"b), 1.82 (s, 3H,
COOCH3), 1.75 (s, 3H, COOCH3), 1.71 (s, 3H, COOCH3), 1.65 (s, 3H,
COOCH3), 1.57 (s, 3H, COOCH3), 1.53 (s, 3H, COOCH3); C NMR
(125 MHz, CgDg) 170.1-169.1 (7x COOCH3s), 97.8 (C-1), 73.0 (C-5'),
72.4(C-2),71.0(C-1’),70.3 (C-2), 69.6 (C-5), 68.6 (C-4), 68.2 (C-4),
68.1 (C-3'), 63.1 (C-6), 60.9 (C-6'), 54.5 (OCHs3), 37.1 (C-3), 29.1
(C-1"), 20.4-20.1 (7% COOCH3). ESIMS: MNHj, found 665.9.
C28H44NO17 requires 666.2.

4.1.31. Methyl 3-deoxy-3-C-[(2,3,4,6-tetra-O-acetyl-a-p-mannopyr-
anosyl)methyl]-2,4,6-tri-O-acetyl-a-.-mannopyranoside  (8). Using
the same procedure as for the preparation of 7, compound 35
(160 mg, 0.18 mmol) was converted to C-disaccharide 8 (viscous oil,
80 mg, 67%); [Found: C, 51.55; H, 6.35. C28H40017 requires C, 51.83;
H, 6.17%]; R=0.67 (CHCl3/MeOH, 15:1); [«]3° —6.9 (c 0.75, CHCl3);
ymax 3011, 1671, 1625, 1454, 1390, 1094, 1028 cm'; 'H NMR
(500 MHz, C¢Dg) 5.57 (dd, 1H, J3 4’ 6.1 Hz, J3 2 3.2 Hz, H-3"), 5.37 (br
s, TH, H-2), 5.30 (dd, 1H, J43 11.2 Hz, J45 10.5 Hz, H-4), 5.27 (dd, 1H,
Jo16.2 Hz, Jor 3 3.2 Hz, H-2),5.17 (dd, 1H, J4 3 6.1 Hz, J4 5 5.0 Hz, H-
4),4.60 (br s, 1H, H-1), 4.61 (dd, 1H, Je'aeb 12.1 Hz, J5 62 8.7 Hz, H-
6'a), 4.35 (dd, 1H, Jeaep 12.2 Hz, J56a 5.3 Hz, H-6a), 4.25 (dd, 1H,
Jeaen 12.1 Hz, Js' gb 3.4 Hz, H-6'b), 4.22—4.10 (m, 3H, H-1', H-5', H-
6b), 3.88 (m, 1H, H-5), 2.98 (s, 3H, OCH3), 2.73 (dddd, 1H, J3.4=/31"a
11.2 Hz, J317p=J32 3 Hz, H-3), 1.92 (m, 1H, H-1"a), 1.87 (s, 3H,
COOCH3), 1.78 (m, 1H, H-1"b), 1.74 (s, 3H, COOCH3), 1.73 (s, 3H,
COOCH3), 1.68 (s, 3H, COOCH3), 1.66 (s, 3H, COOCH3), 1.61 (s, 3H,
COOCH3), 158 (s, 3H, COOCHs); '*C NMR (125 MHz, CgDg)
170.1-169.3 (7 x COOCH3), 98.2 (C-1), 72.7 (C-5'), 70.5 (C-2'), 69.4,
69.3 (C-2, C-5), 68.6 (C-4'), 68.1 (C-3'), 67.9 (C-4), 67.3 (C-1"), 63.2
(C-6),61.4(C-6"), 54.4 (OCH3), 35.1 (C-3), 27.0(C-1"), 20.3—20.1 (7%
COOCH3). ESIMS: MNH, found 665.9. C23H44NOy7 requires 666.2.
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Cross-Coupling Reaction of Saccharide-Based Alkenyl Boronic
Acids with Aryl Halides: The Synthesis of Bergenin

Kamil Parkan,*™ Radek Pohl,™ and Martin Kotora*

Abstract: A convenient synthetic pathway enabling p-glucal
and p-galactal pinacol boronates to be prepared in good
isolated yields was achieved. Both pinacol boronates were
tested in a series of cross-coupling reactions under Suzuki-
Miyaura cross-coupling conditions to obtain the correspond-

ing aryl, heteroaryl, and alkenyl derivatives in high isolated
yields. This methodology was applied to the formal synthesis
of the glucopyranoside moiety of papulacandin D and the
first total synthesis of bergenin.

Introduction

C-Arylglycosides are an interesting and important class of natu-
ral compounds possessing appealing biological properties that
may have potential application in many areas of medicinal
chemistry. The saccharide moiety of such compounds is usually
composed of p-glucose scaffolds and vitexin, orientin etc.,!"
with bergenin® and papulacandin D* serving as typical exam-
ples (Figure 1). However, compounds possessing ribo, manno,
and other scaffolds also exist.”’ Despite the fact that numerous
synthetic procedures based on a range of methodologies have
been described, the development of new and more syntheti-
cally robust procedures is still desirable.””’ This interest is driven
by the weakness of the available methodologies with respect
either to the required reaction conditions or to the substrate
scope.

One approach to C-arylglycosides is based on the use of the
corresponding 1-alkenylboronic acids or their pinacol esters in
the Suzuki-Miyaura cross-coupling reaction’® with suitable sub-
stituted aryl and heteroaryl halides, and with alkenyl halides.
During the course of our work on that subject, a report on
a synthetic procedure for the synthesis of C-arylglycosides
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papulacandin D

Figure 1. Selected natural C-glycosides.

based on cross-coupling reaction of glucal boronate with aryl-
(heteroaryl) bromides was published.” The report clearly dem-
onstrated the advantages of this approach; however, the
scope of this investigation was limited to just six examples. In
our report we would like to show that the use of pinacol boro-
nates of p-glucal and also p-galactal offers an improved syn-
thetic protocol and extends the scope of the reaction. Finally,
we would like to demonstrate that this methodology can pro-
vide synthetic access to various natural C-aryl glycosides that
have been isolated from a variety of medicinal plants.”! One
such compound of interest is bergenin,”” which has interesting
pharmacological properties such as antihepatotoxic, antiulcero-
genic, anti-HIV, antifungal, hepatotoxic, hepatoprotective, anti-
arrhythmic, neuroprotective, anti-inflammatory, and immuno-
modulatory activity. Bergenin-containing extracts from Macar-
anga peltata are used in Indian folk medicine for treatment of
venereal diseases"” and bergenin itself is an active pharma-
ceutical ingredient of a Chinese drug"" described to be effec-
tive against coughs and bronchitis. Due to its broad spectrum

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of biological activities, the development of new and efficient
synthetic pathway for its preparation is highly desirable. In this
report we would like to show that the approach mentioned
above allows the flexible synthesis of various substituted sac-
charide derivatives and can be applied to the first total synthe-
sis of bergenin.

Results and Discussion
Synthesis of the starting boronic acid derivatives

Our initial attention focused on the synthesis of protected
p-glucal boronic acid and its pinacol esters (Scheme 1 and
Scheme 2). Although boronation of the double bond in p-glu-
cals with B,Pin, catalyzed by an Ir-complex could be used for
the synthesis of p-glucal pinacol boronates,”? we were looking
for a more economical method that was also suitable for larger
scale syntheses.

o o
Ho ] TIPSO | i E/OJ’U 1. BOR)3
— " _— | -
HO TIPSO THE % 2 10
OH oTIPS
1 2 3
iPrOBpin l
TIPSO | BE
TIPSO" 4b
oTIPS

Scheme 1. Synthesis of p-glucal boronic acid 4a and p-glucal pinacol boronate 4b.

1. (Bu),Si(OTf),

DMF, pyridine o 0. B FHE o 0O.__BPin
1 M’(!Bu) o ] 2220 Busie
2. TIPSCI, 29N o 2. iPrO-Bpin ()
imidazole oTips 3 H0 OTIPS
DMF, 60 °C
2b 4c

Scheme 2. Synthesis of p-glucal pinacol boronate 4c.

Initially, we decided to explore pathways for the preparation
of boronic acid 4a (Scheme 1). Because an alkenyl sugar deriv-
ative is exposed to tBuLi during the course of the reaction,
suitable protective groups that were not affected by strong
bases during the course of reactions had to be chosen for
the saccharide moiety (e.g., methoxymethyl ether
(MOM),">™ tert-butyldiphenylsilyl (TBDPS),!"1>16:17.18]
triisopropylsilyl (TIPS),"*'*2% di-tert-butylsilylene,"*?"
and tert-butyldimethylsilyl (TBS)?*?. Tri-TIPS-protect-
ed glucal 2, prepared by protection of commercially
available p-glucal 1 with TIPS chloride and imidazole,
was converted into 1-lithiated intermediate 3 by
treatment with 4.0 equivalents of tBuLi. A number of
trialkyl borates B(OR); (R=Me, Et, iPr) were added fol-
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lowed by hydrolysis. In all cases, the boronic acid 4a was iso-
lated in 75-80% yields, however, although it was obtained
with a reasonable purity (ca. 90%), it was difficult to obtain in
higher quality due to its instability. Attempts to protect the
boronic acid function of 4a with pinacol under published con-
ditions® to obtain tri-TIPS glucal pinacol boronate 4b were
not successful and resulted in the formation of complex reac-
tion mixtures. Interestingly, its formation in high yield was
claimed,” but its spectral characterization was not reported. In
view of the aforementioned results, we decided to approach
the synthesis of TIPS-protected glucal boronate 4b by other
means (Scheme 1). The procedure was based on a similar ap-
proach, that is, on the reaction of the 1-lithiated glycal 3 with
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (iPrOB-
pin). The reaction proceeded cleanly, providing the desired
compound 4b in an almost quantitative yield. The successful
isolation strongly depended on appropriate work-up proce-
dure of the formed reaction mixture, and it was essential to
carry out the extraction by using
a mixture of toluene and water
Ou_B(OH), (for details see the Supporting
T'PSOU Information).
TIPSO In addition to 4b, boronate

iﬂps 4c was also prepared by the re-

, action  sequence  described

teluene lpmacm above (Scheme2), that s,
a complex reaction mixture p-glucal 1 was converted into
the  bridged-silyl  protected

glucal 2b with (tBu),Si(OTf),2
followed by silylation of the free
hydroxyl group at position C-3
with TIPS chloride and imidazole.
Compound 2b was then treated
with tBulLi followed by reaction
with /PrOBpin to give the stable bicyclic boronate 4c as a crys-
talline solid, again in almost quantitative yield.

In the next step we wanted to prepare the corresponding
fully protected p-galactal pinacol boronate 7 (Scheme 3). How-
ever, the primary hydroxyl functionality required protection
with a more bulky silyl protective group, because it is known
that the TBS-protected galactal tends to succumb to compet-
ing a-silyl deprotonation at the 6-position."®?*? To avoid this
undesirable competing reaction, we protected the 6-hydroxyl
group of commercially available p-galactal 5 with TIPS chloride
and imidazole followed by in situ installation of the less bulky
TBS groups at the 3- and 4-positions providing the protected
derivative 6 in good yield. An analogous approach based on
C-1 lithiation of galactal 6 with 3.5 equivalents of tBuLi and

1. TIPSCI,
imidazole 0. O._BPin
DMF, 04 °C TIPSO ‘ 1.tBuLi, THF TIPSO ‘
R —
2. TBSCI, TBSO 2. iPrO-Bpin TBSO'
OH imidazole 0OTBS 3.H,0 oTBS
60 °C
5 6 7

Scheme 3. Synthesis of p-galactal pinacol boronate 7.
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subsequent excess of iPrOBpin was used (Scheme 3). The de-
sired product, the pinacol ester of (1,5-anhydro-2-deoxy-3,4-O-
di-(tert-butyldimethylsilyl)-6-O-triisopropylsilyl-p-lyxo-hex-1-eni-
tolyl)boronic acid (7) was obtained in an almost quantitative
yield. All starting boronic acid derivatives 4a-c and 7 were
fully characterized by means of NMR spectroscopy. In the
BCNMR spectra of these compounds, the signal of C-1 is
broad and usually absent due to '*C-"'B spin-spin coupling in-
teraction and additional '°B/"'B isotope induced chemical shift
of C-1 signal. This difficulty can be overcome by acquiring H,C-
HMBC spectra for which H-2/C-1, H-5/C-1, and H-3/C-1 cross-
peaks can be observed, providing an assignment of the
C-1 signal. In addition, NMR spectra of galacto-derivatives 7
and 11 measured at ambient temperature provide generally
broad signals, likely due to conformational flexibility. Therefore,
it is advisable to acquire NMR spectra of these derivatives at
higher temperatures (55°C in CDCl;, 80°C in CD5CN).

Cross-coupling reactions of 4 with aryl halides 8

Cross-coupling reactions of 4a-c were performed with a range
of aryl, heteroaryl, and alkenyl halides (Figure 2). After exten-
sive screening of various reaction conditions, the best results

O o

8a
COOMe Meoi
! MeO ' I
8f 8j
A\ N Br™ S
/©\/> NT \> l/\/F’em I/\/COOE(
Br N l P>
Ac N rél
8k g " 8m 8n 80
COOMe 0Bn
BnO Br 8p BnO~QjI 8q
MeO  OBn OH

Figure 2. Aryl, heteroaryl, and alkenyl halides 8 tested in the cross-coupling reactions.

were achieved with [Pd(PPh,),Cl,] in the presence of 2m aque-
ous solution of Na,CO; in dimethoxyethane at 80°C (condi-
tions A). The results are summarized in Table 1.

Initially, the Suzuki-Miyaura cross-coupling reactions of 4a
with aryl halides were carried out under conditions A (see
Table 1) by using Na,CO; as the base. The reactions proceeded
well with para-substituted aryl bromides and halides 8a-c,
giving the corresponding products 9a-c in good isolated
yields of 89, 84 and 93%, respectively (entries 1-3). Further-
more, the use of meta- and ortho-substituted aryl halides 8 e-g
provided the expected products 9e-g in good yields of 72, 76,
and 88%, respectively (entries 4-6). The reaction with 1,4-di-
bromobenzene 8i gave the double-substituted product 9i in
a good 70% yield (entry 7). The Pd-catalyzed cross-coupling re-
actions with heteroaryl halides 8j-1 proceeded in a similar
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Table 1. Cross-coupling reaction of 4a with 8.
O B(CH), O_R
MPSO | Rk Conditions A iTRS© |
TIPSO" ' = TIPSO
OTIPS OTIPS
4a (2 equiv.) 8 9
A: [Pd(PPh3),Cl;] (5 mol%), Na,COj (2 equiv.), DME, 60 °C, 12 h
Entry Halide 8 Conditions Yield of 9 [%)®
1 8a A 89
2 8b A 84
3 8¢ A 93
4 8e A 72
5 8f A 76
6 8g A 88
7 8i A 70
8 8j A 78
9 8k A 74
10 8l A 74
n 8m A 71
[a] Isolated yield.

manner, providing compounds 9j-l in 78, 74, and 74 % isolated
yields, respectively (entries 8-10). Finally, the cross-coupling re-
action with vinyl bromide 8 m was performed to give
9m in 71% isolated yield (entry 11). To achieve high
conversions of starting material and high yields of
the corresponding products, the use of 2.1 equiva-
lents of the boronic acid 4a was required. Perhaps
because of this, partial dimerization of 4a to dimer
4d (Figure 3) was observed.?”

Cross-coupling reactions of 4b were initially also
tested under conditions A. Again, a 1.8-fold excess of
4b was used to ensure good conversions and yields.
Although the cross-coupling reactions with 8b, 8¢,
84, and 8| provided the corresponding products 9b,
9¢, 9g, and 91 in high isolated yields (88, 87, 88, and
77 %, respectively; Table 2, entries 1, 3, 6, and 10), the
formation of dimer 4d in various amounts was again
observed (5-20%). To suppress the formation of the
latter, conditions B using KOAc as the base were
tested.”® Thus, the reaction of 8b, 8¢, 8e, and 8h-j
gave rise to the corresponding products 9b, 9¢, 9e,
and 9h-j in good yields (86, 85, 80, 87, 76, and 80 %; entries 2,
4, 5, 7, and 8). Although, the reaction rate was considerably
slower, the formation of dimer 4d was not observed.

Cross-coupling reactions of 4 ¢ were carried out under condi-
tions A only (Table 3). Thus, reaction with 8c to give 10c pro-

Figure 3. Dimer 4d.
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Table 2. Cross-coupling reaction of 4b with 8.

O.__BPin O.__R
TIPSO | Conditions A or B TIPSO |
’ X — "
TIPSO" r RX TIPSO’

oTIPS oTIPS
4b 8 9

A: [PA(PPhy),Cly] (5 mol%), Na,CO5 (2 equiv.), DME, 60 °C, 12 h
B: [Pd(PPhs),Cl;] (5 mol%), KOAc (1.5 equiv.), DME, 80 °C, 12 h

Entry Halide 8 Conditions Yield of 9 [%]"
1 8b A 88
2 B 86
3 8¢ A 87
4 B 85
5 8e B 80
6 8g A 88
7 8h B 87
8 8i B 76
9 8j B 80
10 8l A 77
[a] Isolated yield.
Table 3. Cross-coupling reaction of 4c with 8.
BPin O._R
h | Conditions A P |
(BUYSI~ (. + RX (tBu),Si~
OTIPS OTIPS
4c 8 10

A: [Pd(PPh3),Cl,] (5 mol%), Na,CO5 (2 equiv.), DME, 60 °C, 12 h

Entry Halide 8 Conditions Yield of 10 [%]*
1 8c A 87
2 8n A 75
3 8p A 88
4 8q A 87

[a] Isolated yield.

ceeded in good 87 % isolated yield (entry 1). This result is com-
parable to results obtained for 4a and 4b. The reaction with
8n proceeded in a similar manner, providing 10n in good
75% isolated yield (entry 2). Next, the reactions with sterically
hindered aryl halides 8p and 8q were attempted (entries 3
and 4). A synthesis of aryl bromide 8 p, which is a potential in-
termediate for the bergenin synthesis (see below), has not
been previously reported and had to be synthesized starting
from methyl ester of gallic acid through a reaction sequence
involving acetylation, methylation, benzylation, and bromina-
tion (for synthetic details see the Supporting Information). Aryl
iodide 8q, a known intermediate in the papulacandin synthe-
sis, was synthesized according to a known procedure.” Grati-
fyingly, in both cases, the cross-coupling reactions proceeded
smoothly to give the corresponding products 10p and 10q in
very good isolated yields of 88 and 87 %, respectively.

Finally, we focused on the Pd-catalyzed cross-coupling reac-
tions of fully protected p-galactal pinacol boronate 7 with sev-
eral aryl halides (Table 4). The reactions of 7 with aryl halides
8b-d proceeded well, with high isolated yields (80, 85, and
79%, respectively) of the corresponding products 11b-d (en-
tries 1-3). A similar result was also obtained with methyl (£)-3-
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Table 4. Cross-coupling reaction of 7 with 8.

O.__BPin
TIPSO ‘ Conditions A
+ RX —m—
TBSO'

oTBS

TIPSO 9 l R
TBSO
OTBS
1"

A: [Pd(PPh3),Cly] (5 mol%), Na;CO3 (2 equiv.), DME, 60 °C

Entry Halide 8 Conditions Yield of 11 [%]*
1 8b A 80
2 8c A 85
3 8d A 79
4 80 A 84

[a] Isolated yield.

iodopropenoate 80, providing the product 110 in 84% isolat-
ed yield (entry 4). Because, to the best of our knowledge, there
have not been any reports on cross-coupling of galactal boro-
nates with organyl halides, these results indicate that this
methodology could also be applied to saccharide pinacol bor-
onates with other scaffolds.

Synthesis of the papulacandin D glucopyranoside moiety

In the last couple of years several approaches to the papula-
candin D glucopyranoside moiety have been reported. These
methods were based on organolithium addition to gluconolac-
tone,**3"3? reductive aromatization of quinols,® transforma-
tion of arylvinylfurans,®¥ or cross-coupling of a vinylstannane®”!
or a vinylsilanol with aryl halides.”>*%3” We envisioned that the
papulacandin D glucopyranoside moiety could be also pre-
pared by a cross-coupling reaction of a suitably substituted
aryl halide with boronate 4c. Because we have shown that
cross-coupling between boronate 4c and iodobenzene 8q
(Table 3, entry 3) proceeded successfully to give 10q with high
isolated yield (88%), further conversion of this intermediate
was undertaken (Scheme 4). In the next step, the double bond
was oxidized with dimethyldioxirane (DMDO)"®? under mild
conditions. The epoxidation proceeded stereoselectively to
provide a-epoxide 12, which was immediately opened by in-
tramolecular attack of the pendant benzylic hydroxyl to furnish
the desired spiroketal 13 as a single anomer. The previous syn-
thesis of 13 led to a mixture of a and -anomers, which had to
be epimerized under acidic conditions®” to obtain the re-
quired anomer. We assume that the formation of the single
diastereoisomer was caused by the fixed conformation of the
bicyclic derivative that would not cause axial-equatorial flip on
the pyranose ring. Debenzylation of 13 led to the formation of
compound 14 in 93% isolated yield. Subsequent desilylation
followed by peracetylation provided 15 in 89% vyield, which is
a known intermediate in synthesis of papulacandin D.®®

Synthesis of bergenin

Prior to the synthetic endeavors that would lead to the synthe-
sis of bergenin, transformations of the cross-coupling products
into stereoselectively pure arylglycosides were attempted.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 4. Synthesis of the papulacandin D glycopyranoside moiety 15.

Compound 10¢, with the bridged-silyl protecting group to
keep the molecule locked in one conformation, served as
a model (Scheme 5). It was found that hydroboration® of the
double bond in 10 ¢ with BH;-Me,S complex followed by oxida-
tion with alkaline hydrogen peroxide gave aryl-$-C-glycoside

1. BHy Me,S, THF

o
2. NaOH (30%), Hz02 (30%)  (gu),si. .
85% o
OTIPS 16
CFy
CFy
1,DMDO, CH,Cl, ©/
0°c
0 o..
q 2. LiBHE .
oc  OTIPS THE. 0c  (BuSing “OH
74% oTPS 17
CFy
Hz, PIO;
EtOH

oTIPS 18

Scheme 5. Transformations of the glucal double bond in 8c and 10c.

16 as a single stereoisomer (4.32 ppm (br.d, J;,=9.4Hz, 1H,
H-1)). The formation of the opposite anomer (5.16 ppm (br.d,
J,,=3.8Hz, 1H, H-1)), aryl-a-C-glycoside 17, was achieved by
epoxidation of the double bond with DMDO“” followed by
subsequent cleavage of the formed epoxide ring with lithium
triethylborohydride.*" It should be added that the reactions
mentioned above were also carried out with the tri-TIPS-pro-
tected derivative 8¢, but this led to the formation of intracta-
ble reaction mixtures. This is clearly the result of conformation-
al flexibility of the starting material 8c. On the other hand, hy-
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drogenation'? of 8¢ with H, on PtO, also proceeded stereose-
lectively to give aryl-f-C-2-deoxy-glycoside 18 (4.60 ppm (dd,
J1,=11.2Hz, J;; 2.6 Hz, TH, H-1)).

In view of the aforementioned results, the synthesis of ber-
genin was executed as follows (Scheme 6). The cross-coupling
product 10 p was hydroborated with BH;:Me,S, followed by ox-
idation of the C—B bond to furnish arylglucoside 19 as a single

1. BHy'Me,S, THF

o (o]
{ 2. NaOH (30%) !
(tBu),Si ~o" COOMe H,0, (30%) (tBu),Si ~o" “OH “OH
10p QTIPS 75% 19 OTIPS
OMe
BnO. OBn
TEMP
0 1&/0
BAIB !
85% 8
CH,Cl o ° oH o (tBu),Si ~o"
20
1. TBAF
THF, 45°C 5% PdIC, Hy
2.80Cl, 90%
MeOH

80%

Scheme 6. Synthesis of bergenin 23.

diastereoisomer. 'H and *C NMR spectra of 19 measured at
0°C in CDCl; revealed the existence of two isomers. Because
vicinal coupling constants of sugar protons in both isomers
were similar, we concluded that the isomerism is caused by
hindered rotation of the aryl moiety. Unfortunately, NOE meas-
urements did not provide more detailed information on the
orientation of the aryl part for individual isomers. Subsequent
selective oxidation of the benzyl alcohol moiety was accompa-
nied by cyclization to lactol 20, which was further oxidized to
give lactone 21 in 85% isolated yield. The silyl protecting
group was then removed to give 22 (80%) and, finally, reduc-
tive debenzylation provided bergenin 23 in 90 % isolated yield.
Thus, bergenin was synthesized in six steps from bromide 8p
in 40% overall yield.

Conclusion

We have developed an efficient method for preparation of
aryl- or alkenyl-C-glucals and -C-galactals by using glucal or
galactal boronates as the key synthons in cross-coupling reac-
tions performed under Suzuki-Miyaura conditions. Partial di-
merization of the boronates observed when K,CO; was used as
the base could be prevented by the use of KOAc. A possibility
of further functionalization of the double bond in the cross-
coupling products (1-aryl-C-glycals) was explored and resulted
in diastereoselective syntheses of a- or f-glycosides in good
yields. These results enabled the synthetic potential of this

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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methodology to be demonstrated in two syntheses. First, it
was applied in an alternative synthesis of papulacandin D glu-
copyranoside intermediate 15 in 64% overall yield. Second,
the cross-coupling reaction was utilized as a crucial step for
the first total synthesis of bergenin 23 in 40% overall yield in
only six steps from bromide 8 p.
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Cross-Coupling Reaction of Saccharide-Based Alkenyl Boronic
Acids with Aryl Halides: The Synthesis of Bergenin

Kamil Parkan,*™ Radek Pohl,™ and Martin Kotora*

Abstract: A convenient synthetic pathway enabling p-glucal
and p-galactal pinacol boronates to be prepared in good
isolated yields was achieved. Both pinacol boronates were
tested in a series of cross-coupling reactions under Suzuki-
Miyaura cross-coupling conditions to obtain the correspond-

ing aryl, heteroaryl, and alkenyl derivatives in high isolated
yields. This methodology was applied to the formal synthesis
of the glucopyranoside moiety of papulacandin D and the
first total synthesis of bergenin.

Introduction

C-Arylglycosides are an interesting and important class of natu-
ral compounds possessing appealing biological properties that
may have potential application in many areas of medicinal
chemistry. The saccharide moiety of such compounds is usually
composed of p-glucose scaffolds and vitexin, orientin etc.,!"
with bergenin® and papulacandin D* serving as typical exam-
ples (Figure 1). However, compounds possessing ribo, manno,
and other scaffolds also exist.”’ Despite the fact that numerous
synthetic procedures based on a range of methodologies have
been described, the development of new and more syntheti-
cally robust procedures is still desirable.””’ This interest is driven
by the weakness of the available methodologies with respect
either to the required reaction conditions or to the substrate
scope.

One approach to C-arylglycosides is based on the use of the
corresponding 1-alkenylboronic acids or their pinacol esters in
the Suzuki-Miyaura cross-coupling reaction’® with suitable sub-
stituted aryl and heteroaryl halides, and with alkenyl halides.
During the course of our work on that subject, a report on
a synthetic procedure for the synthesis of C-arylglycosides
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papulacandin D

Figure 1. Selected natural C-glycosides.

based on cross-coupling reaction of glucal boronate with aryl-
(heteroaryl) bromides was published.” The report clearly dem-
onstrated the advantages of this approach; however, the
scope of this investigation was limited to just six examples. In
our report we would like to show that the use of pinacol boro-
nates of p-glucal and also p-galactal offers an improved syn-
thetic protocol and extends the scope of the reaction. Finally,
we would like to demonstrate that this methodology can pro-
vide synthetic access to various natural C-aryl glycosides that
have been isolated from a variety of medicinal plants.”! One
such compound of interest is bergenin,”” which has interesting
pharmacological properties such as antihepatotoxic, antiulcero-
genic, anti-HIV, antifungal, hepatotoxic, hepatoprotective, anti-
arrhythmic, neuroprotective, anti-inflammatory, and immuno-
modulatory activity. Bergenin-containing extracts from Macar-
anga peltata are used in Indian folk medicine for treatment of
venereal diseases"” and bergenin itself is an active pharma-
ceutical ingredient of a Chinese drug"" described to be effec-
tive against coughs and bronchitis. Due to its broad spectrum

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of biological activities, the development of new and efficient
synthetic pathway for its preparation is highly desirable. In this
report we would like to show that the approach mentioned
above allows the flexible synthesis of various substituted sac-
charide derivatives and can be applied to the first total synthe-
sis of bergenin.

Results and Discussion
Synthesis of the starting boronic acid derivatives

Our initial attention focused on the synthesis of protected
p-glucal boronic acid and its pinacol esters (Scheme 1 and
Scheme 2). Although boronation of the double bond in p-glu-
cals with B,Pin, catalyzed by an Ir-complex could be used for
the synthesis of p-glucal pinacol boronates,”? we were looking
for a more economical method that was also suitable for larger
scale syntheses.

o o
Ho ] TIPSO | i E/OJ’U 1. BOR)3
— " _— | -
HO TIPSO THE % 2 10
OH oTIPS
1 2 3
iPrOBpin l
TIPSO | BE
TIPSO" 4b
oTIPS

Scheme 1. Synthesis of p-glucal boronic acid 4a and p-glucal pinacol boronate 4b.

1. (Bu),Si(OTf),

DMF, pyridine o 0. B FHE o 0O.__BPin
1 M’(!Bu) o ] 2220 Busie
2. TIPSCI, 29N o 2. iPrO-Bpin ()
imidazole oTips 3 H0 OTIPS
DMF, 60 °C
2b 4c

Scheme 2. Synthesis of p-glucal pinacol boronate 4c.

Initially, we decided to explore pathways for the preparation
of boronic acid 4a (Scheme 1). Because an alkenyl sugar deriv-
ative is exposed to tBuLi during the course of the reaction,
suitable protective groups that were not affected by strong
bases during the course of reactions had to be chosen for
the saccharide moiety (e.g., methoxymethyl ether
(MOM),">™ tert-butyldiphenylsilyl (TBDPS),!"1>16:17.18]
triisopropylsilyl (TIPS),"*'*2% di-tert-butylsilylene,"*?"
and tert-butyldimethylsilyl (TBS)?*?. Tri-TIPS-protect-
ed glucal 2, prepared by protection of commercially
available p-glucal 1 with TIPS chloride and imidazole,
was converted into 1-lithiated intermediate 3 by
treatment with 4.0 equivalents of tBuLi. A number of
trialkyl borates B(OR); (R=Me, Et, iPr) were added fol-

Scheme 3,
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lowed by hydrolysis. In all cases, the boronic acid 4a was iso-
lated in 75-80% yields, however, although it was obtained
with a reasonable purity (ca. 90%), it was difficult to obtain in
higher quality due to its instability. Attempts to protect the
boronic acid function of 4a with pinacol under published con-
ditions® to obtain tri-TIPS glucal pinacol boronate 4b were
not successful and resulted in the formation of complex reac-
tion mixtures. Interestingly, its formation in high yield was
claimed,” but its spectral characterization was not reported. In
view of the aforementioned results, we decided to approach
the synthesis of TIPS-protected glucal boronate 4b by other
means (Scheme 1). The procedure was based on a similar ap-
proach, that is, on the reaction of the 1-lithiated glycal 3 with
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (iPrOB-
pin). The reaction proceeded cleanly, providing the desired
compound 4b in an almost quantitative yield. The successful
isolation strongly depended on appropriate work-up proce-
dure of the formed reaction mixture, and it was essential to

carry out the extraction by using

a mixture of toluene and water

(for details see the Supporting

T'PSOﬁB(OH)Z Information).
TIPSO T oes In addition to 4b, boronate
a 4c was also prepared by the re-
, action  sequence  described
teluene lpmacm above (Scheme2), that s,
a complex reaction mixture p-glucal 1 was converted into
the  bridged-silyl  protected

glucal 2b with (tBu),Si(OTf),2
followed by silylation of the free
hydroxyl group at position C-3
with TIPS chloride and imidazole.
Compound 2b was then treated
with tBulLi followed by reaction
with /PrOBpin to give the stable bicyclic boronate 4c as a crys-
talline solid, again in almost quantitative yield.

In the next step we wanted to prepare the corresponding
fully protected p-galactal pinacol boronate 7 (Scheme 3). How-
ever, the primary hydroxyl functionality required protection
with a more bulky silyl protective group, because it is known
that the TBS-protected galactal tends to succumb to compet-
ing a-silyl deprotonation at the 6-position."®?*? To avoid this
undesirable competing reaction, we protected the 6-hydroxyl
group of commercially available p-galactal 5 with TIPS chloride
and imidazole followed by in situ installation of the less bulky
TBS groups at the 3- and 4-positions providing the protected
derivative 6 in good yield. An analogous approach based on
C-1 lithiation of galactal 6 with 3.5 equivalents of tBuLi and

1. TIPSCI,
imidazole 0. O._BPin
DMF,04°C TIPSO ‘ 1.tBuLi, THF TIPSO ‘
—_—
2. TBSCI, TBSO 2. iPrO-Bpin TBSO'
OH imidazole 0OTBS 3.H,0 oTBS
60 °C
5 6 7
. Synthesis of p-galactal pinacol boronate 7.
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subsequent excess of iPrOBpin was used (Scheme 3). The de-
sired product, the pinacol ester of (1,5-anhydro-2-deoxy-3,4-O-
di-(tert-butyldimethylsilyl)-6-O-triisopropylsilyl-p-lyxo-hex-1-eni-
tolyl)boronic acid (7) was obtained in an almost quantitative
yield. All starting boronic acid derivatives 4a-c and 7 were
fully characterized by means of NMR spectroscopy. In the
BCNMR spectra of these compounds, the signal of C-1 is
broad and usually absent due to '*C-"'B spin-spin coupling in-
teraction and additional '°B/"'B isotope induced chemical shift
of C-1 signal. This difficulty can be overcome by acquiring H,C-
HMBC spectra for which H-2/C-1, H-5/C-1, and H-3/C-1 cross-
peaks can be observed, providing an assignment of the
C-1 signal. In addition, NMR spectra of galacto-derivatives 7
and 11 measured at ambient temperature provide generally
broad signals, likely due to conformational flexibility. Therefore,
it is advisable to acquire NMR spectra of these derivatives at
higher temperatures (55°C in CDCl;, 80°C in CD5CN).

Cross-coupling reactions of 4 with aryl halides 8

Cross-coupling reactions of 4a-c were performed with a range
of aryl, heteroaryl, and alkenyl halides (Figure 2). After exten-
sive screening of various reaction conditions, the best results

O o

8a
COOMe Meoi
! MeO ' I
8f 8j
A\ N Br™ S
/©\/> NT \> l/\/F’em I/\/COOE(
Br N l P>
Ac N rél
8k g " 8m 8n 80
COOMe 0Bn
BnO Br 8p BnO~QjI 8q
MeO  OBn OH

Figure 2. Aryl, heteroaryl, and alkenyl halides 8 tested in the cross-coupling reactions.

were achieved with [Pd(PPh,),Cl,] in the presence of 2m aque-
ous solution of Na,CO; in dimethoxyethane at 80°C (condi-
tions A). The results are summarized in Table 1.

Initially, the Suzuki-Miyaura cross-coupling reactions of 4a
with aryl halides were carried out under conditions A (see
Table 1) by using Na,CO; as the base. The reactions proceeded
well with para-substituted aryl bromides and halides 8a-c,
giving the corresponding products 9a-c in good isolated
yields of 89, 84 and 93%, respectively (entries 1-3). Further-
more, the use of meta- and ortho-substituted aryl halides 8 e-g
provided the expected products 9e-g in good yields of 72, 76,
and 88%, respectively (entries 4-6). The reaction with 1,4-di-
bromobenzene 8i gave the double-substituted product 9i in
a good 70% yield (entry 7). The Pd-catalyzed cross-coupling re-
actions with heteroaryl halides 8j-1 proceeded in a similar

Chem. Eur. J. 2014, 20, 4414-4419 www.chemeurj.org
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Table 1. Cross-coupling reaction of 4a with 8.
O B(CH), O_R
MPSO | Rk Conditions A iTRS© |
TIPSO" ' = TIPSO
OTIPS OTIPS
4a (2 equiv.) 8 9
A: [Pd(PPh3),Cl;] (5 mol%), Na,COj (2 equiv.), DME, 60 °C, 12 h
Entry Halide 8 Conditions Yield of 9 [%)®
1 8a A 89
2 8b A 84
3 8¢ A 93
4 8e A 72
5 8f A 76
6 8g A 88
7 8i A 70
8 8j A 78
9 8k A 74
10 8l A 74
n 8m A 71
[a] Isolated yield.

manner, providing compounds 9j-l in 78, 74, and 74 % isolated
yields, respectively (entries 8-10). Finally, the cross-coupling re-
action with vinyl bromide 8 m was performed to give
9m in 71% isolated yield (entry 11). To achieve high
conversions of starting material and high yields of
the corresponding products, the use of 2.1 equiva-
lents of the boronic acid 4a was required. Perhaps
because of this, partial dimerization of 4a to dimer
4d (Figure 3) was observed.?”

Cross-coupling reactions of 4b were initially also
tested under conditions A. Again, a 1.8-fold excess of
4b was used to ensure good conversions and yields.
Although the cross-coupling reactions with 8b, 8¢,
84, and 8| provided the corresponding products 9b,
9¢, 9g, and 91 in high isolated yields (88, 87, 88, and
77 %, respectively; Table 2, entries 1, 3, 6, and 10), the
formation of dimer 4d in various amounts was again
observed (5-20%). To suppress the formation of the
latter, conditions B using KOAc as the base were
tested.”® Thus, the reaction of 8b, 8¢, 8e, and 8h-j
gave rise to the corresponding products 9b, 9¢, 9e,
and 9h-j in good yields (86, 85, 80, 87, 76, and 80 %; entries 2,
4, 5, 7, and 8). Although, the reaction rate was considerably
slower, the formation of dimer 4d was not observed.

Cross-coupling reactions of 4 ¢ were carried out under condi-
tions A only (Table 3). Thus, reaction with 8c to give 10c pro-

Figure 3. Dimer 4d.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Cross-coupling reaction of 4b with 8.

O.__BPin O.__R
TIPSO | Conditions A or B TIPSO |
’ X — "
TIPSO" r RX TIPSO’

oTIPS oTIPS
4b 8 9

A: [PA(PPhy),Cly] (5 mol%), Na,CO5 (2 equiv.), DME, 60 °C, 12 h
B: [Pd(PPhs),Cl;] (5 mol%), KOAc (1.5 equiv.), DME, 80 °C, 12 h

Entry Halide 8 Conditions Yield of 9 [%]"
1 8b A 88
2 B 86
3 8¢ A 87
4 B 85
5 8e B 80
6 8g A 88
7 8h B 87
8 8i B 76
9 8j B 80
10 8l A 77
[a] Isolated yield.
Table 3. Cross-coupling reaction of 4c with 8.
BPin O._R
h | Conditions A P |
(BUYSI~ (. + RX (tBu),Si~
OTIPS OTIPS
4c 8 10

A: [Pd(PPh3),Cl,] (5 mol%), Na,CO5 (2 equiv.), DME, 60 °C, 12 h

Entry Halide 8 Conditions Yield of 10 [%]*
1 8c A 87
2 8n A 75
3 8p A 88
4 8q A 87

[a] Isolated yield.

ceeded in good 87 % isolated yield (entry 1). This result is com-
parable to results obtained for 4a and 4b. The reaction with
8n proceeded in a similar manner, providing 10n in good
75% isolated yield (entry 2). Next, the reactions with sterically
hindered aryl halides 8p and 8q were attempted (entries 3
and 4). A synthesis of aryl bromide 8 p, which is a potential in-
termediate for the bergenin synthesis (see below), has not
been previously reported and had to be synthesized starting
from methyl ester of gallic acid through a reaction sequence
involving acetylation, methylation, benzylation, and bromina-
tion (for synthetic details see the Supporting Information). Aryl
iodide 8q, a known intermediate in the papulacandin synthe-
sis, was synthesized according to a known procedure.” Grati-
fyingly, in both cases, the cross-coupling reactions proceeded
smoothly to give the corresponding products 10p and 10q in
very good isolated yields of 88 and 87 %, respectively.

Finally, we focused on the Pd-catalyzed cross-coupling reac-
tions of fully protected p-galactal pinacol boronate 7 with sev-
eral aryl halides (Table 4). The reactions of 7 with aryl halides
8b-d proceeded well, with high isolated yields (80, 85, and
79%, respectively) of the corresponding products 11b-d (en-
tries 1-3). A similar result was also obtained with methyl (£)-3-
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Table 4. Cross-coupling reaction of 7 with 8.

O.__BPin
TIPSO ‘ Conditions A
+ RX —m—
TBSO'

oTBS

TIPSO 9 l R
TBSO
OTBS
1"

A: [Pd(PPh3),Cly] (5 mol%), Na;CO3 (2 equiv.), DME, 60 °C

Entry Halide 8 Conditions Yield of 11 [%]*
1 8b A 80
2 8c A 85
3 8d A 79
4 80 A 84

[a] Isolated yield.

iodopropenoate 80, providing the product 110 in 84% isolat-
ed yield (entry 4). Because, to the best of our knowledge, there
have not been any reports on cross-coupling of galactal boro-
nates with organyl halides, these results indicate that this
methodology could also be applied to saccharide pinacol bor-
onates with other scaffolds.

Synthesis of the papulacandin D glucopyranoside moiety

In the last couple of years several approaches to the papula-
candin D glucopyranoside moiety have been reported. These
methods were based on organolithium addition to gluconolac-
tone,**3"3? reductive aromatization of quinols,® transforma-
tion of arylvinylfurans,®¥ or cross-coupling of a vinylstannane®”!
or a vinylsilanol with aryl halides.”>*%3” We envisioned that the
papulacandin D glucopyranoside moiety could be also pre-
pared by a cross-coupling reaction of a suitably substituted
aryl halide with boronate 4c. Because we have shown that
cross-coupling between boronate 4c and iodobenzene 8q
(Table 3, entry 3) proceeded successfully to give 10q with high
isolated yield (88%), further conversion of this intermediate
was undertaken (Scheme 4). In the next step, the double bond
was oxidized with dimethyldioxirane (DMDO)"®? under mild
conditions. The epoxidation proceeded stereoselectively to
provide a-epoxide 12, which was immediately opened by in-
tramolecular attack of the pendant benzylic hydroxyl to furnish
the desired spiroketal 13 as a single anomer. The previous syn-
thesis of 13 led to a mixture of a and -anomers, which had to
be epimerized under acidic conditions®” to obtain the re-
quired anomer. We assume that the formation of the single
diastereoisomer was caused by the fixed conformation of the
bicyclic derivative that would not cause axial-equatorial flip on
the pyranose ring. Debenzylation of 13 led to the formation of
compound 14 in 93% isolated yield. Subsequent desilylation
followed by peracetylation provided 15 in 89% vyield, which is
a known intermediate in synthesis of papulacandin D.®®

Synthesis of bergenin

Prior to the synthetic endeavors that would lead to the synthe-
sis of bergenin, transformations of the cross-coupling products
into stereoselectively pure arylglycosides were attempted.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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DMDO
i B
CH,Cl,
0t020°C

OH

PAIC, Hy 1. TBAF, THF
peslic il 3

NaHCO;  (tBu),Si.. . 2. Ac,0

2O, (1BugSi- 20, by

OAc

Scheme 4. Synthesis of the papulacandin D glycopyranoside moiety 15.

Compound 10¢, with the bridged-silyl protecting group to
keep the molecule locked in one conformation, served as
a model (Scheme 5). It was found that hydroboration® of the
double bond in 10 ¢ with BH;-Me,S complex followed by oxida-
tion with alkaline hydrogen peroxide gave aryl-$-C-glycoside

1. BHy Me,S, THF

o
2. NaOH (30%), Hz02 (30%)  (gu),si. .
85% o
OTIPS 16
CFy
CFy
1,DMDO, CH,Cl, ©/
0°c
0 o..
q 2. LiBHE .
oc  OTIPS THE. 0c  (BuSing “OH
74% oTPS 17
CFy
Hz, PIO;
EtOH

oTIPS 18

Scheme 5. Transformations of the glucal double bond in 8c and 10c.

16 as a single stereoisomer (4.32 ppm (br.d, J;,=9.4Hz, 1H,
H-1)). The formation of the opposite anomer (5.16 ppm (br.d,
J,,=3.8Hz, 1H, H-1)), aryl-a-C-glycoside 17, was achieved by
epoxidation of the double bond with DMDO“” followed by
subsequent cleavage of the formed epoxide ring with lithium
triethylborohydride.*" It should be added that the reactions
mentioned above were also carried out with the tri-TIPS-pro-
tected derivative 8¢, but this led to the formation of intracta-
ble reaction mixtures. This is clearly the result of conformation-
al flexibility of the starting material 8c. On the other hand, hy-
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drogenation'? of 8¢ with H, on PtO, also proceeded stereose-
lectively to give aryl-f-C-2-deoxy-glycoside 18 (4.60 ppm (dd,
J1,=11.2Hz, J;; 2.6 Hz, TH, H-1)).

In view of the aforementioned results, the synthesis of ber-
genin was executed as follows (Scheme 6). The cross-coupling
product 10 p was hydroborated with BH;:Me,S, followed by ox-
idation of the C—B bond to furnish arylglucoside 19 as a single

1. BHy'Me,S, THF

o (o]
{ 2. NaOH (30%) !
(tBu),Si ~o" COOMe H,0, (30%) (tBu),Si ~o" “OH “OH
10p QTIPS 75% 19 OTIPS
OMe
BnO. OBn
TEMP
0 1&/0
BAIB !
85% 8
CH,Cl o ° oH o (tBu),Si ~o"
20
1. TBAF
THF, 45°C 5% PdIC, Hy
2.80Cl, 90%
MeOH

80%

Scheme 6. Synthesis of bergenin 23.

diastereoisomer. 'H and *C NMR spectra of 19 measured at
0°C in CDCl; revealed the existence of two isomers. Because
vicinal coupling constants of sugar protons in both isomers
were similar, we concluded that the isomerism is caused by
hindered rotation of the aryl moiety. Unfortunately, NOE meas-
urements did not provide more detailed information on the
orientation of the aryl part for individual isomers. Subsequent
selective oxidation of the benzyl alcohol moiety was accompa-
nied by cyclization to lactol 20, which was further oxidized to
give lactone 21 in 85% isolated yield. The silyl protecting
group was then removed to give 22 (80%) and, finally, reduc-
tive debenzylation provided bergenin 23 in 90 % isolated yield.
Thus, bergenin was synthesized in six steps from bromide 8p
in 40% overall yield.

Conclusion

We have developed an efficient method for preparation of
aryl- or alkenyl-C-glucals and -C-galactals by using glucal or
galactal boronates as the key synthons in cross-coupling reac-
tions performed under Suzuki-Miyaura conditions. Partial di-
merization of the boronates observed when K,CO; was used as
the base could be prevented by the use of KOAc. A possibility
of further functionalization of the double bond in the cross-
coupling products (1-aryl-C-glycals) was explored and resulted
in diastereoselective syntheses of a- or f-glycosides in good
yields. These results enabled the synthetic potential of this

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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methodology to be demonstrated in two syntheses. First, it
was applied in an alternative synthesis of papulacandin D glu-
copyranoside intermediate 15 in 64% overall yield. Second,
the cross-coupling reaction was utilized as a crucial step for
the first total synthesis of bergenin 23 in 40% overall yield in
only six steps from bromide 8 p.
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Cross-metathesis of a- and B-vinyl C-deoxyribosides and a-vinyl C-galactoside with various terminal alkenes under different condi-

tions was studied. The cross-metathesis of the former proceeded

with good yields of the corresponding products in CICH,CH,Cl

the latter required the presence of Cul in CH,Cl5 to achieve good yields of the products. A simple method for the preparation of a-

and B-vinyl C-deoxyribosides was also developed. In addition, feasibility of deprotection and further transformations were briefly

explored.

Introduction

Natural and unnatural C-substituted glycosides are important
compounds with a plethora of attractive biological properties
and they often have been used as artificial DNA components
[1]. Among various synthetic procedures providing C-deoxy-
ribosides the one based on the use of a protected C-(2-deoxy-
ribofuranosyl)ethyne, easily accessed by a coupling of a pro-
tected D-ribosyl halide and ethynylmagnesium chloride [2],
offers a considerable synthetic flexibility since the triple bond
could be transformed directly into various functional groups
[3-13]. Thus the ethyne moiety was used in [2 + 2 + 2]
cyclotrimerization to yield aryl C-deoxyribosides [3] and in a
Sonogashira reaction for the synthesis of butenolidyl C-deoxy-

108

ribosides [4]. Substituted alkynyl C-deoxyribosides [5,10,11]
were used in other types of cycloaddition reactions providing
indolyl C-deoxyribosides [6], cyclopentenonyl C-deoxyribo-
sides [9], triazolyl C-deoxyribosides [12,13], carboranyl C-de-
oxyribosides [7], and finally also in Diels—Alder reaction with
cyclobutadiene derivatives [8]. Despite of the above mentioned
transformations, alkynyl C-deoxyribosides could also be used
as a suitable starting material for hitherto rarely studied
transformations.

One such a potential transformation is their hydrogenation to
the corresponding vinyl C-deoxyribosides that could serve as
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intermediates for further functionalization. Interestingly, just a
couple of reports regarding synthesis of vinyl C-deoxyribosides
have been published so far. Among them is the Lindlar catalyst
mediated hydrogenation of ethynyl B-C-deoxyriboside
(prepared by a rather lengthy synthetic procedure) that provided
vinyl B-C-deoxyribofuranosides [9]. Another procedure leading
to pure vinyl B-C-deoxyribofuranoside was based on transfor-
mation of 6-O-tert-butyldiphenylsilyl-3,5-dideoxy-5-iodo-L-
lyxo-hexofuranose [14]. A reaction sequence relying on
Horner-Wadsworth-Emmons/ring closure~halogenation/
Ramberg-Bicklund/Wittig reaction gave rise to the equimolar
mixture of styryl a- and B-C-deoxyribosides [15].

Finally, there is also a method utilizing an excess of vinyl-
magnesium bromide in the reaction with 3,5-bis-O-TBDPS-pro-
tected 2-deoxy-D-ribofuranose giving rise to a mixture of
diastereoisomeric diols. The diasteroisomers were separated and
cyclized in the presence of MsCl to the corresponding vinyl
a-C-deoxyriboside 0-2 and B-C-deoxyriboside p-2 [16]. As far
as further transformation of vinyl C-deoxyribosides relying on
the metathesis reaction is concerned, only one paper dealing
with successful cross-metathesis with 4-vinyl-5-methyl-2-
oxazolone has been reported [16]. This finding is rather
surprising, because the metathesis reaction has been frequently
used as a tool for chain elongation of various saccharides [17].

In view of the aforementioned, it is obvious that a development
of a new and simple route to anomerically pure a- and p-vinyl
C-deoxyribosides is desirable as well as to study the scope of
their participation in cross-metathesis reactions. This procedure
could thus open a new pathway for preparation of a number of
alkenyl and alkyl C-deoxyriboside derivatives.

Results and Discussion

Synthesis of vinyl a- and

B-C-deoxyribosides 2

Although the simplest pathway for the preparation of vinyl a-C-
deoxyriboside -2 and B-C-deoxyriboside B-2 seems the reac-
tion of a halogenose with ethynylmagnesium chloride followed
by hydrogenation, this approach has not been reported yet (to
the best of our knowledge). Presumably, difficulties regarding
separation of a mixture of ethynyl a-C-deoxyriboside a-1 and
B-C-deoxyriboside B-1 precluded any attempts. Notwith-
standing this, we decided to test this approach. We found that
hydrogenation of the epimeric mixture of ethynyl a-C-deoxyri-
boside a-1 and B-C-deoxyriboside B-1 on Lindlar catalyst at
1 atm of H, provided, as expected, a mixture of the corres-
ponding vinyl a-C-deoxyriboside -2 and vinyl f-C-deoxyribo-
side B-2. The mixture was easily separated into pure epimers
(59% for a-2 and 30% B-2) just by using a simple column chro-
matography (Scheme 1). Their identity was confirmed by com-
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To|ow Lindlar cat. TolO  «-2,59%
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2. column chro-
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TolO matography Tolo/\Q/\
a-1/p-1 2:1
Tol = p-toluoy! TolO -2, 30%

Scheme 1: Synthesis of vinyl C-deoxyribosides a-2 and B-2.

parison of the obtained spectral data with the published ones for
related compounds [9,14,16]. This two-step reaction sequence is
very simple and provides access to both epimers from a simply
available starting material.

Cross-metathesis reactions with vinyl a- and
-C-deoxyribosides 2

There is a general interest in synthesis of borylated [18] or
carboranylated [8,19] saccharides and derivatives thereof
because of their interesting properties. Bearing this in mind, we
decided to explore the possibility of attaching the carborane
moiety by using a cross-metathesis reaction. Cross-metathesis
of a-2 with the allylated carborane 3a (Figure 1) was used as a
model reaction [20-22]. Since it has been shown that the solvent
[23] may profoundly affect the course of the cross-metathesis
reaction in terms of activity and selectivity, we screened various
reaction conditions to secure the highest yield of the desired
cross-product of the reaction between a-2 and 3a (Table 1). The
reactions were carried out in the presence of Hoveyda—Grubbs
2nd generation catalyst (HG II), which has been shown to be the
best catalyst for cross-metathesis reactions [24]. Running the
reaction under the standard conditions in dichloromethane or
toluene under reflux, the desired cross-metathesis product a-4a
was isolated in low 10% and 3% yields (Table 1, entries 1 and
2). Although it has been observed that the use of octafluoro-
toluene [23,25-27] as the solvent had a positive effect on yields,
its use provided a-4a in a low 12% yield (Table 1, entry 3), but
its use under microwave irradiation [26,28-30] gave rise to a-4a
in 33% isolated yield (Table 1, entry 4). A similar result
(36% yield) was obtained with a 1:1 octafluorotoluene/
CICH,CH,CI mixture (Table 1, entry 5). Although microwave
irradiation had a positive effect on the cross-metathesis reac-
tion, see examples above, carrying out the reaction in a mixture
of 1:1 octafluorotoluene/CICH,CH;,Cl under irradiation
provided a-4a in only 3% (Table 1, entry 6). Finally, carrying
out the reaction in pure CICH,CH,Cl under reflux furnished the
product in a nice 70% isolated yield (Table 1, entry 7), while
microwave irradiation resulted in decreased yield of 58%
(Table 1, entry 8). According to the obtained data in some cases
microwave irradiation had a positive effect on the course of the
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reaction (Table 1, entry 4), whereas as in some cases it had a
detrimental effect (Table 1, entries 6 and 8). Currently we do
not know how to account for these observations; however,
decomposition of the catalyst under these conditions cannot be
excluded. In all of the above mentioned cases the unreacted
starting material was recovered from the reaction mixtures.

=z
2 CoHyy /\©\
F

3b

(e 3e
" NI Z
é;, ?C\’\ A~CeF13
P a e
~ \ CH 3c i CF
/ /\E‘;,O
(0]
3a 3d 3g

Figure 1: Alkenes 3 used in cross-metathesis reactions with 2.

Table 1: Conditions tested for cross-metathesis of a-2 with 3a.

OTol 3a oTol s ’/CH
B GRN (1oHn?o:l°/) *o “h| (::é

S S ey

TolO conditions
TolO
-2
a-4a

Entry Reaction conditions? Yield (%)°
1 CHyCly, reflux, 24 h 10
2 toluene, reflux, 24 h 3
3 CgF5CF3, reflux, 16 h 12
4 CegF5CF3, mw® 33
5 CgF5CF3/CICHCH,CI 1:1,16 h 36
6 CgF5CF3/CICHCHLCI 1:1, mw® 3
7 CICH2CHCI, reflux, 12 h 70
8 CICH,CH,CI, mw, 110 °C, 2 h¢ 58

ag-2 (0.26 mmol), solvent (5 mL). Psolated yields. °mw = microwave ir-
radiation.

With these results in hand we decided to screen the scope of
cross-metathesis reactions with other terminal alkenes 3b-3g
(Figure 1, Table 2). Our first choice was 1-heptene (3b), which
reacted under the above mentioned conditions (i.e., with HG II
in CICH,;CH,Cl under reflux) to give the corresponding prod-
uct o-4b in 59% isolated yield (Table 2, entry 2). We also
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carried out the reaction with perfluorohexylpropene (3¢),
because of our long term interest in the synthesis of perfluoro-
alkylated compounds [21,30-34] and their application [35]. The
reaction furnished the desired compound a-4¢ in a good 50%
isolated yield (Table 2, entry 3). Next we switched our atten-
tion to styrenes 3d—3f. In all cases the corresponding products
a-4d—a-4f were obtained in good 68, 60, and 59% isolated
yields, respectively (Table 2, entries 4-6). Finally, cross-me-
tathesis with vinylboronic acid pinacol ester (3g) was
attempted. Once again the reaction proceeded well, furnishing
boronate a-4g in 66% isolated yield (Table 2, entry 7). Then we
turned to reactions of the above mentioned terminal alkenes
with B-2. In all cases the corresponding products were obtained
in good isolated yields in the range similar to a-2. The metathe-
sis with the allylated carborane 3a provided B-4a in 77% yield
(Table 2, entry 8). The reaction with 1-heptene (3b) and perflu-
orohexylpropene (3¢) gave the corresponding products p-4b and
B-4c¢ in 64 and 48% yields (Table 2, entries 9 and 10). In a
similar manner also the styrenes 3d-3f furnished the desired
products B-4d-p-4f in 69, 58, and 61% yields, respectively
(Table 2, entries 11-13). Similarly compound 3g reacted well
providing the boronate B-4g in a nice 64% yield (Table 2, entry
14). The latter boronate was subjected to coupling with
iodobenzene under Suzuki conditions and the corresponding
product B-4d was obtained in 51% isolated yield.

Table 2: Cross-coupling of 2a and -2 with alkenes 3.

Z R 3
0 HG Il O xR
Tolo/\Q'JJ\ (10 e %) Tolo/m,#’\/
Toid CICH,CH,CI TolO
reflux, 16 h
a-2 or p-2 a-4 or p-4

Entry 2 3 4 Yield (%)@
1 a-2 3a a-4a 74

2 3b a-4b 59

3 3c a-4c 50

4 3d a-4d 68

5 3e a-4e 60

6 3f a-4f 59

7 3g a-4g 66

8 B-2 3a B-4a 77

9 3b B-4b 64

10 3c B-4c 48

11 3d B-4d 69

12 3e B-4e 58

13 3f B-4f 61

14 3g B-4g 64
Alsolated yields.
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With the C-deoxyribosides on hand, the feasibility of catalytic
hydrogenation was also briefly explored. Compounds
possessing the heptenyl side chain ($-4b), tridecafluorononenyl
side chain (B-4¢), and the styryl side chain ($-4d) were chosen
as substrates. In all cases the hydrogenation by using Pd/C
under low pressure of hydrogen (1 atm) proceeded unevent-
fully to give rise to products with the saturated side chain B-5b,
B-5¢, and B-5d in good isolated yields of 88, 57, and 87%
(Scheme 2). In addition, deprotection of the toluoyl groups was
tested on compounds bearing an unsaturated side chain such as
B-4e and a saturated side chain such as B-5b by using K,COj3 in
a mixture of MeOH/H,O. In both cases the reaction proceeded
almost quantitatively providing the corresponding C-deoxyribo-
sides B-6e and B-7b in 89 and 93% isolated yields (Scheme 3).

Pd/C (10 mol %)

O O
ToIO/\Q/\/R Ha (1 atm) ToIO/\O/\/R

Told' EtOAc Told'
20°C, 1h

B-4b, R = n-pentyl
B-4c, R = CF3(CF5,)sCH,
p-4d, R = Ph

B-5b, R = n-pentyl, 88%
B-5¢, R = CF3(CF,)sCHy, 57%
p-5d, R = Ph, 87%

Scheme 2: Hydrogenation of B-4b—3-4d to B-5b—B-5d.

KoCO3

Taio S OR
© /\17/ MeOH/H,0

ToIO‘S 20°C,16h

p-4e, R = 4-F-CgH4CH=CH
B-5b, R = n-heptyl

0.
rm”\(;fR

HO
p-6e, R = 4-F-CgH4CH=CH, 89%
B-7b, R = n-heptyl, 93%

Scheme 3: Deprotection of B-4e and B-5b to B-6e and B-7b.

Cross-metathesis reactions with 1-(tetra-O-
acetyl-a-D-galactopyranosyl)ethene (8)

There have been, to the best of our knowledge, just a handful of
reports of cross-metathesis reactions of other vinyl C-glyco-
sides. Among these reports metatheses of 1-(D-glucopyrano-
syl)prop-2-ene derivatives with various alkenes [36-40] and one
report regarding a 1-(o-D-galactopyranosyl)ethene derivative
with allyl amines [41]. Because of our interest in the synthesis
of various D-galactose derivatives, we decided to explore the
scope of their metathesis reaction with several different alkenes.

The starting material — 1-(tetra-O-acetyl-a-D-galacto-
pyranosyl)ethene (8) — was prepared according to the previ-
ously reported procedure. A solution of penta-O-acetyl-D-
galactose, allyltrimethylsilane and BF3-Et;O was refluxed in
acetonitrile giving a 6:1 mixture of a- and B-epimers of 1-(tetra-
O-acetyl-D-galactopyranosyl)prop-2-ene in 98% yield.
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Zemplén deacetylation afforded quantitatively the same mix-
ture of epimeric 1-(D-galactopyranosyl)prop-2-enes that were
dissolved in ethanol and treated with ether. This allowed the
a-epimer to precipitate and it could afterwards be isolated as a
pure crystalline product in 60% yield [42]. Its acetylation
afforded 1-(tetra-O-acetyl-a-D-galactopyranosyl)prop-2-ene in
high yield and purity. It was then isomerized [43] to 1-(tetra-O-
acetyl-a-D-galactopyranosyl)prop-1-ene (80% yield) that was
subjected to cross-metathesis with ethene to give the desired
compound 8 in 82% yield [41].

The above mentioned metathesis conditions — HG 1I, reflux in
1,2-dichloroethane — were also tested in the reactions of 8 with
alkenes 3d-3f (Table 3). However, the yields of the corres-
ponding products 9d-9f were around 60% (Table 3, entries 1-3,
column 1V). Switching the solvent to dichloromethane did not
have any substantial effect on the yields of the corresponding
products (57-70%) (Table 3, entries 1-3, column V). Moreover,
in all above mentioned cases the starting material remained
partially unreacted and could not be easily separated from the
desired products.

Table 3: Cross-metathesis of 8 with alkenes 3.

Entry 3 9 Yield (%)2 (in  Yield (%)? (in

CICH,CH,CI) CH,Cly)
| 3d 9d 58 70
2 3e 9e 61 57
3 3f of 56 58

2lsolated yield.

A considerable improvement was observed when the metathe-
ses were run in dichloromethane and in the presence of Cul
(Table 4) [44]. In all cases the reactions provided the corres-
ponding products in very good isolated yields. The first metath-
eses were carried out with 1-heptene (3b) and perfluorohexyl-
propene (3c¢) furnishing 9b and 9¢ in nice 80 and 79% isolated
yields, respectively (Table 4, entries 1 and 2). Then we
switched our attention to styrenes 3d—3f. In all cases the corres-
ponding products 9d—9f were obtained in good 82, 79, and 78%
isolated yields, respectively (Table 4, entries 3-5). In addition,
in all cases deprotection under basic conditions provided the
corresponding C-alkenylated D-galactoses in very good isolated
yields (86-93%).

Conclusion

In conclusion, the cross-metathesis reaction of anomerically
pure vinyl C-deoxyriboses (easily accessible from a mixture of
ethynyl a/p-C-deoxyribosides) with alkenes bearing various
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Table 4: Cross-metathesis of 8 with alkenes 3 in the presence of Cul.

Beilstein J. Org. Chem. 2015, 11, 1392-1397.

Z R 3 R R
| HG Il (5 mol %) [r “/
0. c o O O
AcO’ o ul (5 mol %) AcO - K2CO3 HO B
AcO “opc  CH2Clz reflux AcO “OAc Meog"_'ﬁ"'zo HO "OH
OAc OAc ' OH
8 9 10
Entry 3 9 Yield (%) 10 Yield (%)
1 3b 9b 80 10b 88
2 3c 9¢ 79 10c 80
3 3d 9d 82 10d 93
4 3e 9e 79 10e 90
5 3f of 78 10f 87
lsolated yield.
functional groups proceeded in the presence of a catalytic References

amount of HG II catalysts in refluxing 1,2-dichloroethane
giving rise to the corresponding alkenylated derivatives in good
yields and without loss of stereochemical information. Depro-
tection as well as hydrogenation is also feasible providing the
desired compounds as exemplified in selected examples. In ad-
dition, this methodology is also applicable to vinyl a-C-D-
galactopyranoside, albeit the best results were obtained when
the reaction was carried out in refluxing dichloromethane and in
the presence of Cul. Deprotection of the prepared alkenylated

derivatives proceeded without any problems.

Since homodimerization of the starting alkenes 2 and 8 has not
been observed under the reaction conditions used (however, we
cannot exclude that minor undetected amounts of homodimers
of 2 or 8 were formed), they could be preliminarily considered
as type II or III olefins according to the Grubbs classification of
olefins [45].

Supporting Information

Supporting Information File 1

Detailed experimental procedures for all compounds,
characterization of the synthesized compounds, and copies
of 'H/'3C NMR spectra for all compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-150-S1.pdf]

Acknowledgements
This work was supported by Czech Science Foundation (grant
No. 13-15915S and 15-17572S).

112

1. Teo, Y. N.; Wilson, J. N.; Kool, E. T. J. Am. Chem. Soc. 2009, 131,
3923-3933. doi:10.1021/ja805502k

2. Wamhoff, H.; Warnecke, H. ARKIVOC 2001, 9, 5-100.

3. Novak, P.; Cihalova, S.; Otmar, M.; Hocek, M.; Kotora, M. Tetrahedron
2008, 64, 5200-5207. doi:10.1016/j.tet.2008.03.046

4. Novak, P.; Pour, M.; Spulék, M.; Votruba, |.; Kotora, M. Synthesis
2008, 3465-3472. doi:10.1055/s-0028-1083181

5. Bobula, T.; Hocek, M.; Kotora, M. Tetrahedron 2010, 66, 530-536.
doi:10.1016/j.tet.2009.11.030

6. Necas, D.; Hidasova, D.; Hocek, M.; Kotora, M. Org. Biomol. Chem.
2011, 9, 5934-5937. doi:10.1039/c10b05844d

7. Snajdr, I.; Janousek, Z.; Takagaki, M.; Cisafova, |.; Hosmane, N. S.;
Kotora, M. Eur. J. Med. Chem. 2014, 83, 389-397.
doi:10.1016/j.ejmech.2014.06.005

8. Hessler, F.; Kulhava, L.; Cisafova, |.; Otmar, M.; Kotora, M.
Synth. Commun. 2014, 44, 1232-1239.
doi:10.1080/00397911.2013.848896

9. Takase, M.; Morikawa, T.; Abe, H.; Inouye, M. Org. Lett. 2003, 5,
625-628. doi:10.1021/01027210w

10.Adamo, M. F. A; Pergoli, R. Org. Lett. 2007, 9, 4443-4446.
doi:10.1021/01701794u

11.Heinrich, D.; Wagner, T.; Diederichsen, U. Org. Lett. 2007, 9,
5311-5314. doi:10.1021/017025334

12.Nakahara, M.; Kuboyama, T.; Izawa, A.; Hari, Y.; Imanishi, T.;
Obika, S. Bioorg. Med. Chem. Lett. 2009, 19, 3316-3319.
doi:10.1016/j.bmcl.2009.04.063

13.Kaliappan, K. P.; Kalanidhi, P.; Mahapatra, S. Synlett 2009,
2162-2166. doi:10.1055/s-0029-1217570

14.Egron, D.; Durand, T.; Roland, A.; Vidal, J.-P.; Rossi, J.-C. Synlett
1999, 4, 435-437. doi:10.1055/s-1999-3157

15.Jeanmart, S.; Taylor, R. J. K. Tetrahedron Lett. 2005, 46, 9043-9048.
doi:10.1016/j.tetlet.2005.10.099

16.Rothman, J. H. J. Org. Chem. 2009, 74, 925-928.
doi:10.1021/j0801910u

17. Aljarilla, A.; Lépez, J. C.; Plumet, J. Eur. J. Org. Chem. 2010,
6123-6143. doi:10.1002/ejoc.201000570

1396



Parkan K., Habilitaéni prace, VSCHT v Praze, Praha, 2021.

Beilstein J. Org. Chem. 2015, 11, 1392-1397.

18.Martin, A. R.; Mohanan, K.; Luvino, D.; Floquet, N.; Baraguey, C.; 43.Liu, S.; Ben, R. N. Org. Lett. 2005, 7, 2385-2388.
Smietana, M.; Vasseur, J.-J. Org. Biomol. Chem. 2009, 7, 4369-4377. doi:10.1021/0l050677x
doi:10.1039/b912616¢c 44 Voigtritter, K.; Ghorai, S.; Lipshutz, B. H. J. Org. Chem. 2011, 76,
19.Tietze, L. F.; Griesbach, U.; Schubert, |.; Bothe, U.; Marra, A.; 4697-4702. doi:10.1021/jo200360s
Dondonni, A. Chem. — Eur. J. 2003, 9, 1296-1302. 45. Chatterjee, A. K.; Choi, T.-L.; Sanders, D. P.; Grubbs, R. H.
doi:10.1002/chem.200390148 J. Am. Chem. Soc. 2003, 125, 11360-11370. doi:10.1021/ja0214882

20.Wei, X.; Carroll, P. J.; Sneddon, L. G. Organometallics 2006, 25,
609-621. doi:10.1021/om050851I
21.Eignerova, B.; Janousek, Z.; Drac¢insky, M.; Kotora, M. Synlett 2010,

885-888. doi:10.1055/s-0029-1219546 LICen se and Te rms
22.8Sedlak, D.; Eignerova, B.; Dracinsky, M.; Janousek, Z.; Bartunék, P.;
Kotora, M. J. Organomet. Chem. 2013, 747, 178-183. This is an Open Access article under the terms of the

doi:10.1016/j.jorganchem.2013.06.013
23.Rost, D.; Porta, M.; Gessler, S.; Blechert, S. Tetrahedron Lett. 2008,
49, 5968-5971. doi:10.1016/j.tetlet.2008.07.161
24.Vougioukalakis, G. C.; Grubbs, R. H. Chem. Rev. 2010, 110, permits unrestricted use, distribution, and reproduction in
1746-1787. doi:10.1021/cr9002424 any medium, provided the original work is properly cited.
25. Samojlowicz, C.; Bienek, M.; Zarecki, A.; Kadyrov, R.; Grela, K.
Chem. Commun. 2008, 47, 6282-6284. doi:10.1039/b816567]
26. Samojtowicz, C.; Borré, E.; Maudit, M.; Grela, K. Adv. Synth. Catal.
2011, 353, 1993-2002. doi:10.1002/adsc.201100053
27.Samojtowicz, C.; Bienik, M.; Pazio, A.; Makal, A.; Wozniak, K.;
Poater, A.; Cavallo, L.; Wojcik, J.; Zdanowski, K.; Grela, K.
Chem. — Eur. J. 2011, 17, 12981-12993. doi:10.1002/chem.201100160 The definitive version of this article is the electronic one
28.Bargiggia, F. C.; Murray, W. V. J. Org. Chem. 2005, 70, 9636-9639. which can be found at:
dol:10:4021/jo0514624 doi:10.3762/bjoc. 11.150
29.Michaut, A.; Boddaert, T.; Coquerel, Y.; Rodriguez, J. Synthesis 2007,
2867-2871. doi:10.1055/s-2007-983825
30.Prchalova, E.; Votruba, I.; Kotora, M. J. Fluorine Chem. 2012, 141,
49-57. doi:10.1016/}.jfluchem.2012.06.005
31.Eignerova, B.; Dracinsky, M.; Kotora, M. Eur. J. Org. Chem. 2008,
4493-4499. doi:10.1002/ejoc.200800230
32.Eignerova, B.; Slavikova, B.; Budésinsky, M.; Dracinsky, M.;
Klepetafova, B.; Stastna, E.; Kotora, M. J. Med. Chem. 2009, 52,
5753-5757. doi:10.1021/jm900495f
33.Eignerova, B.; Sedlak, D.; Dra¢insky, M.; Barttnék, P.; Kotora, M.
J. Med. Chem. 2010, 53, 6947-6953. doi:10.1021/jm100563h
34.Rezanka, M.; Eignerova, B.; Jindfich, J.; Kotora, M. Eur. J. Org. Chem.
2010, 6256-6262. doi:10.1002/ejoc.201000807
35.Prchalova, E.; Stépanek, O.; Smréek, S.; Kotora, M.
Future Med. Chem. 2014, 6, 1201-1229. doi:10.4155/fmc.14.53
36. Dondoni, A.; Giovannini, P. P.; Marra, A.
J. Chem. Soc., Perkin Trans. 12001, 2380-2388.
doi:10.1039/b106029p
37.Postema, M. H. D.; Piper, J. L. Tetrahedron Lett. 2002, 43, 7095-7099.
doi:10.1016/S0040-4039(02)01617-9
38.Dominique, R.; Das, S. K.; Liu, B.; Nahra, J.; Schmor, B.; Gan, Z.;
Roy, R. Methods Enzymol. 2003, 362, 17-28.
doi:10.1016/S0076-6879(03)01002-4
39.Nolen, N. G.; Kurish, A. J.; Wong, K. A.; Orlando, M. D.
Tetrahedron Lett. 2003, 44, 2449-2453.
doi:10.1016/S0040-4039(03)00350-2
40.Lin, Y. A.; Chalker, J. M.; Davis, B. G. J. Am. Chem. Soc. 2010, 132,
16805-16811. doi:10.1021/ja104994d
41.Chen, G.; Schmieg, J.; Tsuji, M.; Franck, R. W. Org. Lett. 2004, 6,
4077-4080. doi:10.1021/010482137
42.Slépének, P.; Vich, O.; Werner, L.; KnieZo, L.; Dvofakova, H.;
Vojtisek, P. Collect. Czech. Chem. Commun. 2005, 70, 1411-1428.
doi:10.1135/cccc20051411

Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

1397

113



Parkan K., Habilitaéni prace, VSCHT v Praze, Praha, 2021.

PRILOHA VII

Bertolotti, B.; Oroszova, B.; Sutkeviciute, I.; Kniezo, L.; Fieschi, F.; Parkan, K.; Lovyova, Z.;
Kasakova, M.; Moravcova, J. Nonhydrolyzable C-disaccharides, a new class of DC-SIGN
ligands. Carbohydr. Res. 2016, 435, 7-18.

114



Parkan K., Habilita¢ni prace,

VSCHT v Praze, Praha, 2021.

Carbohydrate Research 435 (2016) 7—-18

Contents lists available at ScienceDirect

Carbohydrate Research

journal homepage: www.elsevier.com/locate/carres

Carbohydrate
RESEARCH

Nonhydrolyzable C-disaccharides, a new class of DC-SIGN ligands

@ CrossMark

Benedetta Bertolotti ?, Bedta Oroszova ?, leva Sutkeviciute ™ © % Ladislav Kniezo ?,

Franck Fieschi ¢

Jitka Moravcova **

, Kamil Parkan ¢, Zuzana Lovyova ¢, Martina Kasdkova ¢,

@ Department of Chemistry of Natural Compounds, University of Chemistry and Technology, Technicka 5, 166 28 Prague, Czech Republic

Y University Grenoble Alpes, Institut de Biologie Structurale, F-38044 Grenoble, France
© CNRS, IBS, F-38044, Grenoble, France
4 CEA, IBS, F-38044 Grenoble, France

ARTICLE INFO ABSTRACT

Article history:

Received 18 July 2016

Received in revised form

5 September 2016

Accepted 6 September 2016
Available online 9 September 2016

Keywords:

DC-SIGN ligands
Glycomimetics
C-Disaccharides

Surface plasmon resonance

valent presentations.

The discovery of effective ligands for DC-SIGN receptor is one of the most challenging concepts of
antiviral drug design due to the importance of this C-type lectin in infection processes. DC-SIGN rec-
ognizes mannosylated and fucosylated oligosaccharides but glycosidic linkages are accessible to both
chemical and enzymatic degradations. To avoid this problem, the synthesis of stable glycoside mimetics
has attracted increasing attention. In this work we establish for the first time mono- and divalent C-
glycosides based on p-manno and 1-fuco configurations as prospective DC-SIGN ligands. In particular, the
L-fucose glycomimetics were more active than the respective p-mannose ones. The highest affinity was
assessed for simple 1,4-bis(a-L-fucopyranosyl)butane (SPR: ICsp 0.43 mM) that displayed about twice
higher activity than natural ligand Le*. Our results make C-glycosides attractive candidates for multi-

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The interactions between oligosaccharide chains of glycolipids/
glycoproteins and carbohydrate-binding protein receptors, termed
lectins, mediate many biological recognition events that are of vital
importance in many normal and pathological processes [1]. In the
immune system, such carbohydrate-protein interactions are
particularly important for pathogen recognition. Dendritic cells
(DCs) of the innate immunity survey peripheral tissues, such as skin
and mucosa, to capture invading pathogens, which eventually leads
to pathogen-specific adaptive immune response initiation. The
pathogen recognition receptors (PRRs) expressed on the surface of
DCs, including Toll-like receptors (TLRs) and C-type lectin receptors
(CLRs), are instrumental in pathogen recognition. Among a diverse
repertoire of CLRs on DCs, DC-SIGN (Dendritic Cell-Specific ICAM-3
Grabbing Non-integrin) is abundantly expressed on immature DCs
and has been attributed many various roles. Apart from its function

* Corresponding author.
E-mail address: Jitka.Moravcova@vscht.cz (J. Moravcova).
! Present address: Laboratory for GPCR Biology, Department of Pharmacology &
Chemical Biology, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA.

http://dx.doi.org/10.1016/j.carres.2016.09.005
0008-6215/© 2016 Elsevier Ltd. All rights reserved.
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as a PRR, DC-SIGN is known to bind several self-antigens [2—7].
Indeed, this lectin, initially discovered as an intercellular adhesion
molecule-3 (ICAM-3) binding protein [2] mediates several func-
tions other than PRR, such as DC transmigration from blood to
lymphoid tissues [3] and immunological synapse initiation [2].
Probably due to the latter property of self-antigen recognition,
many pathogens have evolved to exploit this CLR in order to evade
immune responses and instead to promote their infection. Such
pathogens include viruses (HIV, Ebola, Dengue, cytomegalovirus,
Phlebovirus, and hepatitis C virus), bacteria (Helicobacter pylori,
Klebsiella pneumonia, and Mycobacteria tuberculosis), parasites
(Leishmania pifanoi and Schistosoma mansoni) and yeast (Candida
albicans) [8—11]. Hence, blocking DC-SIGN interaction with path-
ogen surface glycans seems to be a plausible concept of infection
prevention, and glycomimetic DC-SIGN antagonists are promising
candidates for new antimicrobial drug development [12,13].
DC-SIGN is a type Il membrane protein with an extracellular
domain (ECD) composed of a neck and a C-terminal carbohydrate
recognition domains (CRD). The neck domain is responsible for
oligomerization of the lectin to functional tetramers, and hence the
presentation of CRDs on the cell surface in a tetravalent manner
[14]. DC-SIGN CRD displays the specificity to mannose- and fucose-
containing glycans that are bound in a Ca’"-dependent manner
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[15]. Furthermore, the lectin preferentially recognizes internal p-
mannose of high-mannose glycans and binds 1-fucose within the
blood group antigens [16—18].

The mannose-type sugar residues bind DC-SIGN CRD through
equatorial 3-OH and 4-OH groups, and alternatively, L-fucose res-
idue interacts through equatorial 3-OH and axial 4-OH groups. In
both cases, these hydroxyl groups are coordinated to Ca®* in a
conventional sugar binding site (primary binding site) of the lec-
tin's CRD. However, in case of fucosylated structures such as Lewis-
type blood group antigen Le*, the terminal galactose residue in-
teracts with the CRD at a secondary binding site suggesting that
other fucose-containing oligosaccharides may also make additional
contacts with the protein at other sites [19]. The X-ray crystallog-
raphy as well as solution NMR studies of disaccharide Mana(1-2)
Man interaction with DC-SIGN revealed that this sugar binds the
primary site of DC-SIGN CRD in at least two possible ways, where
reducing or non-reducing end mannose moieties, respectively, are
coordinated to Ca®0.20 Multiple binding modes were also iden-
tified by docking and NMR studies of mannosyl trisaccharide li-
gands [21].

The presence of multiple binding modes as well as additional
contacts with the protein side chains lead to an enhanced affinity of
the ligands. Indeed, a survey of immune-related mannose/fucose-
binding C-type lectin receptors demonstrated that DC-SIGN has an
enhanced binding of Mane(1-2)Man over p-mannose and binds Le*
trisaccharide structure stronger than t-fucose itself [22]. However,
DC-SIGN displays a low binding affinity to monosaccharide ligands
(Kp in mM range), a common feature shared among all C-type
lectins. The DC-SIGN inhibition constant K; determined for p-
mannose in solid-phase radioligand binding assay was 13.1 mM,
while i-fucose displayed higher apparent affinity (K; 6.7 mM) in the
same assay [23]. Our previous SPR competition assays indicated
ICsp of about 2 mM for p-mannose, [24,25] and 1.2 mM for t-fucose
[24].

To address their low affinity, the strategy of designing mono-
valent glycomimetics with different chemical moieties to mediate
formation of additional contacts with DC-SIGN CRD may yield
promising lead compounds. Apart from relatively few efforts to
design the non-carbohydrate ligands of DC-SIGN [26], the concept
of glycomimetics is most widely used in this quest. A good affinity
improvement was observed for simple structure of 2-C-amino(-
azido)methyl-p-mannose, which bound DC-SIGN with significantly
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higher affinity than p-mannose itself [27].

Our groups pursue the development of DC-SIGN inhibitors
based on either L-fucose or p-mannose anchors to enable the ligand
accommodation [28—31] into the primary binding site of DC-SIGN
CRD, whereas the rest of the molecule is designed to enhance
binding affinity and specificity to DC-SIGN.

Most of the compounds within the libraries of Le* mimics were
built using an a-fucosylamides of general structure 1 (Fig. 1) that
had but slightly higher binding affinity than the natural Le* (ICso
0.80 mM) as determined by surface plasmon resonance (SPR)
competition assay. Compound 2 with ICs of 0.33 mM was the most
active of all ligands tested [24,28,29].

The Mana(1-2)Man- and Mana(1-2)Mana(1-6)Man-based gly-
comimetics have been studied more intensively in our groups. For
the pseudodisaccharide 3, ICsp of 0.62 mM was established using an
infection model based on pseudotype Ebola virus and Jurkat cells
expressing DC-SIGN [32]. In this pursuit, the linear pseudo-
mannnotrioside 4 appeared to be the most active compound (ICsg
0.13 mM) with high selectivity to DC-SIGN in SPR competition assay
(Fig. 1) [33]. However, later structural studies revealed that the
relatively high affinity of 4 was an artefact resulting from its un-
expected property to bridge DC-SIGN tetramers within the condi-
tions of the competition test [30]. Moreover, once presented on
polyvalent scaffolds, compound 4 as well as its shorter analogue 3
had similar activities towards DC-SIGN receptor [34]. To improve
binding affinities of monovalent glycomimetics, a series of bis-
benzylamides was synthesized and their affinity assessed in SPR
competition assay. Among them compound 5 showed the best
inhibitory potency and selectivity to DC-SIGN [35]. An assay
measuring the ability of molecules to inhibit dendritic cell adhesion
to mannan-coated plates revealed that bis-amide 6 was the most
potent inhibitor with ICsq of 6.86 pM [36].

Majority of glycomimetic DC-SIGN ligands reported so far at
least partly retain oligosaccharide structure with metabolically
unstable glycosidic bond. The C-glycosidic carbohydrate mimics, in
which the anomeric oxygen has been replaced by a methylene or a
substituted methylene unit, exhibit stability against chemical and
enzymatic hydrolysis but their conformational behaviour differs
from those of O-glycosides due to the lack of exo- and endo-
anomeric effects [37]. Because the activity can significantly depend
on the conformation in solution, affinity of C-glycoside mimetics
can be diminished, retained or even enhanced in comparison to O-
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Fig. 1. Structures of the most potent monovalent ligands for DC-SIGN receptor.
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glycoside. Nevertheless, the C-glycoside mimics design has not yet
been explored, and here we for the first time demonstrate our ef-
forts to develop C-glycosidic pseudosaccharides as DC-SIGN li-
gands. We have designed and synthesized a small library of C-
disaccharides containing at least one p-mannose or L-fucose unit.
These compounds were examined for DC-SIGN binding properties
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in SPR competition assay.
2. Results and discussion

In parallel to the ongoing development of Mana(1-2)Man gly-
comimics [25,32,35,38], we have set out to take an alternative
approach and to explore the possibility of C-glycosidic Mana(1-3)
Man glycomimics (type I, Fig. 2B) as DC-SIGN ligands. Our choice
was dictated by the earlier finding that the o(1-3)-linked b-
mannose (Manl, Fig. 2A) of the branched trimannoside Mana(1-3)
[Mane(1-6)]Man binds DC-SIGN CRD in the primary binding site by
the conventional coordination of 3- and 4-OH groups to the Ca*
while the internal mannose moiety (Man2, Fig. 2A) makes addi-
tional contacts with the protein.'® Similarly, interaction between
LeX (Fig. 1) and the Ca®* site is mediated by the o(1-3)-linked 1-
fucose residue [19].

The design of type Il glycomimetics (Fig. 2C) was inspired by the
structure of Le* where four-atom long linker connects C1 of L-fucose
to C1 of p-galactose (Fig. 1), which was found to make additional
contacts with the protein at the secondary site [19].

2.1. Synthesis of a-(1-3)-C-disaccharides (type I)

We have recently elaborated the stereoselective synthesis of a-
C-(1-3) disaccharide precursors based on the de novo construction
of - or p-2-deoxy-arabino-hexopyranose moiety starting from
respective o-hexopyranosylethanal [39]. Later, we found that the
stereoselectivity of the key cycloaddition of substituted oxadiene
can be markedly increased by the use of chiral vinyl ethers [40]. The
feasibility of our approach was verified by the preparation of 3-C-
fucosylated [41] and mannosylated [42] p- and t-glucals. Moreover,
the methyl glycoside 7 as a non-hydrolyzable analogue of disac-
charide Mane(1-3)Man (Fig. 2) was synthesized in our group pre-
viously [42]. Thus, our experience in the synthesis of a-C-(1-3)
disaccharides prompted us to prepare model compounds 8—12
(Fig. 3).

As the starting compound for the preparation of o-(1-3)-man-
nopyranosyl pseudodisaccharides 8 and 9 we employed previously
described glycan 13 (Scheme 1) [42]. The known transformation of
the thiazole ring to an aldehyde group [43] afforded compound 14,
which on simultaneous reduction of both carbonyl functions gave
diol 15. Catalytic hydrogenation in methanol yielded methyl
glycoside 16 as a mixture of anomers in a ratio o:p of about 3:1 ('H

(A) (B)

OH
éh‘ Man3

Man2

11 R=0OH, R'=H, R?=OCH(Ph)CH,0OH

9 R=OH,R'=R?=H 12 R=OH, R'=0OCH3 , R%=H

Fig. 3. Target C-disaccharides of type I.

NMR: o, 479 ppm, d, J12 = 3.2 Hz, H-1; B, 443 ppm, dd,
J12eq = 2.1 Hz, J12ax = 9.5 Hz, H-1). The mixture of anomers 16 was
subjected to an acidic hydrolysis and target disaccharide 8 with a
free OH group in the anomeric position (c:f of about 1:2; 'H NMR:
o, 5.39 ppm, d, J12 = 3.4 Hz, H-1; B, 4.86 ppm, dd, J12¢q = 2.2 Hz,
Ji2ax = 9.7 Hz, H-1) was isolated and identified also as anomeric
acetate 17. For the preparation of 4-hydroxy-o-(1-3)-mannopyr-
anosyl pseudodisaccharide 9, the diol 15 was benzylated prior to
the BH3. Me,S hydroboration of the double bond in 18. The new
pyranose in 19 has the 2-deoxy-arabino-hexopyranose configura-
tion according to 'H NMR spectrum (Ji2ax = 94 Hz,
J3.4 =Jas = 9.5 Hz) and comparison with the literature [41]. During
the catalytic hydrogenation of 19, we found that a mixture of both
methyl and 1-benzyloxy-2-fenyl-ethyl glycosides was formed if
methanol was used as a solvent. Therefore, the product of deben-
zylation was directly hydrolysed to free pseudodisaccharide 9 ob-
tained as a 1:1 mixture of anomers ('"H NMR: o, 5.32 ppm, d,
J12=2.6 Hz,H-1; B, 4.94 ppm, dd, J12¢q = 2.0 HZ, J12ax = 9.8 Hz, H-1)
and identified also as acetate 20. The partial or total methanolysis
observed during hydrogenolysis of compounds 15 and 19 could be
attributed to a trace acidity of the catalyst. Later on, we prepended
methanolysis to debenzylation (24 — 26—12) to obtain pure
methyl glycosides and compound 11 was prepared with a new
batch of the catalyst.

The synthetic route to o(1-3)-fucopyranosyl pseudodi-
saccharides 10 - 12 was analogous to this one developed for 8 and 9
(Scheme 1). Starting glycan 21 was prepared using literature pro-
cedure [40] and its thiazolyl moiety was transformed into carbonyl
by Dondoni protocol [43]. The crude product of subsequent
reduction of 22 with LiAlH4 was directly benzylated to give fully
protected fucopyranosyl glycan 23. Subsequent hydroboration of a
double bond gave stereoselectively 4-hydroxy hexopyranoside 24
having 2-deoxy-arabino configuration ("H NMR: Ji2.x = 9.5 Hz,
J3.4=Ja5 = 9.6 Hz) [40] that was converted to an anomeric mixture
of methyl glycosides 25 from which pure a-anomer 26 was isolated
by chromatography. The final step was catalytic hydrogenation of
benzyl derivatives 23, 24 and 26 providing fucosyl pseudodi-
saccharides 10, 11 and 12, respectively.

(©)

= L-fucose 2
or D-mannose

R = OH, H; R'=H, alkyl

Fig. 2. Structure of Mano(1-3)[Mana(1-6)]Man trimannoside (A), C-disaccharides type I (B) and II (C).
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Scheme 1. Synthesis of 8—12. Reagents and conditions: a) MeOTf, CH3CN, rt; NaBH4, MeOH, rt; AgNO3, CH3CN/H,0; b) LiAlH4, THF, rt; c) Hp, Pd/C, MeOH; d) 10% CF;COOH, rt, 2 h; e)
Acz0, Py; f) LiAlHg, THF, rt, BnBr, THF, TBAI, NaH, 40 °C, 24 h; g) BnBr, THF, TBAI, NaH, 40 °C, 24 h; h) 2M BH3 Me,S, THF, 25 °C; 30% NaOH, 30% H,0,, 30 min; i) Hy, Pd/C, MeOH, 10%

CF3COOH, rt, 2 h; j) 3M HCl, MeOH, THF; k) separation.

2.2. Synthesis of 1,4-bis(hexopyranosyl)butanes (type II)

For the preparation of target diglycosyl butanes 27 and 28 we
used the transition metal catalyzed olefin metathesis, which pro-
vides versatile strategy for the preparation of hydrolytically stable
C-glycosides and neoglycoconjugates [44,45]. Our decision to
employ Grubbs' catalysts for the synthesis of target intermediates
29 and 30 (Scheme 2) was prompted by previous reports on their

118

application to self-methatesis [45—47] of tetra-O-benzyl-u-p-
mannopyranosylprop-2-ene (23) and tri-O-acetyl-o-L-fucopyr-
anosylprop-2-ene (24) [44].

Pure a-i-fucopyranosyl propene 31 was prepared by crystalli-
zation [41] from an o,p-diastereoisomeric mixture arising after
deacetylation of per-O-acetyl derivative [48], and by repeated
acetylation of the o-anomer. 3-(2,3,4,6-Tetra-O-acetyl-o-p-man-
nopyranosyl)prop-1-ene was synthesized stereoselectively from
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Scheme 2. Synthesis of 27 and 28. Reagents and conditions: a) 2nd generation Grubbs
catalyst, 10 mol%, 3 h, 40 °C, MW, 24%; d) MeONa, MeOH, 87%.

methyl a-p-mannopyranoside using silylation-reductive cleavage-
deprotection protocol developed for methyl a-p-glucopyranoside
[49] and adapted for methyl 2,3,4,6-tetra-O-benzyl-o-p-man-
nopyranoside [50]. Zemplén deacetylation provided 3-(¢-p-man-
nopyranosyl)prop-1-ene and its common benzylation afforded
known benzylether 32 [51].

Keeping the conditions described for the self-metathesis of 31
(1st generation Grubbs' catalyst, 10 mol%, 3 days, 40 °C)*3, the yield
of 29 was only 50% instead of 95% reported. If the 2nd generation
Grubbs' catalyst (5 mol%, 3 d, 40 °C) was used, the isolated yield of
29 increased up to 84%. The next two reactions, hydrogenation and
deacetylation, were carried out without purification of the respec-
tive intermediate and disaccharide 27 was isolated in 85% yield over
these two steps. Whilst no significant differences between the
reactivity of acetate versus benzyl protected C-allyl glycosides were
reported [52], in our case only benzyl ether 32 gave homodimer 30
in a low yield of 24% under optimized conditions (1st generation
Grubbs' catalyst, 10 mol%, 3 h, 40 °C, microwave) although 83% yield
was reported [45]. The efforts made to optimize this reaction did not
significantly improve the overall yield of 28, but did produce enough
material for its full characterization and biological test.

2.3. SPR competition assay

In this study, we aimed to evaluate the glycomimetics 7—-12, 27,

A

Mannose-based Fucose-based

catalyst, 5 mol%, 6 days, 40 °C, 84%; b) Hy, Pd/C, MeOH; 98%; c) 1st generation Grubbs

and 28 for their activity to inhibit the binding of DC-SIGN ECD to
mannosylated bovine serum albumin (Man-BSA) and to compare
their apparent affinity (in terms of ICsg value) with natural ligands
p-mannose, L-fucose, and disaccharides Mano(1-2)Man and
Mana(1-3)Man. For this purpose, we used the previously described
SPR competition assay [24], where the decrease of soluble DC-SIGN
ECD binding to Man-BSA surface is measured as a function of
compound concentration. Hence, Man-BSA, bearing on average 12
copies of branched trisaccharide Man(a1-3)[Man(a.1-6)]Man, was
covalently attached to a carboxymethyldextran-functionalized gold
SPR sensor chip, over which DC-SIGN ECD was injected in the
absence or presence of tested compounds. Plotting the normalized
DC-SIGN binding response decrease against the increasing com-
pound concentrations allowed calculating the ICsq values for each
compound tested.

The reference monosaccharides p-mannose and L-fucose were
found to exhibit ICsp values of 3.42 and 2.52 mM, respectively
(Fig. 4A), those are consistent with previous results [25,28,29]. As
expected, the disaccharides Maneo(1-2)Man and Mane(1-3)Man
had greater apparent affinity in terms of ICsp (0.91 and 2.29 mM,
respectively) than p-mannose. Although the interaction of Mane(1-
2)Man with DC-SIGN has been well characterized previously [20],
there is virtually no data on Mana(1-3)Man interaction with DC-
SIGN, with an exception of the initial structural study [16]. Thus
here we for the first time report the apparent affinity of
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Fig. 4. Inhibition activity of studied ligands and reference compounds assessed by SPR. A, The ICsq values for mannose- (orange-shaded bars) and fucose-based (blue-shaded bars)

compounds. B, Affinity improvement of tested compounds with respect to corresp

natural charide p-| (red shades) or L-fucose (blue shades). (For inter-

pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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disaccharide Manz(1-3)Man to DC-SIGN, which appeared to be
approximately twice lower than that of Mane(1-2)Man.

To our surprise, the C-disaccharide 7, which was designed as a
direct mimics of Mana(1-3)Man (with the only exception of methyl
group instead of hydrogen attached to the oxygen of C1 of reducing
mannose), displayed not only a twice lower apparent affinity (ICso
4.56 mM) than its natural counterpart Mane(1-3)Man, but also had
lower affinity than p-mannose (Fig. 4A). This observation suggests
that C-glycosidic bond between two mannose moieties of 7 nega-
tively impacts the disaccharide's conformation in solution, which
most likely interferes with the van der Waals contact establishment
with Phe325 as well as water-mediated hydrogen bond formation
with Ser372 of the lectin's side chain [16], and in addition, de-
stabilizes the binding of non-reducing p-mannose in the primary
binding site. Although slightly more active than 7, the pseudo-
mannosides 8 and 9 were still less potent than the natural Mana(1-
3)Man with ICsg values of 3.43 and 3.15 mM, respectively, being
very close to the one of p-mannose, suggesting that only the non-
reducing p-mannose residue interacts with the protein, while the
reducing moiety had virtually no effect to binding.

On the contrary, in the series of L-fucose-bearing type I C-di-
saccharides, the reducing end moieties linked by C-glycosidic bond
markedly increased the overall affinity of the resulting compounds
as compared to L-fucose. All three pseudodisaccharides 10, 11 and
12 have the same apparent affinity to DC-SIGN as indicated by very
similar ICsp values of 1.11, 0.99 and 1.17 mM, respectively (Fig. 4A).
This finding suggests that the o-(1-3) substitutes to L-fucose
participate in binding to the protein. The overall comparison of
manno (7 - 9) and fuco (10 - 12) type I C-disaccharide potencies,
normalized to corresponding natural monosaccharide activity
(Fig. 4B, affinity improvement factor = ICsomonosaccharide/IC50,com-
pound), illustrates well that modification of i-fucose by a-(1-3)
substitutions results in significant affinity improvement, reaching
the activity of the trisaccharide Le*, and thus is the suitable
approach for further development of this type DC-SIGN ligands.
Meanwhile, the analogous modifications of p-mannose either have
no or slightly negative effect. Even the natural Mane(1-3)Man has a
similar activity as p-mannose, compared to its “cousin” Mana(1-2)
Man, which has almost 4-fold higher activity than p-mannose most
like resulting from multiple binding modes of this disaccharide.
However, the interest of further development C-disaccharides us-
ing Mano(1-3)Man as a template may lie in an exceptional selec-
tivity of this sugar to DC-SIGN, as described below.

The issue of compound selectivity to DC-SIGN is particularly
important considering another related CLR Langerin, which has
similar sugar specificity, but has been demonstrated to have a
proactive role against HIV-1 infection [53,54]. Therefore, the
disaccharide Mano(1-3)Man and its direct mimic 7 were tested for
the selectivity to DC-SIGN versus Langerin using SPR competition
assay as described previously [32,38]. Interestingly, while previous
results showed that related disaccharide Mana(1-2)Man is capable
to inhibit Langerin ECD binding to Man-BSA surface with an ICsq of
1.6 mM [38], virtually no binding inhibition was observed with both
Mano(1-3)Man and 7 (Fig. 5).

The type Il glycomimetics, the bis(hexopyranosyl)butans 27 and
28, were the most potent compounds within the studied library of
DC-SIGN ligands. The affinity of 28 (IC5p 2.00 mM) was comparable
with the one of Mang(1-3)Man and almost two times higher than
the affinity of p-mannose. This could be explained by a 2-fold in-
crease of local concentration of p-mannose as a result of linking two
sugar moieties, which in turn increases the (re)binding probability.

Interestingly, the bis(fucopyranosyl)butan 27 displayed the
highest apparent affinity (ICsp 0.43 mM) among all the tested
compounds. Furthermore, it achieved almost a 6-fold affinity
improvement compared to simple i-fucose and displayed about
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Fig. 5. The dependence of Langerin ECD activity on compound concentration.

twice higher activity than Le*. This result suggests that apart from
the affinity enhancement due to the increased local concentration
of 1-fucose, the additional contacts with the protein are likely to
contribute to affinity improvement.

3. Conclusion

In this work we have demonstrated for the first time that
divalent C-disaccharides based on p-mannose or L-fucose scaffold
can be prospective ligands for the DC-SIGN receptor. In particular, .-
fucose glycomimetics open the space for versatile derivatization in
the development of stronger binding ligands. The advantage pre-
sented by C-glycoside ligands in terms of stability and solubility
makes them attractive candidates for the construction of multiva-
lent systems.

4. Experimental
4.1. General methods

Optical rotations were measured with an Autopol VI (Rudolph
Research Analytical, USA) digital polarimeter in appropriate sol-
vents, at temperature 20 °C and 589 nm sodium line, in 1 dm
cuvette and are given at 10~ .deg.cm®g . Concentrations (c) are
given in g/100 ml.

NMR spectra were recorded with a Bruker DRX 500 Avance
spectrometer operating at 500.0 MHz for 'H, and 125.7 MHz for 1°C,
or with a Varian Gemini 300HC spectrometer operating at
299.9 MHz for 'H, and 75 MHz for C, as indicated. 'H and '3C
resonances were fully assigned using H,H-COSY, H,H-ROESY, H,C-
HSQC and H,C-HMBC techniques. All chemical shifts are quoted
on the 4 scale in ppm and referenced using residual 'H solvent
signal in 'H NMR spectra (8(CDCl3) 726  ppm;
6(CD30D) = 3.31 ppm) and '3C solvent signal in *C NMR spectra
(6(CDCl3) = 77.0 ppm; 6(CD30D) = 49.0 ppm). Coupling constants
(J) are reported in Hz with the following splitting abbreviations:
s = singlet, d = doublet, t = triplet, q = quartet.

Mass spectra were measured with a Q-Tof Micro (Waters, USA)
or LTQ Velos Orbitrap (Thermo Fisher Scientific, UK) instruments
equipped with LockSpray in ES+ and ES- modes with mobile phase
of methanol and flow rate of 100 pL min~". Nominal and exact m/z
values are reported in Daltons.

HPLC-MS system consisted of a Hewlett-Packard HP/Agilent
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Technologies (USA) 1100HPLC system which was coupled on line to
HP mass selective single quadrupole detector (model G1946 A) and
controlled by ChemStation software (revision B.02.01). Column RP
C18 (30 x 2.1 mm) Zorbax SB-C18 (3.5 um particle size) was used
with mobile phases of 50% methanol (A) and 100% methanol (B),
each containing 5 mmol ammonium formiate, and flow rate
0.3 mL min ™. Capillary voltage for electrospray ionization was set
at 3.5 kV. Pressure reactor Parr® 4848 was used for catalytic hy-
drogenations. The mixture was irradiated in Microwave reactor
Biotage 355301.

Solvents were evaporated at 40 °C and 2 kPa, and compounds
were dried at 60 °C and 2 kPa. Reactions were monitored by thin-
layer chromatography (TLC) on the silica gel plates with Merck
Stahl 10—40 pm or on Merck aluminium backed sheets coated with
60F 254 silica gel. Visualization of the silica plates was achieved using
a UV lamp Spektroline-ENF-240/F (Spectronics Corporation West-
bury, USA) (Amax = 254 nm) and/or by spraying with cerium(IV)sul-
fate (1% in 10% H,SO4) solution followed by charring. Silica gel
(100—160 pum, Merck) was used for flash column chromatography, C-
18 silica gel (200—400 mesh, Sigma Aldrich) for reversed-phase
chromatography. ‘Hexane’ refers to the fraction of hexane boiling
in the range 68—72 °C. All reactions were carried out under anhy-
drous conditions using flame-dried apparatus under an atmosphere
of argon. Brine refers to a saturated solution of NaCl. Anhydrous
MgS0O4 was used as drying agents after reaction workup, as indicated.

Methyl (S)-2-phenyl-2-{[(2R4R)-4-(2,3,4,6-tetra-O-benzyl-a-p-
mannopyranosyl)methyl-6-(thiazol-2-yl)-3,4-dihydro-2H-pyran-
2-yl]oxy}acetate (13) [41] and methyl (S)-2-phenyl-2-{[(2R,4R)-4-
(2,3,4-tri-0-benzyl-u-L-fucopyranosyl)methyl-6-(thiazol-2-yl)-3,4-
dihydro-2H-pyran-2-ylJoxy}acetate (21) [40] were prepared ac-
cording to the previously reported method. 'H and 'C NMR spec-
tral data matched that reported.

4.2. General procedure for the catalytic hydrogenation

A compound (1 eq.) in MeOH was placed into pressure reactor,
Pd/C (10%; 5 eq.) was added to the solution and the reactor was
purged with vacuum. Afterwards hydrogen was charged up 110 bar
and stirring continued for 16 h, and finally, the system was purged
again. The suspension was filtered through a Celite” pad, which
was washed with MeOH. The filtrate was concentrated under
reduced pressure and column chromatography of the residue on
silica gel was used for the purification.

4.3. Preparation of 3-(2,3,4,6-tetra-0-acetyl-a-p-mannopyranosyl)
prop-1-ene

Methyl o-p-mannopyranoside (5.0 g; 25.8 mmol) was stirred in
MeCN (24 mL) and BSA (19.0 mL; 78 mmol) was added dropwise at
rt. The stirring was continuing for 2—3 h up to dissolution of the
starting glycoside. Then allyltrimethylsilane (20.6 mL; 77.8 mmol)
and TMSOTf (23.5 mL, 0.13 mol) were added and the mixture was
stirred for 3 h. The reaction was monitored by TLC (Rf 0.96; hexan/
EtOAc 2:1) and after completion the mixture was cooled to 0 °C,
water (30 mL) and Et3N (19 mL) were added. Evaporation of the
volatiles to dryness provided a residue that was acetylated by stir-
ring in a mixture of pyridine/Ac,0 (2:1; 66 mL) overnight at rt. The
reaction was quenched with water (66 mL) and extracted with
CH,C15. Organic layer was washed successively with 1 M HCl, satd.
aq. solution of NaHCO3; and water. After drying over MgSOy4 the
CH,Cl, solution was evaporated and the residue was purified on
silica gel using hexan EtOAc(2:1) as a mobile phase. 3-(2,3,4,6-Tetra-
0-acetyl-o-p-mannopyranosyl)prop-1-ene was isolated exclusively
as o-anomer (8.9 g; 92%); R¢0.67 (CHCl3/MeOH 5:1); [a]3® 1.6 (c 1.2;
CHCl3). "H and >C NMR spectral data matched that reported [55].
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4.4. 2,3,4-Trideoxy-3-C-[(a-p-mannopyranosyl)methyl]-c,3-p-
threo-hexopyranose (8)

Compound 16 (20 mg; 0.13 mmol; 1 eq.) was dissolved in
CF3COOH (10% aq. solution, 5 mL), after 2 h the reaction was
quenched with NayCOs3, The solvent was evaporated and the res-
idue purified by flash silica gel chromatography (MeCN/H,0 8:1) to
give 8 (18 mg, 98%) as a colorless syrup; Rf 0.45 (MeCN/H,0 8:1);
ratio o:p = 0.3:0.7. "H NMR (600 MHz, D;0): 5 5.39 (d, 0.3H, J1»
3.4 Hz, H-1a), 4.86 (dd, 0.7H, J12ax 9.7, J12¢q 2.2 Hz, H-1B), 4.09 (m,
1H, H-50, H-58), 3.91-3.84 (m, 2H, H-1'a, H-1'B, H-6az, H-6ap),
3.75 (dd, 1H, Jep6a 12.2, Jb,5 6.1 Hz, H-6ba, H-6bB), 3.71-3.55 (m,
6H, H-2's, H-2'B, H-3'0, H-3'B, H-4'a, H-4'B, H-5'2, H-5'B, 2 x H-6'a, 2
x H-6'B), 2.09 (m, 1H, H-3a, H-3p), 2.02—1.71 (m, 3H, H-1"¢, H-1"B,
H-2ao, H-2ap, H-4ac, H-4ap), 1.48—1.33 (m, 2H, H-2ba, H-2bp, H-
4bo, H-4bB), 1.09 (m, 0.3H, H-1"ba) 0.92 (m, 0.7H, H-1"bB); *C-
NMR (151 MHz, D,0): 3 95.38 (C-1), 91.32 (C-1a), 75.91 (C-5a, C-
5B), 75.48, 75.59, 71.77, 70.75, 67.39 (C-1'B, C-2'B, C-3'B, C-4'B, C-
5'B), 75.31, 73.54, 71.77, 69.47, 67.42 (C-1'a, C-2'n, C-3'a, C-4'a, C-
5'a), 64.26 (C-6'B), 64.50 (C-6'2), 61.25 (C-6pB), 61.32 (C-62.), 38.63,
33.63, 31.42 (C-2B, C-4p, C-1"B), 36.22, 33.88, 31.42 (C-24a, C-4a, C-
1"2), 29.68 (C-3B), 24.63 (C-3u); HRESIMS (m/z): Calcd for
Ci13H24NaOgNa [M+Na]* 331.1369. Found 331.1366.

4.5. 2,3-Dideoxy-3-C-[(a-p-mannopyranosyl)methyl]-«,3-p-
arabino-hexopyranose (9)

Compound 19 (60 mg; 0.06 mmol) was dissolved in MeOH (2 mL)
and debenzylated (10% Pd/C; 57 mg; 0.54 mmol) according to the
procedure 4.2. Crude mixture of glycosides was dissolved in
CF3COOH (10% aq solution; 5 mL) and stirred at rt for 2 h. Hydrolysis
was quenched with NayCOs; (satd. aq. solution), volatiles were
evaporated and the residue purified on silica gel (MeCN/H,0 8:1) to
give 9 (19 mg; 98%) as a colorless syrup. Rf0.36 (MeCN/H20 4:1); ratio
0:f = 0.4:0.6; "H NMR (600 MHz, D,0): 3 5.32 (d, 0.4H, J ; 2.6 Hz, H-
1), 4.94(dd, 0.6H, J 20 9.8, J1.2eq 2.0 Hz, H-1B), 412 (m, 1H, H-50,, H-
5p), 3.87—3.42 (m, 8H, H-1'0, H-1'B, H-6a, H-6ap, H-6ba, H-6bp, H-
2'a, H-2'B, H-3'a, H-3'B, H-4'0, H-4'B, 2 x H-6'2, 2 x H-6'B), 3.47—3.43
(m, 2H, H-5'a, H-5'), 3.30 (t, 0.4H, J4 5 9.7 Hz, J439.7 Hz, H-4a), 3.22(t,
0.6H,J4,59.8 Hz,J439.8 Hz, H-4p), 2.17 (m, 0.6H, H-2aB), 2.06 (m, 0.4H,
H-2az), 2.03—-1.92 (m, 1.4H, H-32, H-1"ax, H-1"ap), 1.83—1.71 (m,
1.6H, H-1"ba, H-1"bB, H-3B), 1.63 (m, 0.4H, H-2be) 1.36 (m, 0.6H, H-
2bB); 3C-NMR (151 MHz, D,0): 394.81 (C-1B), 90.46 (C-1c),79.01 (C-
5'w, C-5'B), 77.56 (C-5a, C-5B), 75.14, 73.79, 71.44, 70.55, 69.42, 67.37
(C-1'a, C-2'e, C-3'a, C-4'n,, C-5'a, C-4a.), 74.84, 73.79, 71.49, 70.57,
69.42,67.37 (C-1'B, C-2'B, C-3'B, C-4'B, C-5'B, C-4p), 67.53 (m, C-6'B, C-
6'a), 61.09 (C-6B), 61.31 (C-62), 37.09 (C-2p), 34.97 (C-2a), 38.37 (C-
3B), 34.06 (C-24), 30.12 (C-1”PB), 30.09 (C-1"2); HRESIMS (m/z): Calcd
for Cy3H2409Na [M+Na]* 347.1318. Found: 347.1314.

4.6. 4(S)-2-Hydroxy-1-phenylethyl 2,3,4-trideoxy-3-C-[(a-L-
fucopyranosyl)methyl]-(3-p-threo-hexopyranoside (10)

Compound 23 (77 mg; 0.09 mmol) in MeOH (20 mL) was hy-
drogenated (Pd/C, 10%; 50 mg; 0.45 mmol; 5 eq.) according to the
procedure 4.2. Column chromatography on silica gel (CH,Cl,/MeOH
8:1) furnished 10 (26 mg, 71%) as a colorless solid; [a]ZDS-45.6 (c0.4,
MeOH); Rf 0.25 (CH,Cl/MeOH 3:1); 'H NMR (500 MHz, MeOD):
d 7.41-7.24 (m, 5H, CgHs), 4.83 (dd, 1H, Jcu,chza 7.3 Hz, Jeuchan
4.8 Hz, PhCHCH,0H), 4.80 (dd, 1H, J12ax 9.4 Hz, J12¢q 1.9 Hz, H-1),
4.07 (ddd, 1H, Jy1p 11.1 Hz, J172' 5.7 Hz, J1112 3.2 Hz, H-1"), 3.89 (dd,
1H, J»379.1 Hz, J»1/5.6 Hz, H-2'), 3.82 (qd, 1H, Js'¢ 6.5 Hz, J54
21 Hz, H—S/), 3.73 (dd, 1H, JCHZa,CH 11.8 Hgz, JCHZa.CH 7.2 Hz,
PhCHCH»40H), 3.72—3.68 (m, 2H, PhCHCH,,0H, H-4'), 3.66 (dd, 1H,
J327 9.2 Hz, J3 4 3.5 Hz, H-3’), 3.51-3.43 (m, 3H, H-5, H-6a, H-6b),
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211 (ddd, 1H, Jzeq2ax 12.7 Hz, J2eq3 3.7 Hz, J2eqq1 1.6 Hz, H-2¢q), 1.78
(m, 1H, H-4a), 1.65 (ddd, 1H, J1a71p” 11.5 Hz, J12 17 3.9 Hz, J14 3 1.9 Hz,
H-1"a), 1.47 (m, 1H, H-4b), 1.32 (m, 1H, H-3), 1.24 (d, 3H, J¢' 5 6.5 Hz,
H-6'), 1.08 (m, 1H, H-2.4), 0.94 (m, 1H, H-1"b); 13C NMR (125 MHz,
MeOD): 5 141.8 (ipso CgHs), 129.0, 128.4, 128.0 (CgHs), 103.5 (C-1),
82.1 (PhCHCH,0H), 77.4 (C-5), 72.6 (C-1"), 72.2 (C-3, C-4"), 69.9 (C-
2'), 68.9 (C-5), 67.4 (PhCHCH,0H), 66.1 (C-6), 38.2 (C-2), 35.5 (C-
17), 32.1 (C-4), 32.1 (C-3), 16.6 (C-6').

HRESIMS (m/z). Caled for Cy1H3OgNa [M+Na]t 435.1989.
Found: 435.1989.

4.7. (S)-2-Hydroxy-1-phenylethyl 2,3-dideoxy-3-C-[(«a-L-
fucopyranosyl)methyl]-g-p-arabino-hexopyranoside (11)

Starting 24 (93 mg; 0.11 mmol) in MeOH (20 mL) was hydro-
genated on Pd/C (10%; 56 mg; 0.54 mmol) according to the pro-
cedure 4.2. Column chromatography of the residue on silica gel
(CH2Cly/MeOH 8:1) furnished 11 (20 mg, 60%) as a colorless solid;
[@]%-19.0 (c 0.2, MeOH); Rr 0.38 (CHCl,/MeOH 3:1); 'H NMR
(500 MHz, MeOD): 5 7.21-7.24 (m, 5H, CgHs), 4.89 (dd, 1H, J12ax
9.5 HZ,]ngq 1.9 Hz, H-1 ), 4.83 (dd, 1HJCH.CH2a 7.0 HZv]CH.CHZh 4.5Hz,
PhCHCH,0H), 4.06 (ddd, 1H, J1:14» 12.4 Hz, 112 5.9 Hz, J1/11 3.0 Hz,
H-1'),3.95 (dd, 1H, J2 3 8.8 Hz, J2'1 5.9 Hz, H-2'), 3.86 (dd, 1H, J5'¢
6.5 Hz, J5' 4 1.6 Hz, H-5'), 3.75 (dd, 1H, Jsaep 11.7 Hz, Jea5 2.7 Hz, H-
6a), 3.73—3.66 (m, 4H, PhCHCH,OH, H-3', H-4), 3.59 (dd, TH, Jeb6a
11.6 Hz, Jgbs 5.9 Hz, H-6b), 3.24 (ddd, J54 9.5 Hz, J56p 5.8 Hz, J56a
2.7 Hz, H-5), 3.05 (t, 1H, J45 9.7 Hz, J43 9.7 Hz, H-4), 2.30 (ddd, 1H,
Jianaw 152 Hz, J1an1712.4 Hz, J13 3.4 Hz, H-17a), 221 (ddd, 1H,
J2eq2ax 12.8 Hz, Jeq3 4.3 Hz, J2eq1 2.0 Hz, H-2eq), 1.67 (m, 1H, H-3),
1.37-1.20 (m, 2H, H-1"a, H-2,), 1.24 (d, 3H, Js'5 6.4 Hz, H-6'); 1*C
NMR (125 MHz, MeOD): & 141.7 (ipso CgHs), 129.1, 128.5, 128.0
(CgHs), 102.9 (C-1), 82.2 (PhCHCH,0Bn), 80.9 (C-5), 73.0 (C-1), 72.1,
713 (C-3', C-4, C-4), 69.7 (C-2'), 68.5 (C-5'), 67.4 (PhCHCH,OH),
63.4 (C-6), 38.6 (C-3), 36.6 (C-2), 27.9 (C-1"), 16.8 (C-6'); HRESIMS
(m/z): Calcd for C2;H3209Na [M+Na] ™ 451.1939. Found: 451.1938.

4.8. Methyl 2,3-dideoxy-3-C-[(«-L-fucopyranosyl)methyl]-a-p-
arabino-hexopyranoside (12)

Starting 26 (40 mg; 0.59 mmol) in MeOH (20 mL) was hydro-
genated on Pd/C (10%; 31 mg) according to the procedure 4.2.
Column chromatography of the residue on silica gel (CH,Cl,/MeOH
8:1) furnished 12 (12 mg; 64%) as a colorless solid; [a]ﬁ5—17.3 (c0.3,
MeOH): Ry 0.2 (CHaClo/MeOH 3:1); '"H NMR (500 MHz, MeOD):
3 4.72 (d, 1H, J12 3.3 Hz, H-1), 401 (ddd, 1H, Jy12» 123 Hz, Jyo
5.8 Hz, Jy11p 2.9 Hz, H-1'),3.92 (dd, 1H, Jo 3 9.0 Hz, J2 1 5.8 Hz, H-2'),
3.88 (qd, Jss 6.5 Hz, Js 4 1.8 Hz, H-5"), 3.84 (dd, 1H, Jsa6p 11.7 Hz,
Joas 2.6 Hz, H-6a), 3.72—3.66 (s, 3H, H-4', H-3/, H-6b), 3.54 (ddd, 1H,
J5.4 9.8 Hz, J56 5.8 Hz, J5,61 2.6 Hz, H-5), 3.37 (s, 3H, OCH3), 3.13 (t,
1H, J4.5 9.8 Hz, J43 9.8 Hz, H-4), 2.29 (ddd, 1H, J127.11 14.9 Hz, J1a71/
12.2 Hz, J123 3.4 Hz, H-1"a), 1.92—2.03 (m, 2H, H-2,, H-3), 1.36
(ddd, TH, Jaeq 2ax 13.3 Hz, J2eq1 0.9 Hz, J2eq;3 3.6 Hz, H-2eq), 1.27-1.21
(m, 1H, H-1"b), 1.24 (d, 3H, Jo'5 6.4 Hz, H-6'); 1*C NMR (125 MHz,
MeOD): 5 99.1 (C-1), 74.5 (C-5), 72.9 (C-1"), 72.1, 71.6 (C-3/, C-4’, C-
4), 69.8 (C-2'), 68.6 (C-5'), 63.3 (C-6), 54.8 (OCH3), 35.4 (C-2), 34.5
(C-3),28.0 (C-1"),16.7 (C-6'); HRESIMS (m/z): Calcd for C14H260sNa
[M-+Na]* 345.1520. Found: 345.1521.

4.9. (2R4R)-2-[(S)-2-Methyloxycarbonyl-1-phenyljethoxy-4-
[(2,3,4,6-tetra-O-benzyl-a-p-mannopyranosyl )methyl]-6-formyl-
3,4-dihydro-2H-pyrane (14)

Molecular sieves (4 A; 1.35 g) were added to a solution of
compound 13 (1.78 g; 2.05 mmol) in dry MeCN (40 mL), and MeOTf
(0.35 mL; 3.08 mmol) was added dropwise. After stirring at room
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temperature for 1 h, MeOH (4 mL) was added and the solvent was
evaporated in vacuo. The residue was treated with MeOH (30 mL)
and then NaBH4 (0.256 g; 6.77 mmol) was added in portions. After
stirring at room temperature for 1 h, acetone (4 mL) was added, the
reaction mixture was filtered through a Celite® pad, which was
washed with acetone (70 mL) and the filtrate was evaporated in
vacuo. The residue was dissolved in MeCN (35 mL) and a solution of
AgNOs3 (708 mg; 4.17 mmol) in H,O (2.1 mL) was added under
vigorous stirring. After stirring for 20 min at room temperature,
phosphate buffer (7 mL; pH 7) was added. After a further 15 min,
the solvent was evaporated in vacuo and the residue was parti-
tioned between CH,Cl, (150 mL) and a phosphate buffer (150 mL,
pH 7). The organic layers were dried over MgSOyg, filtered and
concentrated under reduce pressure. Column chromatography of
residue on silica gel (hexane/EtOAc, 3:1 — 2:1) furnished 14
(1.07 g; 64%) as a colorless oil; [)3°+27.8 (c 1.0, CHCl3); Ry 0.22
(hexane/EtOAc 2:1); 'H NMR (500 MHz, CDCl3): & 9.00 (s, CHO),
7.38—7.16 (m, 25H, 5 x CgHs), 5.90 (d, 1H, J45 4.4 Hz, H-5), 5.42 (m,
1H, H-2), 5.41 (s, 1H, CHCOOCH3), 4.62 (d, 1H, J 11.6 Hz, OCH,Ph),
459 (d, 1H, J 12.2 Hz, OCH,Ph), 4.52—4.45 (m, 6H, OCH,Ph), 4.00
(ddd, TH, Jy173 9.9 Hz, Jy13m 4.5 Hz, 112 2.9 Hz, H-17), 3.91 (dd, 1H,
Jsa 6.1 Hz, J3ga 6.1 Hz, J5 61 3.8 Hz, H-5'), 3.85 (dd, 1H, Jeaeb
10.3 Hz, Ja,5 6.4 Hz, H-6'a), 3.78—3.64 (m, 3H, H-3', H-6'b, H-4’),
3.68 (s, 3H, OCH3), 3.45 (dd, 1H, Jor1 2.9 Hz, J» 3 5.6 Hz, H-2'),
2.73-2.70 (m, 1H, H-4), 2.12 (m, 1H, J3ax3eq 143 Hz, J32x4 7.3 Hz,
J3ax2 2.9 Hz, H-3ax), 2.05 (ddd, TH, J3eq 3ax 14.1 HZ, J3eq2 3.8 HZ, J3eq.a
3.8 Hz, H-3eq), 1.91-1.81 (m, 2H, H-1"ax, H-1"eq); '*C-NMR
(125 MHz, CDCl3): 186.6 (CH=0), 170.9 (COOCH3), 148.5 (C-6),
138.2, 138.1, 138.0, 136.0 (4 x ipso CgHs), 128.6—127.2 (4 x CgHs),
126.8 (C-5), 96.5 (C-2), 76.9 (CHCOOCH3), 76.5 (C2/, C-3'), 74.64 (C-
4'),73.57 (C-5'), 73.3, 73.2, 72.4, 71.8 (4 x PhCH,), 69.9 (C-1'), 68.7
(C-6),52.2 (OCH3), 35.5 (C-1"), 31.8 (C-3), 26.50 (C-4); HRESIMS (m/
2): Calcd for CsgHs2010Na [M+Na]™ 835.3453. Found 835.3458.

4.10. (2RA4R)-2-[(S)-2-hydroxy-1-phenylethoxy]-4-[(2,3,4,6-tetra-
0-benzyl-a-p-mannopyranosyl)methyl]-6-hydroxymethyl-3,4-
dihydro-2H-pyrane (15)

Aldehyde 14 (0.50 g; 0.62 mmol) was dissolved in dry THF
(10 mL) and LiAlH4 (70 mg; 1.85 mmol) was added in portions at
0 °C. The reaction mixture was stirred at rt for 1 h and then NaOH
(1M aq. solution; 11 mL) was added at 0 °C. The salts were removed
through a Celite® pad, which was washed with THF (50 mL) and the
filtrate was evaporated. The residue was portioned between EtOAc
(50 mL) and HCL. (0.5M aq. solution; 50 mL) and then the organic
layer was washed with NaHCOs; (satd aq; 50 mL) solution. The
organic layers were dried over MgSOy, filtered and concentrated.
Column chromatography of residue on silica gel (hexane/EtOAc,
2:1) afforded 15 (0.47 g; 95%) as a light yellow oil; [a]ff-lo.s (c12,
CHCl3); Ry 0.31 (hexane/EtOAc 1:1); 'H NMR (500 MHz, CDCl3):
d 7.38-7.21 (m, 25H, 5 x CgHs), 5.14 (dd, 1H, J23ax 3.9 Hz, J23eq
2.8 Hz, H-2),4.74 (d, 1H, J 11.5 Hz, CH.HyPh), 4.71 (d, 1H, J5 4 4.3 Hz,
H-5), 4.65 (d, 1H, J 12.2 Hz, CHHyPh), 4.62 (d, 1H, J 12.2 Hz,
CHgHpPh), 4.60—4.55 (m, 4H, 3x CHaH,Ph, PACHCH,0H); 4.54 (d,
1H, J 11.5 Hz, CH4HyPh), 4.52 (d, 1H, J 11.7 Hz, CH,HPh), 4.11 (ddd,
1H, J11172 10.7 Hz, J117p 4.4 Hz, J1:22.5 Hz, H-1'), 4.04 (td, 1H, J5 g2
10.0 Hz, J5 4 7.1 Hz, J5 61 3.1 Hz, H-5’), 3.81-3.75 (m, 3H, H-3/, H-4,
PhCHCH,,0H), 3.72 (dd, 1H, Jeem 101 Hz, Jcwzncn 7.1 Hz,
PhCHCH,,0H), 3.63 (dd, 1H, Jeaeb 11.8 Hz, Jeas 9.6 Hz, H-6a’),
3.54—3.50 (m, 1H, H-6b"), 3.55 (s, 1H, J2' 3 4.4 Hz, J»/172.4 Hz, H-2'),
3.39 (dd, 1H, J7p,7a 13.5 Hz, J7b,0u 4.3 Hz, H-7), 3.33 (dd, 1H, J7a7
12.9 Hz, J7aon 3.7 Hz, H-7a), 3.10 (bd, J 9.7 Hz, PhCHCH,0H),
2.36—2.26 (m, 2H, H-3eq, H-4), 2.11 (ddd, Ji7a17p 14.2 Hz, Jiva1
10.7 Hz, J17a,4 8.1 Hz, H-1"a), 1.85 (ddd, J3ax 3eq 13.6 Hz, J3ax4 6.9 Hz,
J3ax2 2.8 Hz, H-3ax), 1.48 (ddd, 1H, J17b17a 14.4 Hz, J17b4 6.1 Hz, J1p1/
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2.5 Hz, H-1”b), 0.91 (m, 1H, 7-OH); *C-NMR (125 MHz, CDCl3)
1489 (C-6), 140.3, 138.4, 138.38, 1383, 137.1 (5x ipso CgHs),
128.5-127.8 (4 x CgHs), 102.0 (C-5), 100.0 (C-2), 84.1 (PhCHCH,0H),
77.9, 75.3 (C-3', C-4'), 76.9 (C-2'), 73.2, 73.1 (C-1',C-5'), 741, 73.7,
72.3, 71.8 (4 x PhCH,), 70.1 (PhCHCH,0H), 67.3 (C-6'), 63.0 (C-7),
34,5 (C-1”), 31.0 (C-3), 27.9 (C-4); HRESIMS (m/z): Calcd for
Ca9Hs409Na [M-+Na]* 809.3666. Found 809.3662.

4.11. Methyl 2,3,4-trideoxy-3[(«a-p-manopyranosyl)methyl]-a,3-p-
threo-hexopyranoside (16)

A solution of compound 15 (0.104 g; 0.13 mmol) in MeOH (20 mL)
was hydrogenated on Pd/C (10%; 70.4 mg; 0.66 mmol) according to
the procedure 4.2. Column chromatography of the residue on silica
gel (CHCl3/MeOH 7:3) furnished 16 (48 mg; 82%) as a colorless solid;
[@¥-106 (c 12, CHCl3); R 031 (CHCl3/MeOH 7:3); ratio
:p = 0.7:0.3; "H NMR (600 MHz, MeOD): 5 4.79 (d, 0.7H, J12 3.2 Hz,
H-10),4.43 (dd, 0.3H, J12ax 9.5 HZ, J12¢q 2.1 Hz, H-1B), 4.02 (ddd, 1H, ]
10.7 Hz, ] 4.2 Hz, | 2.4 Hz, H-50, H-5p), 3.84—3.77 (m, 2H, H-1'¢, H-
1'aB, H-6aa, H-6ap), 3.75 (dd, 1H, Jeb,6a 11.8 Hz, Jgb,5 5.6 Hz, H-6ba, H-
6bB), 3.72—3.42 (m, 6H, H-2's, H-2', H-3'%, H-3'B, H-4'a, H-4'B, H-
5'a, H-5'B, 2 x H-6'2, 2 x H-6'B), 3.50 (s, 0.9H, OCH3-p), 3.37 (s, 2.1H,
OCHs-u), 2.12 (m, 1H, H-3a, H-3B), 1.89—-1.73 (m, 3H, H-1"a, H-1"B,
H-2aa, H-2ap, H-4ac0, H-4ap), 1.38—1.23 (m, 2H, H-2ba, H-2bf, H-
4bo, H-4bp), 0.97 (m, 1H, H-1"ba, H-1"bB); 3C NMR (151 MHz,
MeOD): & 104.3 (C-1p), 99.7 (C-1a), 77.2 (C-5a, C-58), 75.83, 73.37,
72.79, 70.71, 69.33 (C-1'a, C-2'w, C-3'a, C-4'a, C-5'a), 75.86, 73.31,
72.79, 70.80, 69.46 (C-1'B, C-2'B, C-3'B, C-4'B, C-5'B), 66.49 (C-6'c),
66.15 (C-6'B), 63.02 (C-6a), 63.08 (C-6pB), 56.46 (OCH3-B), 53.76
(OCH3-2.), 37.89, 36.64, 34.14 (C-22, C-40, C-1"2), 39.44, 36.34, 33.89
(C-2B, C-4p, C-1"B), 31.5 (C-3B), 27.2 (C-3a); HRESIMS (m/z): Caled
for C14H260sNa [M+Na]* 345.1525. Found 345.1524.

4.12. 1,6-Di-0-Acetyl-2,3,4-trideoxy-3[(2,3,4,6-tetra-O-acetyl-a-p-
manopyranosyl)methyl]-«,5-p-threo-hexopyranose (17)

Compound 8 (20 mg; 0.06 mmol) was dissolved in pyridine/
Acy0 (2:1, 2 mL). After 8 h, the volatiles were evaporated and the
residue was purified by flash column chromatography (hexane/
EtOAc 1.5:1) to give 17 (35 mg; 96%) as a colorless syrup; Ry 0.28
(hexane/EtOAc 1.5:1); ratio a:f = 0.3:0.7; '"H NMR (600 MHz,
CDCl3): 8 6.21 (d, 0.3H, J12 3.2 Hz, H-1a), 5.66 (dd, 0.7H, J1 2ax 9.9 Hz,
J12eq 2.2 Hz, H-1B), 5.22 (m, 1H, J3 4 8.7 Hz, J32 3.1 Hz, H-3'0, H-3'B),
517 (m, 1H, Ja5 8.7 Hz, J4 3 8.7 Hz, H-4'2, H-4'B), 5.09 (m,12H, H-2'2,
H-2'8), 4.36 (dd, 1H, Jeaep 12.1 Hz, Jeas 6.7 Hz, H-6'a-2, H-6'a-B),
4.12—4.04 (m, 4H, H-6'b-a, H-6'b-p, 2 X H-6-2, 2 x H-6-f, H-1'g, H-
1'B), 3.87 (m, 1H, H-5'a, H-5'B), 3.76 (m, 1H, H-5a, H-5p), 2.13, 2.12,
2.10, 2.09, 2.078, 2.080, 2.07, 2.06, 2.03 (9 x s, 9H, 12 x Ac-o.+),
1.96—1.72 (m, 4H, H-32, H-3p, H-4a0, H-4af, H-2ac, H-2ap, H-1"a-a,
H-1"a-B), 1.49-1.27 (m, 2H, H-2ba, H-2bf, H-1"b-a, H-1"b-p),
1.16-0.97 (m, 1H, H-4ba, H-4bp); *C-NMR (151 MHz, CDCl3):
171.03, 171.00, 170.68, 170.64, 170.36, 170.08, 169.73, 169.57, 169.29
(12 x CH3CO-0.+ ), 94.1 (C-1P), 97.1 (C-1a), 73.9 (C-5a.+B), 72.03 (C-
1'0+f), 70.98, 70.94, 70.83 (C-5'a+f, C-4'u+B), 68.85 (C-3'e), 68.80
(C-3'B), 67.16 (C-2'x), 67.14 (C-2'B), 66.61 (C-62), 66.25 (C-6), 62.52
(C-6'w), 62.44 (C-6'B), 36.64, 35.14, 32.46 (C-4p, C-2p, C-1"p), 36.64,
35.32, 32.69 (C-4a, C-20, C-1"a), 30.54 (C-30.+-B), 21.32, 21.07, 21.04,
21.02, 20.89, 20.85 (12 x CH3CO a+); HRESIMS (m/z). Calcd for
Cy5H36014Na [M+Na]* 583.2002. Found 583.1999.

4.13. (2R4R)-2-[(S)-2-benzyloxy-1-phenylethoxy]-4-[(2,3,4,6-
tetra-0-benzyl-a-p-mannopyranosyl )methyl]-6-benzyloxymethyl-
3,4-dihydro-2H-pyrane (18)

Compound 15 (0.256 g; 0.33 mmol) was dissolved in dry THF
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(15 mL). After addition of NaH (47 mg; 1.96 mmol; 60% suspension
in mineral oil), the mixture was stirred at rt for 1 h. Benzyl bromide
(0.66 mL; 1.96 mmol) and TBAI (30 mg; 0.08 mmol) were added and
the solution was stirred at rt for 19 h. The reaction was quenched by
addition of MeOH (5 mL) and the volatiles were evaporated. The
residue was diluted with CH,Cl, (50 mL), extracted with NaHCO3
(satd aq solution; 50 mL) and brine (50 mL). The organic layer was
dried over MgS0y, and concentrated. Column chromatography of
the residue on silica gel (hexane/EtOAc 8:1 — 5:1) provided 18
(0.143 g; 45%) as a colorless oil; [oz]%s -0.5 (¢ 5.1, CHCI3); Rf 0.24
(hexane/EtOAc 4:1); '"H NMR (600 MHz, CD,Cl,): & 7.45—7.27 (m,
35H, 7 x CeHs), 5.47 (dd, TH, J23eq 2.7 Hz, J2,3ax 4.8 Hz, H-2), 4.96 (dd,
1H-_’CH,CH2a 79 Hz, JCH,CHZb 3.8 Hz, PhCHCHzan), 493 (d, 1H,]5_3
3.8 Hz, H-5), 4.83 (d, 1H, J 11.1 Hz, CHaHbPh), 4.69 (d, 1H, J 11.1 Hz,
CHaHbPh), 4.68—4.54 (m, 8H, 4 x CHyPh), 4.38 (d, 1H, J 12.0 Hz,
CHaHbPh), 4.35 (d, 1H, J 12.0 Hz, CHaHbPh), 4.20 (ddd, 1H, Ji;17a
11.0Hz, J1,17b 3.7 Hz, Jy2 3.7, H-1"),3.95 (t, 1H, Ja 5 Ja 3 7.3 Hz, H-4'),
3.90-3.84 (m, 3H, H-6a', H-3/, H-5'), 3.75 (dd, 1H, Je1b,55.1 Hz, Je'v,6'a
12.6 Hz, H—Bb'), 3.70 (dd, 1H, JCHZJ'CH 8.1 Hz, _’CHZa,CHZb 10.5 Hz,
PhCHCH,40Bn), 3.66 (dd, 1H, J>/1 3.6 Hz, J» 3 3.6 Hz, H-2'), 3.63 (dd,
IH-]CHZb‘CH 38 HZ-.’CHZb.CHZa 10.5 Hz, PhCHCHgbOBn), 3.51 (d, 1H,
Jeem 12.2 Hz, H-7), 3.41 (d, 1H, Jgem 12.3 Hz, H-7), 2.49 (m, 1H, H-4),
2.12 (ddd, 1H, J3eq3ax 13.4 Hz, J3eq4 7.0 Hz, J3eq2 2.6 Hz, H-3eq), 1.97
(m, 1H, H-1"a), 1.92 (ddd, 1H, J3ax3eq 13.6 Hz, J3ax2 4.7 Hz, J3axa
4.8 Hz, H-3ax), 1.79 (ddd,1H, Jip17a 13.4 Hz, Jirb4 9.3 Hz, Jimpyr
3.2 Hz, H-1"); 3C NMR (151 MHz, CD,Cl,): 5 1475 (C-6), 140.8,
139.0, 138.93, 138.91, 138.88, 138.88, 138.84 (7 x ipso CgHs),
128.8—127.0 (7 x CgHs), 103.3 (C-5), 99.5 (C-1), 80.3 (PhCHCH,0Bn),
78.6 (C-3'), 77.3 (C-2'), 75.3 (C-4'), 75.2 (PhCHCH,0Bn), 74.4, 73.5,
72.4,72.2,72.1,70.2 (6 x PhCHy), 73.5 (C-5), 71.9 (C-1), 70.2 (C-7),
69.6 (C-6"),35.7 (C-1"), 33.3 (C-3), 26.7 (C-4); HRESIMS (m/z): Calcd
for CezHesNaOg [M+Na]™ 989.4599. Found 989.4609.

4.14. (2RA4R)-2-[(S)-2-benzyloxy-1-phenylethoxy] 2,3-dideoxy-3-
C-[(2,3,4,6-tetra-0-benzyl-a-p-mannopyranosyl)methyl]-6-0-
benzyl-(-p-arabino-hexopyranoside (19)

To a solution of compound 18 (143 mg; 0.15 mmol) in THF (3 mL)
at 0 °C was added drop wise 2 M solution of BH3.Me;S in THF
(0.26 mL; 0.52 mmol). The reaction mixture was stirred at rt for
20 h and then 30% NaOH solution (0.23 mL) and 30% H20, (0.23 mL)
were added in succession. The mixture was stirred at rt for further
30 min and partitioned between EtOAc (15 mL) and saturated
NaHCOj3 (15 mL) solution. The organic phase was dried, the solution
evaporated, and the residue chromatographed on silica gel in
hexane/EtOAc (2:1) to give 19 (56 mg; 38%) as a colorless oil; [a]lz)S
42 (c 2.9, CH,Cly); R 0.32 (hexane/EtOAc 2:1); 'H NMR (600 MHz,
CDCl3): d 7.38—7.18 (m, 35H, 7 x CgHs), 4.93 (dd, 1H, Jcu,cHzb 3.8 Hz,
JCH.CHza 79 Hz, PhCHCHzan), 479 (dd, 1 H-.,].Zax 9.4 HZ,]]'zgq 2.0 Hz,
H-1), 4.67 (d, 1H, J 11.1 Hz, CHaHbPh), 4.66—4.35 (m, 10 H, 5 x
CH3Ph), 4.48 (d, 1H, J 11.4 Hz, CHaHbPh), 4.22 (ddd, 1H, J1,172 9.5 Hz,
Ji2amp 5.0 Hz, J112» 3.0 Hz, H-1"), 3.90 (dt, 1H, J5' 62 7.2 Hz, J5' 4 7.2 Hz,
Js'gb 3.3 Hz, H-5"), 3.75 (dd, 1H, J3 4 6.9 Hz, J3» 3.0 Hz, H-3'),
3.72—-3.54 (m, 7H, H-6a', H-6'b, H-4/, H-6a, H-2’, PhCHCH2,0Bn,
PhCHCH,,0Bn), 3.47 (dd, 1H, Jeb6a 10.6 Hz, Jep 5 5.8 Hz, H-6b), 3.32
(t, 1H, Ja5 9.5 Hz, J43 9.5 Hz, H-4), 3.27 (ddd, 1H, J54 9.3 Hz, J56p
5.8 Hz, J56a4 3.6 Hz, H-5), 1.92—1.86 (m, 2H, H-1"a, H-2eq), 1.68 (m,
1H, H-3), 1.50—1.43 (m, 2H, H-1”b, H-2ax); *C NMR (151 MHz,
CDCl3): & 140.1, 138.7, 138.4, 138.29, 138.26, 138.2, 137.9 (7 x ipso
CgHs),128.5-126.9 (6 x CgH5s), 101.5 (C-1), 79.2 (PhCHCH,0Bn), 78.2
(C-5), 76.7 (C-3'), 75.3 (C-2'), 74.9 (C-6'), 73.8, 73.5, 73.43, 73.38,
72.4,71.6 (6 x PhCH3), 73.36 (C-5'), 71.1 (C-6), 70.9, 70.76 (C-4, C-4/,
C-1’), 69.3 (PhCHCH,0Bn), 38.7 (C-3), 36.7 (C-2), 32.1 (C-1");
HRESIMS (m/z): Calcd for Cg3HggNaOj9 [M-+Na]™ 1007.4710, Found
1007.4760.
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4.15. 1,4,6-Tri-O-acetyl-2,3-dideoxy-3-C-[(2,3,4,6-tetra-O-acetyl-a-
p-mannopyranosyl)methyl]-«,3-p-arabino-hexopyranose (20)

Compound 9 (7 mg; 0.02 mmol) was dissolved in pyridine/Ac;0
(2:1, 2 mL) After 8 h, the volatiles were evaporated and the residue
was purified by flash chromatography (hexane/EtOAc 1:1) to give
20 (12 mg; 95%) as a colorless syrup; Rf 0.21 (hexane/EtOAc 1:1);
ratio o.:p = 0.2:0.8; 'H NMR (600 MHz, CDCl3): 5 6.15 (dd, 0.2H, J1 2ax
3.6 Hz, J12eq 1.2 Hz, H-1a:), 5.72 (dd, 0.8H, J1,2ax 10.0 Hz, J12¢q 2.3 Hz,
H-1B), 5.16 (m, 1H, J3.4 9.2 Hz, ]33 3.7 Hz, H-3'a, H-3'B), 5.17 (m, 1H,
Jas 8.4 Hz, J43 8.4 Hz, H-4'a, H-4'B), 5.06 (m, 0.2H, H-2'a), 5.03 (m,
0.8H, H-2'B), 4.81 (t, 0.8H, J45 10.2 Hz, J43 10.2 Hz, H-4p), 4.64 (t,
0.2H, Ja5 9.9 Hz, J43 9.9 Hz, H-42), 4.35 (dd, 1H, J'asb 12.1 Hz, Jga s
7.1 Hz, H-6'a+B), 431 (m, 0.2H, H-6'a-z), 4.25 (dd, 0.8H, Jea6b
12.3 Hz, Jsa 5 4.8 Hz, H-6a-p), 4.22 (m, 0.2H, H-6a-x), 4.09 (dd, 0.8H,
Jebea 12.1 Hz, Jobs 3.0 Hz, H-6'b-B), 4.05 (m, 0.2H, H-6'b-a), 4.01
(dd, 0.8H, Jeb,6a 12.4 Hz, Jop,5 2.3 Hz, H-6b-B), 3.98 (m, 0.2H, H-6a-a.),
3.95 (m, 1H, H-1'g, H-1'B), 3.91-3.84 (m, 1H, H-5'%, H-5'B), 3.68
(ddd, 0.8H, J5 4 9.6 Hz, J5 6 4.8 Hz, J5 6 2.3 Hz, H-5p), 3.48 (m, 0.2H,
H-5a), 2.30—2.17 (m, 2H, H-2a0, H-2ap, H-1"ax, H-1"ap), 2.13, 2.12,
2.11,2.10,2.091, 2.088, 2.082, 2.07, 2.06, 2.03, 2.024, 2.016, 1.99 (13 x
s, 9H, 14 x Ac-o+8), 1.95 (m, 1H, H-3a, H-3p), 1.74—1.64, 1.62—1.47
(m, 2H, H-2bu, H-2bp, H-1"b-z, H-1"b-B); *C-NMR (151 MHz,
CDCl3): & 170.9—169.1 (14 x CH3CO-a-+P), 93.1 (C-1B), 90.8 (C-1az),
75.7 (C-50+P), 73.7 (C-1'2+P), 71.29, 71.13, 71.01, 70.82, 70.40, 70.14
(C-5'a+P, C-4'0+p, C-4a+P), 68.60 (C-3'a), 68.43 (C-3'B), 67.05 (C-
2'z), 67.20 (C-2'B), 66.57, 62.37 (C-6'B, C-6p), 62.59, 62.51 (C-6'%, C-
60.), 38.04 (C-3a), 37.8 (C-3B), 35.19 (C-2B), 34.15 (C-2a), 31.14 (C-
1”B), 30.82 (C-3a), 21.21—20.81 (m, 14 x CH3CO o.+p); HRESIMS (m/
z): Caled for C27H33016Na [M+Na]™ 641.2052. Found 641.2053.

4.16. (2R4R)-2-[(S)-2-methyloxycarbonyl-1-phenylethoxy]-4-
[(2,3,4-tri-0-benzyl-a-L-fucopyranosyl)methyl]-6-formyl-3,4-
dihydro-2H-pyrane (22)

Molecular sieves (4 A; 1.35 g) were added to a solution of
compound 21 (1.0 g; 1.3 mmol) in dry MeCN (25 mL), and MeOTf
(0.23 mL; 1.9 mmol) was added dropwise. After stirring at rt for
20 min, MeOH (2.5 mL) was added and the solvent was evaporated.
The residue was treated with MeOH (25 mL) and then NaBH4
(0.16 g; 4.3 mmol; 3.3 eq.) was added in portions. After stirring at rt
for 10 min, acetone (2.5 mL) was added, the reaction mixture was
filtered through a Celite® pad, which was washed with acetone
(50 mL) and the filtrate was evaporated. The residue was dissolved
in MeCN (25 mL) and a solution of AgNO3 (0.36 g; 2.1 mmol) in H,0
(1.2 mL) was added under vigorous stirring. After stirring for
30 min at rt, phosphate buffer (5 mL; pH 7) was added. After
15 min, the solvent was evaporated and the residue was partitioned
between CH;Cl, (100 mL) and a phosphate buffer (100 mL, pH 7).
The organic layers were dried over MgSOy, filtered and concen-
trated. Column chromatography of residue on silica gel (PE/EtOAc,
5:1) furnished 22 (0.65 g; 70%) as colorless oil; [a]%S—G.B (c 1.2,
CHCl3); Rf0.35 (PE/EtOACc 3:1); 'H NMR (CDCl3, 500 MHz): 3 9.06 (s,
1H, CHO), 7.14—7.38 (m, 20H, 4 x CgHs), 6.06 (d, 1H, J5 4 4.6 Hz, H-5),
547 (dd, 1H, J23ax 3.7 Hz, Ja3eq 2.7 Hz, H-2), 539 (s, 1H,
PhCHCOOMe), 4.43—4.78 (m, 6H, 3 x PhCH3), 4.10 (ddd, 1H, Ji/1p"
7.3 Hz, J12 4.5 Hz, J111a7 2.4 Hz, H-1'), 3.78 (m, 1H, H-2'), 3.69 (s, 3H,
OCH3), 3.51 (dd, 1H, J3 > 7.7 Hz, J3 4 3.0 Hz, H-3), 3.49 (t, 1H, J4' 5
3.1 Hz, Jy 3 3.1 Hz, H-4'), 3.41 (m, 1H, H-5'), 2.51 (m, 1H, H-4), 2.12
(ddd, 1H, Ji7b,17a 14.5 Hz, J171 7.3 Hz, J17b.4 2.9 Hz, H-1"Db), 2.08 (ddd,
1H, J3ax3eq 14.2 Hz, J3ax.4 7.9 HZ J3ax 2 3.7 Hz, H-3ax), 2.02 (ddd, 1H,
J3eq3ax 14.2, J3eq2 2.7 Hz, J3eq4 1.2 Hz, H-3eq), 1.68 (ddd, 1H, Ji7a1p”
14.5 Hz, J173,4 7.6 Hz, J17a1' 2.4 Hz, H-1"a), 1.06 (d, 3H, J¢ 5 6.5 Hz, H-
6'); °C NMR (126 MHz, CDCl3): 5 186.8 (CHO), 171.1 (COOCH3),
148.2 (C-6), 139.0, 138.7, 138.5136.5 (4 x ipso CgHs), 129.7 (C-5),
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127.4-128.7 (4 x CeHs), 96.4 (C-2), 77.1, 76.6, 76.6 (C-3', C-4', C-5),
76.3 (C-2', PhACHCOOMe), 73.6, 73.5, 73.3 (3 x PhCHy), 68.1 (C-1'),
52.4 (OCH3), 31.2, 31.2 (C-3, C-1"), 28.6 (C-4), 15.7 (C-6'); HRESIMS
(m/z): Calcd for C43H4609Na [M+Na]* 729.3034. Found: 729.3034.

4.17. (2R4R)-2-[(S)-2-benzyloxy-1-phenylethoxy]-4-[(2,3,4-tri-O-
benzyl-a-L-fucopyranosyl)methyl]-6-benzyloxymethyl-3,4-dihydro-
2H-pyrane (23)

Aldehyde 22 (0.65 g; 0.92 mmol) was dissolved in dry THF
(10 mL) and LiAlH4 (0.1 g; 2.8 mmol) was added in portions at 0 °C.
The reaction mixture was stirred at rt for 1 h and then NaOH (1M aq
solution; 12 mL) was added at 0 °C. The salts were removed through
a Celite® pad, which was washed with THF (50 mL) and the filtrate
was evaporated. The residue was portioned between EtOAc (50 mL)
and HCI. (0.5M aq solution; 50 mL) and then the organic layer was
washed with NaHCO3 (satd aq; 50 mL) solution. The organic layers
were dried over MgSOy, filtered and concentrated. Column chro-
matography of residue on silica gel (PE/EtOAc, 2:1) afforded
(2R,4R)-2-[(S)-2-hydroxy-1-phenylethoxy]-4-((2,3,4-tri-O-benzyl-
a-L-fucopyranosyl)(methyl)-6-hydroxymethyl-3,4-dihydro-2H-
pyrane as light yellow oil, which was directly used for the next
reaction step. The residue was dissolved in dry THF (25 mL). After
addition of NaH (0.27 g; 9.3 mmol; 60% suspension in mineral oil),
the mixture was stirred at rt for 1 h. Benzyl bromide (0.66 mL;
5.5 mmol) and TBAI (0.08 g; 0.23 mmol) were added and the so-
lution was stirred at rt for 19 h. The reaction was quenched by
addition of MeOH (5 mL) and the volatiles were evaporated. The
residue was diluted with CH,Cl, (50 mL), washed with NaHCO3;
(satd aq solution; 50 mL) and brine (50 mL). The organic layer was
dried over MgS04, and concentrated. Column chromatography of
the residue on silica gel (PE/EtOAc 12:1) provided 23 (0.55 g; 70%)
as a light yellow oil; [a]3> —31.2 (c 0.05, CHCl3); Ry 0.53 (PE/EtOAC
4:1); "H NMR (500 MHz, CDCl3): § 7.17—7.37 (m, 30H, 6 x CHs), 5.37
(dd, 1H, J23ax 6.1 Hz, J23eq 2.5 Hz, H-2),4.91 (dd, 1H, Jcu,cHza 8.0 Hz,
Jetcrizb 3.8 Hz, PACHCH,0Bn), 4.80—4.31 (m, 10H, 5 x PhCH,), 4.77
(m, 1H, H-5), 415 (dt, 1H, Jy;37p 11.3 Hz, Jy/1a» 3.6 Hz, J1/2 3.6 Hz, H-
1), 3.84—3.77 (m, 2H, H-2', H-5'), 3.70—3.74 (m, 2H, H-3', H-4'),
3.64 (dd, 1H-JCH23,CH2b 10.6 HZv.’CHZa.CH 8.0 Hz, PhCHCHzHOBn), 3.58
(dd, 1H, Jcnab,cHza 10.6 Hz, Jepab,cn 3.8 Hz, PhCHCH,,0BN), 3.52 (d,
1H, J7a7p 12.5 Hz, H-7a), 3.47 (d, 1H, J7b,7a 12.5 Hz, H-7b), 2.35 (m,
1H, H-4), 2.07 (ddd, 1H, J3eq3ax 13.4 Hz, J3eq 4 6.9 Hz, J3¢q2 2.5 Hz, H-
3eq), 191 (ddd, 1H, Ji7b17a 14.3 Hz, Jy1 11.2 Hz, J1,4 5.7 Hz, H-1"b),
1.71 (dt, 1H, J3ax3eq 13.0 HZ, J3ax4 6.2 Hz, J3ax2 6.2 Hz, H-32), 1.59
(dd, 1H, J17a17 14.3 Hz, J173.4 9.3 Hz, 1751 2.8 Hz, H-1"a),1.21 (d, 3H,
Jo5 6.6 Hz, H-6'); 3C NMR (126 MHz, CDCl3): 5 147.3 (C-6), 140.3,
139.0, 138.8, 138.5, 138.5, 138.4 (6 x ipso CgHs), 126.8—128.5 (6 x
CeHs), 1049 (C-5), 99.6 (C-2), 79.9 (PhCHCH,OBn), 75.0
(PhCHCH,0Bn), 73.5, 73.5, 73.2, 73.1, 72.2 (5 x PhCH,), 69.9 (C-7),
76.9,68.4 (C-2',C-5'),78.3, 76.5 (C-3/, C-4'), 32.4 (C-3,C-1"),27.1 (C-
4), 15.7 (C-6'); HRESIMS (m/z): Calcd for CsgHgoOgNa [M+Na]™
883.4180. Found: 883.4176.

4.18. (S)-2-Benzyloxy-1-phenylethyl 2,3-dideoxy-3-C-[(2,3,4-tri-O-
benzyl-a-1-fucopyranosyl)methyl]-6-0-benzyl-3-p-arabino-
hexopyranoside (24)

BH3.Me,S (2M solution; 1.1 mL; 2.2 mmol) was added to the
solution of 23 (0.55 g; 0.64 mmol) in anhydrous THF (7 mL) at 0 °C.
The reaction mixture was stirred at rt for 20 h. Then 30% aq. NaOH
(0.69 mL) and 30% H,0; (0.69 mL) were added in succession and
the reaction mixture was stirred at rt for additional 30 min. The
mixture was diluted with EtOAc (50 mL), the organic layer was
washed successively with NH4Cl (satd. aq. solution; 50 mL), H,0
(50 mL), brine (50 mL), dried over MgSO4 and concentrated.
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Column chromatography of the residue on silica gel (PE/EtOAc 6:1)
yielded 24 (0.33 g, 59%) as a colorless oil; [a]3°-18.6 (¢ 0.4, CHC3); Ry
0.75 (PE/EtOAc 2:1); 'H NMR (500 MHz, CDCl3): & 7.20—7.39 (m,
30H, 6 x C6H5), 4.92 (dd, 1H, ]CH,CHZa 7.9 Hz, ]CH.CHZb 3.8 Hz,
PhCHCH,0Bn), 4.83 (dd, 1H, J12ax 9.5 Hz, J1 2eq 2.0 Hz, H-1), 4.77 (d,
1H, J 11.8 Hz, CHaHbPh), 4.74 (d, 1H, J 12.0 Hz, CHaHbPh), 4.69 (d,
1H, J 12.0 Hz, CHaHbPh), 4.64 (d, 1H, J 11.8 Hz, CHaHbPh), 4.60 (d,
1H, J 8.9 Hz, CHaHbPh), 4.58 (d, 1H, ] 9.3 Hz, CHaHbPh), 4.55 (d, 1H, ]
12.3 Hz, CHaHbPh), 4.50 (d, 1H, J 11.6 Hz, CHaHbPh), 445 (d, 1H, J
12.2 Hz, CHaHbPh), 4.42 (d, 1H, ] 12.2 Hz, CHaHbPh), 4.12 (ddd, 1H,
Jia7a 115 Hz, J112 4.3 Hz, Jy10 2.2 Hz, H-1), 3.96 (dd, 1H, J5.¢ 6.7 Hz,
Js.4 3.1 Hz, H-5'), 3.83 (m, 1H, H-3'), 3.78—3.73 (m, 2H, H-2/, H-3'),
3.71 (dd, 1H, Jgem 105 Hz, Jemzacn 7.9 Hz, PhCHCHGH,OBn),
3.66—3.61 (m, 2H, PhCHCH,H,OBn, H-6a), 3.59 (dd, 1H, Jepea
10.3 Hz, Jeb5 5.3 Hz, H-6b), 3.35 (dt, TH, Js.4 9.6 Hz, J5 62 4.9 Hz, J560
4.9 Hz, H-5), 3.14 (dt, 1H, J45 9.3 Hz, J43 9.3 Hz, ] 2.0 Hz, H-4), 2.04
(m, TH, H-1"a), 1.99 (m, 1H, H-2¢q), 1.60 (m, 1H, H-3), 1.38—1.29 (m,
2H, H-1"a, H-2,¢),1.27 (d, 3H, Jg.5 6.7 Hz, H-6'); *C NMR (125 MHz,
CDCls): 8 140.1,138.9,138.7,138.6,138.4,138.4,138.3 (6 X ipso CgHs),
128.5-126.9 (6 x CgHs), 101.5 (C-1), 79.3 (PhCHCH,0Bn), 77.4, 77.4,
77.3,76.2 (C-2/,C-3/,C-4', C-5), 74.9 (PhCHCH,0Bn), 73.6, 73.6, 73.5,
73.3,73.3, 73.2 (5 x PhCHy), 72.5 (C-4), 71.4 (C-6), 69.7 (C-1'), 68.8
(C-5),39.3(C-3),36.8(C-2),31.7 (C-1"),15.6 (C-6'); HRESIMS (m/z):
Calcd for Cs6Hg209Na [M+Na]* 901.4286. Found: 901.4286.

4.19. Methyl 2,3-dideoxy-3-C-[(2,3,4-tri-O-benzyl-a-1-
fucopyranosyl)methyl]-6-0-benzyl-a-p-arabino-hexopyranoside
(26)

The glycoside 24 (0.20 g; 0.23 mmol) was dissolved in THF
(13 mL) and MeOH (12.3 mL), and then HCI (1.5 mL; 3M agq. solu-
tion) was added dropwise. The reaction mixture was stirred at rt for
19 h. After cautious addition of NaHCOj3 (satd. aq. solution) the
solvent was evaporated. The residue was diluted with CHyCl,
(30 mL), washed with NaHCOs3 (satd. aq. solution; 30 mL) and brine
(30 mL). The organic layer was dried over MgSO4 and concentrated.
Column chromatography of the anomeric methyl glycosides 25 on
silica gel (PE/EtOAc 15:1 — 7:1) provided a-anomer 26 (0.13 g; 85%)
as a light yellow oil; [a]3°+15.9 (c 0.3, CHCl3); R 0.5 (PE/EtOAC 2:1);
TH NMR (500 MHz, CDCl3): d 7.38—7.23 (m, 25H, 5 x CgHs), 4.74 (d,
12.0 Hz, CHaHbPh), 4.73—4.68 (m, 2H, CH,Ph, H-1), 4.66—4.56 (m,
6H, CH,Ph), 4.47 (d, 1H, J 11.8 Hz, CHaHbPh), 412—4.04 (m, 1H, H-1/,
H-5'),3.79 (dd, J4 3 4.0 Hz, J4 5 2.9 Hz, H-4'), 3.77—3.68 (m, 5H, H-
2/, H-3', H-5, H-6b), 3.65 (m, 1H, H-6b), 3.34 (s, 3H, OCHs),
3.23-3.31 (t, 1H, J45 9.4 Hz, J43 9.4 Hz, H-4), 1.90 (m, 1H, H-3), 1.83
(m, 1H, H-1"), 1.73 (M, TH, Jaeq2ax 13.5 Hz, ] 4.3 Hz, ] 1.3 Hz, H-2¢q),
1.42-1.50 (dd, 1H, J2eq2ax 13.5 Hz, ] 3.7 Hz, H-24), 1.33 (d, 3H, Jo'5
6.7 Hz, H-6'), 1.32—1.25 (m, 1H, H-1"a); *C NMR (125 MHz, CDCl3):
5 138.8,138.7, 138.5, 138.2 (4 x ipso CgHs), 128.5—127.5 (4 x CgHs),
97.7 (C-1),73.6,73.3,73.2,73.1 (4 x PhCHy), 77.6, 76.7, 75.5, 71.6, (C-
2/, C-3',C-4', C-5), 71.5 (C-4), 70.5 (C-6), 70.0 (C-1"), 69.5 (C-5'), 54.6
(OCH3), 36.7 (C-3), 36.3 (C-2), 33.7 (C-1"), 15.0 (C-6'); HRESIMS (m/
z): Calcd for C4Hs00gNa [M+Na]* 705.3398. Found: 705.3396.

4.20. 1,4-Bis(«a-L-fucopyranosyl)butan (27)

To a solution of 29 (0.274 g; 0.46 mmol) in MeOH (10 mL), Pd/C
(10%; 0.186 g; 1.74 mmol) was added and hydrogenation was carried
out according to the procedure 4.2. The residue was dissolved in
MeOH (5 mL) and solid NaOMe was added till pH 10. The solution
was stirred at rt for 8 h. An excess of base was neutralized with
Dowex 50Wx8, solids were removed and filtrate concentrated to
afford 27 (142 mg; 87%) as a white powder; [a]ﬁ5—79.0 (c0.3,DMS0);
R¢0.17 (CHCl3/MeOH 4:1); 'H NMR (600 MHz, DMSO-d6): 3 4.59 (s,
2H,2x0H-3),4.45(s,2H, 2 x OH-4),4.26 (s, 2H, 2 x OH-2), 3.69—3.58
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(m, 6H,2 xH-5,2 x H-3,2 x H-1),3.51 (t,2H, J43 3.0 Hz, J45 3.0 Hz, 2 X
H-4), 3.48 (dd, 2H, J»3 8.3 Hz, J»; 3.4 Hz, 2 X H-2), 1.54 (dtd, 2H, J
14.1 Hz,] 9.9 Hz, ] 4.4 Hz, 2 x H-7a), 1.42 (ddt, 2H, ] 14.0 Hz,] 9.5 Hz, ]
4.4 Hz, 2 x H-7b), 1.32 (m, 2H, 2 x H-8a), 1.23 (m, 2H, 2 x H-8b), 1.09
(d,6H, J6,5 6.5 Hz, 2 x H-6); >*C-NMR (151 MHz, DMSO-d6): 73.2 (2 x
C-5),70.7 (2x C-2),70.1 (2x C-4),68.5(2x C-3),67.2(2x C-1),25.7 (2
x C-8), 24.8 (2 x C-7), 16.2 (2 x C-6); HRESIMS (m/z): Calcd for
Ci6H300gNa [M+Na]* 373.1833. Found 373.1834.

4.21. 14-Bis(a-p-mannopyranosyl)butan (28)

To a solution of 30 (160 mg; 0.14 mmol) in MeOH (10 mL) was
added Pd/C (10%; 60 mg; 0.56 mmol) and hydrogenation was car-
ried out according to the procedure 4.2. Purification by column
chromatography (CHCI3/MeOH 7:3) afforded 28 (47 mg; 98%) as a
colorless syrup; [a]3’+14.2 (¢ 1.2, MeOH); Rf 0.14 (CHCl3/MeOH
7:3); "H NMR (600 MHz, MeOD): 5 3.93—3.59 (m, 12H, 2 x H-1, 2 x
H-2,2 x H-3, 2 x H-4,4 x H-6), 3.43 (m, 2H, ] 8.8 Hz, ] 5.7 Hz, ] 2.7 Hz,
2 x H-5),1.85—1.73 (m, 2H, 2 x H-7a), 1.59—-1.36 (m, 6H, 2 x H-7, 4 x
H-8). BC-NMR (151 MHz, MeOD): 3 78.9 (2 x C-1), 75.6 (2 x C-5),
73.1,72.8 (2x C-2,2 x C-3),69.3 (2 x C-4), 63.0 (2 X C-6),29.4 (2 x C-
7), 26.6 (2 x C-8). HRESIMS (m/z): Calcd for CigH3001Na [M+Na]*
405.1731. Found 405.1735.

4.22. 14-Bis(2,3,4-tri-O-acetyl-a-L-fucopyranosyl)but-2-en (29)

To a solution of 31 (0.200 g; 0.64 mmol) in CH,Cl; (5 mL), Grubbs
catalyst 2nd generation (27 mg; 0.03 mmol; 5% mol) was added.
The solution was stirred at 40 °C for 3 d. The solvent was evaporated
and the residue was purified by silica gel chromatography (hexane/
EtOAc 2:1) to afford 29 (163 mg; 84%) as a colorless syrup;
[a]%5—79.7 (¢ 0.7, CHCl3); Rr0.14 (hexane/EtOAc 2:1); ratio of isomers
A:B 0.2:0.8; 'H NMR (600 MHz, CDCl3): 5 5.53 (m, 0.4H, Js 7 4.4 Hz,
H-8-A) 5.50 (m, 1.6H, Jg7 3.7 Hz, Jg 7 1.8 Hz, H-8-B), 5.33—5.27 (m,
2H, H-4-A, H-4-B, H-2-A, H-2-B), 5.25 (dd, 0.4H, J32 9.9 Hz, J34
3.4 Hz, H-3-A), 5.22 (dd, 1.6H, J32 9.9 Hz, J3 4 3.4 Hz, H-3-B), 4.25 (m,
0.4H, J1 72 16.5 Hz, J1 7 10.4 Hz, 1 4.7 Hz, H-1-A), 4.22 (m, 1.6H, J1 7
16.5 Hz, J1.75 10.4 Hz, J12 4.7 Hz, H-1-B), 3.98 (dd, 1.6H, J5,6 6.5 Hz, J5 4
1.9 Hz, H-5-B), 3.95 (dd, 0.4H, Js 6.5 Hz, Js4 1.9 Hz, H-5-A),
2.54—2.45 (m, 2H, H-7a-A, H-7a-B), 2.32—2.21 (m, 2H, H-7b-A, H-
7b-B), 2.16, 2.07, 2.03 (3 x 5, 2.4H, 3 x OAc-B), 2.17, 2.10, 2.04 (3 x s,
0.6H, 3 x OAc-A), 1.17 (d, 0.6H, Js 5 6.5 Hz, H-6-A), 1.16 (d, 2.4H, Js 5
6.5 Hz C-6-B); 3C-NMR (151 MHz, CDCl3): d 170.54, 170.14, 169.88
(3 x CH3CO-B), 170.51, 170.09, 169.95 (3 x CH3C0-A), 128.2 (C-8-B),
127.0 (C-8-A), 72.27 (C-1-A), 72.10 (C-1-B), 70.64 (C-2-B), 70.52 (C-
2-A), 68.50 (C-3-B), 68.48 (C-3-A), 68.25 (C-4-B), 68.43 (C-4-A),
65.98 (C-5-A), 65.89 (C-5-B), 29.29 (C-7-B), 24.50 (C-7-A), 20.83,
20.73.20.68 (CH3CO-A, CH3CO-B), 15.91 (C-6-A, C-6-B); HRESIMS
(m/z): Calcd for CagH40014Na [M+Na]*™ 623.2310. Found 623.2314.

4.23. 4-Bis(2,3,4,6-tetra-0-benzyl-a-p-mannopyranosyl)but-2-en
(30)

To a solution of 32 (0.200 mg; 0.35 mmol) in CHxCl; (2 mL),
Grubbs catalyst 1st generation (29 mg; 0.035 mmol; 10% mol) was
added. The mixture was stirred at 40 °C for 3 h under microwave
irradiation. The solvent was evaporated and the residue was puri-
fied by silica gel chromatography (hexane/EtOAc 6:1) to afford 30
(93 mg; 24%) as a colorless syrup; [a]3°+32.1 (c 1.1, CHCl3); Rf 0.26
(hexane/EtOAc 6:1); ratio of isomers A:B 0.5:0.5; 'H NMR
(500 MHz, CDCl3): 3 7.47—7.44 (m, 40H, 8 x CgHs-A, 8 X CgHs-B),
5.43 (m, 1H, Jg7 4.5 Hz, H-8-A), 5.35 (m, 1H, Jg7 4.5 Hz, H-8-B),
4.77—4.44 (m, 8H, 8 x PhCH,0-A, 8 x PhCH,0-B), 4.03—3.92 (m, 2H,
H-1-A, H-1-B), 3.93—-3.82 (m, 2H, H-4-A, H-4-B), 3.82—3.63 (m, 8H,
2 x H-6-A, 2 x H-6-B, H-3-A, H-3-B, H-5-A, H-5-B), 3.62—3.52 (m,
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2H, H-2-A, H-2-B), 2.47-2.14 (m, 4H, H-7-A, H-7-B); '*C-NMR
(125 MHz, CDCl3): d 138.6—138.3 (16 X ipso CgHs), 128.9—127.4 (16 x
CgHs, C-8-A, C-8-B), 75.4 (m, C-2-A, C-2-B), 75.3 (m, C-4-A, C-4-B)
75.0, 73.7 (m, C-3-A, C-3-B, C-5-A, C-5-B), 74.0,73.4, 72.2, 71.6 (8 X
OCH,Ph), 72.8 (m, C-1-A, C-1-B), 69.3 (C-6-A, C-6-B), 33.5 (C-7-A),
29.8 (C-7-B); HRESIMS (m/z): Calcd for CzH76010Na [M-+Na]*
1123.5331. Found 1123.5325.
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Introduction

Interactions between carbohydrates and C-type lectin receptors
(CLRs) are vital to immune responses initiated by dendritic
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Polyvalent C-glycomimetics based on L-fucose or
D-mannose as potent DC-SIGN antagonists+

Benedetta Bertolotti, 2 leva Sutkeviciute,@:tb Martino Ambrosini, (5¢

Renato Ribeiro-Viana,§* Javier Rojo, 29 Franck Fieschi,” Hana Dvofakova,®
Martina Kasakova,? Kamil Parkan,® Martina Hlavackova, (92 Katefina Novakova &
and Jitka Moravcova (2 *2

The C-type lectin DC-SIGN expressed on immature dendritic cells is a promising target for antiviral
drug development. Previously, we have demonstrated that mono- and divalent C-glycosides based on
p-manno and L-fuco configurations are promising DC-SIGN ligands. Here, we described the convergent
synthesis of C-glycoside dendrimers decorated with 4, 6, 9, and 12 «-L-fucopyranosyl units and with
9 and 12 a-p-mannopyranosyl units. Their affinity against DC-SIGN was assessed by surface plasmon
resonance (SPR) assays. For comparison, parent O-glycosidic dendrimers were synthesized and tested, as
well. A clear increase of both affinity and multivalency effect was observed for C-glycomimetics of both
types (mannose and fucose). However, when dodecavalent C-glycosidic dendrimers were compared,
there was no difference in affinity regarding the sugar unit (L-fuco, ICsg 17 pM; b-manno, 1Csq 12 uM). For
the rest of glycodendrimers with L-fucose or b-mannose attached by the O- or C-glycosidic linkage,
C-glycosidic dendrimers were significantly more active. These results show that in addition to the
expected physiological stability, the biological activity of C-glycoside mimetics is higher in comparison
to the corresponding O-glycosides and therefore these glycomimetic multivalent systems represent
potentially promising candidates for targeting DC-SIGN.

cells (DCs). Complex molecular information contained in
glycan structures is read out by CLRs through highly selective
recognition processes. These carbohydrate-CLR complexes
must exist at least as long as the reading of the message
requires. Paradoxically, a single monosaccharide binding to a
single carbohydrate recognition domain (CRD) of a CLR
typically is transient with affinity in the mM range.

.
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Nature overcomes this problem by introducing the avidity, or
multivalency, phenomenon whereby multiple monosaccharide
moieties connected into a complex glycan, that covers the
pathogen particle, interact with several CRDs of a single CLR,
thus enhancing interaction affinity from the mM to nM
range."

dep Lab 5, &
Universidad de Sevilla, Sevilla, Spain

Quimicas (11Q), CSIC -
Although most CLR/pathogen interactions result in protec-

“Laboratory of NMR, Central Laboratories, University of Chemistry and Technology,
Prague, Technicka 5, 166 28 Prague, Czech Republic

IThe Institute of Organic Chemistry and Biochemistry of the Czech Academy of
Sciences, Flemingovo nam. 2, 166 10 Prague 6, Czech Republic

FElectronic supplementary information (ESI) available: MS and NMR character-
ization of new compounds, SPR sensorgrams, inhibition curves, and IC;, values.
See DOIL: 10.1039/c70b00322f

fPresent address: Laboratory for G Protein-Coupled Receptor Biology,
Department of Pharmacology and Chemical Biology, School of Medicine,
University of Pittsburgh, Pittsburgh, PA 15261.

§Present address: Departamento Academico de Quimica, Universidade
Tecnologica Federal do Parana. Av dos Pioneiros, 3131. Londrina, PR, Brazil.

This journal is © The Royal Society of Chemistry 2017

128

tive effects from infections, the opposite outcomes have been
proven for some particular lectin-pathogen interactions. The
most relevant CLR in this context is the dendritic cell-specific
intercellular adhesion molecule-3-grabbing  nonintegrin
(DC-SIGN). This type II tetrameric CLR is overexpressed on the
surface of immature DCs that survey mucosal surfaces.”
DC-SIGN is implicated in promoting some pathogen infec-
tions, including HIV-1 or Ebola.’ Indeed, the discovery”® that
DCs act as local facilitators of productive trans-infection of
T-cells due to DC-SIGN-mediated capture and protection of
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HIV-1 virions within DCs has opened a new perspective for
DC-SIGN in the rational anti-infective drug development.®

In order to compete with multivalent CLR/pathogen inter-
actions successfully, multivalent antagonists have become
promising targets to be developed. Numerous glycoclusters have
already been designed to achieve high affinity binding to
lectins.” The design of DC-SIGN high affinity antagonists is pri-
marily inspired by the structure of its natural ligand, the
branched high-mannose oligosaccharide (Man)y(GIcNAc),, that
is present in pathogen envelope glycoproteins, such as the gp120
of HIV. DC-SIGN can also recognize Lewis antigens such as the
branched trisaccharide Lewis* (Galp(1-4)[Fuca(1-3)]GlcNAc).®

The first multivalent ligands for DC-SIGN were prepared in
2003.” A glycodendrimer structure was based on the hyper-
branched commercially available polymer BoltornH30 present-
ing at the periphery 32 mannose units linked through a succi-
nyl spacer. This polyfunctional glycomimetic exhibited a high
antiviral activity (ICs, = 0.3 pM) in an artificial Ebola virus
infection model. The polydispersity of the Boltorn polymer
was a major drawback of this strategy, so a divergent synthesis
starting from pentaerythritol as a central core was developed.'’
Glycomimetics with an average of 30-32 units of pseudodi- or
trimannosides were then tested using pseudotyped viral particles
presenting the EboGP envelope glycoprotein and a Jurkat cell
line expressing DC-SIGN on the surface. The ICs, values were
found to be in the nanomolar range in both cis and trans infec-
tion assays. A strong difference in the IC5, values for the starting
pseudodimannosides disappeared when presented on dendri-
mers. This fact has been clarified later by a clustering effect."’

The convergent synthesis of dendrimers offers a convenient
approach to well defined polyvalent systems. However, in
general terms, dendrimers made in this way are not as large as
those made by divergent methods because of the major limit-
ation imposed by the crowding around the core due to steric
effects when dendrons have to be conjugated on the core. In

O:

Fig. 1 Structure of mannopyranosyl glycodendrimers.'®
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addition, the coupling step must be very efficient to enable
complete reactions, especially when involving sterically
demanding higher generation dendrons avoiding structural
defects. In this respect, the click chemistry reaction based on
the Cu() catalyzed azide-alkyne cycloaddition (CuAAC) intro-
duced by Sharpless and Meldal'> met the synthetic require-
ments to achieve this goal. Several reviews covering the scope
of the cycloaddition reaction can be found in the literature."?

This strategy was previously employed by some of us for the
synthesis of glycodendrons having 3 and 9 o-t-fucopyranosyl
or a-p-mannopyranosyl units."* The nonavalent glycodendrons
present an azido group at the focal point allowing coupling
with a BODIPY derivative in order to fluorescently label the
systems for internalization and endocytic routing analysis of
these dendrons in DCs.'* Using the convergent approach, tri-
and nonavalent manno dendrons were incorporated also into
virus-like particles bearing up to 1620 glycans.'” These glyco-
dendrimer-protein particles were found to be very active from
low nanomolar up to high picomolar concentrations inhibiting
the infection of Ebola pseudotype virus through competitive
blockage of the DC-SIGN receptor.

Our ongoing research was focused on the development of a
very efficient click chemistry approach to conjugate different
carbohydrate and glycomimetic ligands to a variety of multi-
meric scaffolds with different valences.'® With this approach, a
library of polyvalent constructs was synthesized and the SPR
competition assay revealed a gradual increase of activity
against DC-SIGN when the valence increased.'® For example,
the nonavalent dendrimer M-0-9 displaying nine copies of a-p-
mannopyranose had the IC5, = 128 uM while the IC;5, = 67 pM
was assessed for dodecavalent dendrimer M-0-12 (Fig. 1).

An important issue to be considered when designing
ligands for targeting lectins is their stability under physiologi-
cal conditions. In particular, the stability against glycolytic
enzymes arises because the majority of ligand structures have

O—o )/ \O
(. -
s S
59
O~ Og’

@-D-mannopyranosyl
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been derived from O-glycosides. To overcome this important
drawback, one approach lies in the replacement of the exo-
cyclic oxygen with a carbon to provide C-glycosidic analogues,
which have a high resistance to degradation by glycosidases.'”
Recently we have demonstrated for the first time that divalent
C-disaccharides based on the p-mannose or i-fucose scaffold
can be prospective ligands for the DC-SIGN receptor.'® To
verify if C-pseudoglycosides are adequate candidates for the
construction of multivalent systems, we present here a new
class of potentially stable pseudoglycodendrimers with
different valences. The affinities of these constructs for
DC-SIGN were evaluated by SPR competition assays and com-
pared with their parent O-glycosidic dendrimers.

Results and discussion

The general synthetic strategy was based on the Cu(i) catalyzed
azide-alkyne cycloaddition (CuAAC) reaction'” of polypropar-
gyl core compounds A, B and C with 2-(a-p-mannopyranosyl)
ethylazide (1), 2-(a-L-fucopyranosyl)ethylazide (2), 2-azidoethyl
a-p-mannopyranoside (3) or 2-azidoethyl a--fucopyranoside (4)
(Fig. 2). These cores A, B, C as well as D have been prepared
according to the procedures described previously.'® The struc-
ture of D allows subsequent functionalization by CuAAC reac-
tion with three copies of a carbohydrate azide derivative fol-
lowed by substitution of the chloride attached to the focal posi-

Q\k// \§ %\ J

0
Pl ST e
\ A //D B i \HC i = Mo§1\\\\/N:

Fig. 2 Structure of core polypropargyl compounds and azides used.
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8, a-D-mannopyranosyl
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tion with an azide. Then, it can be clicked again by CuAAC on
polyalkyned cores A, B, or C giving more complex structures
with a higher valency.

2-(a-L-Fucopyranosyl)ethylazide (2) was synthesized from
2-(2,3,4-tri-O-acetyl-o-L-fucopyranosyl Jethanol (5) obtained on a
multi-gram scale from i-fucose by a multistep pathway already
described (Scheme 1).'” For the incorporation of the azido
group, two procedures were tested. A traditional two-step
process via intermediate mesylate 6 gave fucopyranosyl azide 7
in 67% overall yield while direct azidation of 5 with diphenyl
phosphoryl azide and 1,8-diazabicyclo[5.4.0]Jundec-7-ene under
microwave irradiation afforded 7 in excellent yield (90%).>
2-(a-p-Mannopyranosyl)ethylazide (1) was synthesized accord-
ing to the published protocol starting from 2-(2,3,4,6-tetra-O-
acetyl-a-p-mannopyranosyl)ethanol (8).>' The only modifi-
cation in regard to the published approach was the first step
where the 2-(2,3,4,6-tetra-O-acetyl-a-p-mannopyranosyl)prop-1-
ene was obtained from methyl a-p-mannopyranoside using a
silylation-reductive cleavage-deprotection strategy*> adapted
for the manno configuration.'® The alcohol 8 was converted to
the azide 9 by a direct azidation as described above in 84%
yield. The final Zemplén’s deacetylation of both 7 and 9 pro-
duced unprotected azides 2 and 1, respectively. 2-Azidoethyl
glycosides 3”* and 4** were synthesized according to the
known procedures.

The general design of our target dendrimers was based on
two important facts. Firstly, it was already published that
glycodendrons containing up to nine copies of carbohydrate
ligands interact efficiently with the DC-SIGN receptor at the
surface of DCs."* Therefore we primarily focused on dendri-
mers having at least nine C-glycosidic p-mannose or r-fucose
units attached. Secondly, biological tests carried out with our
monovalent and divalent C-glycosidic ligands were completed
indicating r-fuco configuration as a more active ligand in com-
parison with p-manno configuration.'® Moreover, a very minor
affinity improvement of tetra- and hexavalent dendrimers
based on the O-mannopyranosylated scaffold was found.'® In
this context, a full series of L-fuco dendrimers carrying 4, 6, 9,
and 12 units were prepared whilst only two constructs with 9
and 12 p-manno units attached were made.

(o}

HOD/
N3

1, a-D-mannopyranosy!
2, o-L-fucopyranosyl!

NaNs, DMF
86%

6, a-L-fucopyranosyl

Scheme 1 Preparation of azides 1 and 2.
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The previously developed conditions for these Cu(i) cata-

P lyzed azide-alkyne cycloadditions'® were initially applied to

_ O\N A 8 ”)/ the preparation of tetra- and hexavalent dendrimers
= s oo e T (Scheme 2). Constructs having r-fucose units attached either
o ¢ e © X by O-glycosidic (F-O-4, F-O-6) or C-glycosidic bonds (F-C-4,
& A b §\ F-C-6) were isolated in 95% yield. Later on, we found that a
/N ) : combination of copper(i)bromide with TBTA under microwave

O/ i irradiation was more effective for achieving the preparation of

F-0-4 these glycodendrimers with yields in the range of 84-95%

Q. within a reasonable reaction time in the C-manno series

‘N\;nSz N«N'N’O (Scheme 3)."" Trivalent fucosylated chloro dendron F-O-Cl,

J o ﬁ azido dendron F-O-N, mannosylated chloro dendron M-O-Cl

\%\ \jf o tas /_(0\/)(—&0 o Ni'n’o and azido dendron M-O-N'*"* as well as mannosylated nona-
( 5“50‘5"20 O/N of (M-0-9) and dodecavalent (M-0-12) dendrimers'® have been
T T 11 (lN °\ﬂ previously described. The affinity of both dendrimers M-0-9

N-N N

View Article Online

N and M-0-12 against DC-SIGN was already assessed and

J = Q published.®

Hoon 5 HO o All the pseudoglycodendrimers synthesized and the azido

e Q- (wz Fo Q- mon derivatives 6 and 7 were tested by SPR, using a previously
= “ { °\|‘ described procedure.”® The SPR competition assay was carried

out to estimate the potency of the pseudoglycodendrimers to

Scheme 2 Synthesis of tetra- and hexavalent fuco dendrimers. inhibit the binding of the tetrameric DC-SIGN extracellular
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Scheme 3 Synthesis of nona- and dodecavalent fuco and manno dendrimers.
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domain (ECD) to mannosylated bovine serum albumin
immobilized on the sensor chip surface. The assay allows the
determination of the apparent affinity in terms of the ICs,
value and thus, the comparison of test compounds with
parent glycodendrimers and natural ligands p-mannose and
t-fucose. Furthermore, an affinity improvement factor f was
calculated as the relationship ICsg,monosaccharide/valency x
ICs50,dendrimer t0 assess the contribution of valency to the
affinity increase.””

The reference monosaccharides p-mannose and r-fucose
were found to exhibit ICs, values of 3.39 and 2.06 mM respect-
ively which are consistent with our previous results.'®*>2¢
Initially the affinity of azides 1 and 2 was tested in order to
check if the affinity of C-glycosides could be comparable to
those of the parent hexoses. Manno azide 1 (IC5, = 3.95 mM)
has the same apparent affinity for DC-SIGN ECD as its counter-
part p-mannose, so the attachment of the azido ethyl chain at
the anomeric position had no effect on p-mannose binding
properties in 1. In contrast, fuco azide 2 (ICs, = 1.05 mM)
shows two-times stronger affinity to DC-SIGN ECD than its
counterpart r-fucose. We can only speculate that the more
hydrophobic character of the C-1 substituent may be respon-
sible for the increased affinity in the case of fuco azide 2.

All C-fucosyl dendrimers F-C-4 - F-C-12 showed a pro-
portional increase of both affinity and multivalency effect in
the f term (Fig. 3). In contrast, O-fucosylated dendrimers did
not show such a trend and the tetra- and hexavalent dendri-
mers present approximately the same affinity. Surprisingly, the
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Fig. 3 Inhibition activity of studied dendrimers assessed by SPR (A).
Affinity improvement of tested compounds with respect to the corres-
ponding natural monosaccharide o-mannose (f = 1) or L-fucose (§ = 1)
(B).
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system with 12 fucoses (F-0-12) showed an enormous increase
in both affinity and multivalency effect. This observation could
be explained by a clustering capacity of F-O-12. The best
improvement of relative inhibitory potency f values*” was
obtained for F-C-12. Comparing the activities of the constructs
with t-fucose attached by an O- or C-glycosidic bond with the
same valency, the higher affinities were found for
C-glycomimetics. The only exception was the dodecavalent
system F-O-12 displaying 3 times higher affinity than F-C-12.

With respect to the mannosylated series, significantly
higher activities of mannose C-glycoside-based constructs were
observed as compared to the corresponding O-mannosides.
A gradual improvement effect was discovered in both cases;
however, it was more substantial in the C-mannose series.

Comparing the same scaffolds with i-fucose or -mannose
attached by the O- or C-glycosidic linkage, it seems that
C-glycosidic dendrimers present an advantage, which could be
attributed to the free rotation around the C1-CH, bond that
caused more flexible conformations on the periphery of the
dendrimer. Among dodecavalent C-glycosidic dendrimers
(F-C-12 and M-C-12), there is no difference in affinity if the
configuration of the sugar is L-fuco or b-manno.

Conclusions

In conclusion, this work represents a step further in the
design of novel multivalent glycomimetics. We introduced
fully non-hydrolyzable dendrimeric DC-SIGN antagonists
having r-fucose and p-mannose attached by C-glycosidic bonds
to overcome the potential limitation of low physiological stabi-
lity of polyvalent glycoside-based constructs. We extended the
scope of the Cu(i) catalyzed azide-alkyne cycloaddition to the
reaction of novel (i-fuco/p-manno)pyranosylethylazides and
their dendrons with polypropargylated scaffolds. The SPR
assessment proved that the binding properties of these
C-glycosidic ligands against DC-SIGN have been improved sub-
stantially in comparison with parent O-glycosidic constructs.
These results could be the starting point for the synthesis of
new stable ligands for different lectins in the near future.

Experimental part

General methods

'H, *C, COSY, HMQC and HMBC spectra were recorded on a
Bruker DPX-300, DRX-400, DRX-500, or Bruker Advance III 600
(Bruker Corporation, Germany) spectrometer. All spectra were
acquired at 298 K. Chemical shifts are given in §-units (ppm)
and are referenced to TMS. Coupling constants (/) are reported
in Hz. Numbering of atoms is placed in schemes. Optical
rotations were measured with an Autopol VI (Rudolph
Research Analytical, USA) digital polarimeter in appropriate
solvents, at temperature 25 °C and 589 nm sodium line, in a
1 dm cuvette and are given as 10~" deg cm” g™, Concentrations
(c) are given in g per 100 mL. Low resolution ESI-MS was
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carried out using an Esquire 6000 ESI-Ion Trap from Bruker
Daltonics. ESI high resolution mass spectra were recorded
with an LTQ Velos Orbitrap XL (Thermo Fisher Scientific, UK)
instrument equipped with a LockSpray in ES+ and ES— modes
with a mobile phase of 80% methanol. MALDI high resolution
mass analysis was carried out in positive reflectron mode
using a MALDI TOF UltrafleXtremeTM MALDI TOF/TOF
(Bruker Daltonics, Germany) instrument equipped with a
1 kHz smartbeam II laser. 2,5-Dihydroxybenzoic acid was a
matrix substance. Nominal and exact m/z values are reported
in daltons.

General procedure for the CuAAC reaction

In the optimized procedure, the alkynyl compound (1 eq.), tris
[(1-benzyl-1H-1,2,3-triazol-4-yl ) methyl Jamine (TBTA) (1 eq.), a
copper salt (CuBr or CuSO,4-5H,0) (0.1 eq.), sodium ascorbate
(0.4 eq. if Cu(u) salt was used), and the azide derivative (1.1 eq.
per alkyne) were dissolved in THF/H,O (1:1) or CH;CN/H,O
(1:1). The reaction mixture was either stirred at room tempera-
ture under a nitrogen atmosphere and protected from light
or heated in a microwave oven (MW) (Table 1). A copper
scavenger resin, Quadrasil MP, was added to the reaction solu-
tion and stirred for 5 min. After that, the mixture was filtered,
and the resulting solution was loaded directly on a Sephadex
LH-20 column (MeOH as the eluent) to purify the product by
size exclusion chromatography.

General procedure for deacetylation

A 0.1 M solution of NaOMe in MeOH (1 eq.) was added to a
solution of the respective acetate. The reaction mixture was
stirred for 1 h at room temperature and then the pH was
adjusted to 7 by the addition of Dowex 50 x 8 (H') resin, which
was removed by filtration. The solvent was evaporated and the
residue was purified by column flash chromatography on silica.

General procedure for substitution of chloro by an azido group

Sodium azide (large excess) and the corresponding dendrons
(F-O-Cl, F-C-Cl, M-C-Cl) were dissolved in dimethylformamide
(DMF). The mixture was stirred at 60 °C for 3-4 days after the
reaction was complete. After evaporation of the solvent, the
residue was purified on a Sephadex G25 (H,O/MeOH 9/1).

General procedure for SPR competition assay

DC-SIGN extracellular domain (ECD) was expressed in E. coli
as inclusion bodies, refolded and purified as described pre-

Table 1 Reaction conditions for the preparation of dendrons and
dendrimers

Reaction

Product Catalyst ~ Solvent conditions
F-C-Cl, M-C-Cl, cu' CH;CN/H,0 r.t,4h
F-C-4, F-C-6, F-0-4, F-0-6, Cu* THF/H,0 rt,4h
F-0-12

F-C-9, F-C-12, cn' CH;CN/H,0 MW, 20 min
M-C-9, M-C-12 cu*' CH;CN/H,0 MW, 20 min
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viously.”” SPR competition experiments were performed using
a Biacore 3000 instrument, at 25 °C as described pre-
viously.'®*" Briefly, using a Biacore amino coupling kit and
a standard amino coupling procedure, the interaction flow
cell of a sensor chip CM4 was covalently functionalized
with BSA-Mana1-3[Manal-6]Man (Man-BSA), while the refer-
ence flow cell was EDC/NHS-activated and ethanolamine-
deactivated carboxymethyldextran. DC-SIGN ECD alone
(20 pM) or in the presence of increasing concentrations of test
compounds was injected over reference and interaction sur-
faces at a 20 uL min~" flow rate. All samples were prepared in
a running buffer consisting of 25 mM Tris-HCI pH 8, 150 mM
NaCl, 4 mM CacCl, and 0.005% surfactant P20. Binding of
DC-SIGN ECD to the Man-BSA surface was recorded in sensor-
grams. After reference surface correction, DC-SIGN ECD
binding responses for each injection were extracted and nor-
malized to the DC-SIGN ECD alone binding response.
Normalized binding responses were plotted against the com-
pound concentration and ICs, values were calculated from the
resulting competition curves using a 4-parameter logistic
model."®** Each run was repeated twice using two different
ManBSA surfaces.

Synthesis and characterization of compounds

2-(2,3,4,6-Tetra-O-acetyl-a-L-fucopyranosyl)ethylazide (7).
A solution of 5 (1.30 g, 4.1 mmol), diphenylphosphoryl azide
(1.3 mL, 5.7 mmol), and 1,8-diazabicyclo[5.4.0Jundec-7-ene
(852 pL, 5.7 mmol) in DMF (12 mL) was treated under micro-
wave irradiation at 120 °C for 20 min. The solvent was evapo-
rated and the residue was purified by column chromatography
on silica gel (hexane/EtOAc 4/1 to 2/1) to afford azide 7
(1.0 g, 90%).

[a] —94.3 (¢ 1.0, CHCI;), IR (CHCL3) vmax/em™ 2096 (N3).

5 'H NMR (600.1 MHz, CDCl3): 5.32 (1 H, dd, J;, 5.6, />3
9.7, H-2), 5.27 (1 H, b dd, H-4), 5.17 (1 H, dd, J54 3.6, H-3),
4.30 (1 H, ddd, J 14 11.5, J1 11 3.3, H-1), 3.96 (1 H, dq, Js 4 2.6,
H-5), 3.45-3.35 (2 H, m, H-2'), 2.16, 2.08, 2.02 (9 H, 3 s, CH;-
Ac), 2.03-1.95 (1 H, m, H-1%,), 1.72 (1 H, dddd, Jip1a 15.1,
H-1'y), 1.18 (3 H, d, J5 5 6.5, H-6).

5 "*C-NMR (125 MHz, CDCl,): 170.4, 170.1, 169.8 (CO), 70.2
(CH-4), 69.6 (CH-1), 68.5 (CH-3), 68.0 (CH-4), 66.1 (CH-5), 48.0
(CH,-1"), 25.2 (CH,-2"), 20.8, 20.7, 20.6 (CH3-Ac), 15.8 (CH;-6).

HRMS (ESI) for C,4H,;N;O,Na: calc. 366.1272; found
366.1276.

2-(c-L-Fucopyranosyl)ethylazide (2). Deacetylation of 7
(500 mg, 1.45 mmol) followed by purification by column
chromatography on silica gel (CHCI;/MeOH 4/1) afforded azide
2 (294 mg, 93%).

[a]?® —84.6 (¢ 1.0, MeOH). IR (MeOH) vppa/cm™" 2081 (Nj).

5 '"H NMR (600.1 MHz, D,0): § [ppm] 4.05 (1 H, ddd,
Jiz 6.1, Jiga 11.2, Ji 40 3., H-1), 3.92 (1 H, dd, /5 9.5, H-2),
3.86-3.83 (1 H, m, H-5), 3.73-3.70 (2 H, m, H-3, H-4), 3.44-3.39
(1 H, m, H-2"), 3.36-3.31 (1 H, m, H-2), 1.99-1.93 (1 H, m,
Jaan 15.0, H-1',), 1.80-1.76 (1 H, m, H-1',), 1.14 (3 H, d, H-6).

5 *C-NMR (125 MHz, D,0): 73.2 (C-1), 71.7 (C-4), 69.8 (C-3),
67.6 (C-2), 67.3 (C-5), 48.0 (C-2'), 23.0 (C-1), 15.6 (C-6).

This journal is © The Royal Society of Chemistry 2017
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HRMS (ESI) for CgH,;sN;O,Na: calc. 240.0955; found
240.0953.

2-(2,3,4,6-Tetra-O-acetyl-a-p-mannopyranosyl)ethylazide (9).
A solution of 8 (1.54 g, 4.1 mmol), diphenylphosphoryl azide
(1.3 ml, 5.7 mmol), and 1,8-diazabicyclo[5.4.0Jundec-7-ene
(852 pL, 5.7 mmol) in DMF (12 mL) was treated under micro-
wave irradiation at 120 °C for 20 min. The solvent was evapo-
rated and the residue was purified by column chromatography
on silica gel (hexane/EtOAc 4/1 to 2/1) to afford azide 9 (1.22 g,
74%) containing 6% of the f-anomer.

IR (MeOH) tax/cm ™" 2102 (N;).

5 'H NMR (major 9, 600.1 MHz, CDCl;): 5.26 (1 H, dd,
Jan 34, J34 7.7, H-3), 5.17-5.13 (2 H, m, H-4, H-2), 4.45 (1 H,
dd, Jeas 7.0, Jeagn 12.1, H-6a), 4.14 (1 H, dd, Jebs 3.3, H-6b),
4.13-4.08 (1 H, m, H-1), 3.94-3.91 (1 H, m, H-5), 3.49-3.42
(2 H, m, H-2"), 2.13, 2.12, 2.10, 2.08 (12 H, H-Ac), 2.00-1.95
(1H, m, H-1'), 1.85-1.80 (1 H, m, H-1').

5 C-NMR (125 MHz, CDCl;): 170.6, 170.1, 169.8, 169.6
(C=0), 71.4 (CH-5), 70.6 (CH-1), 70.0 (CH-2), 68.3(CH-3), 67.2
(CH-4), 62.0 (CH,-6), 47.5 (CH,2'), 28.6 (CH,-1'), 20.9, 20.8,
20.8, 20.7 (CH;-Ac).

HRMS (ESI) for C,¢H,30oN;Na: cale. 424.1332; found
424.1320.

2-(a-p-Mannopyranosyl)ethylazide (1). Deacetylation of 9
(857 mg, 2.14 mmol) followed by purification by column
chromatography on silica gel (CHCI;/MeOH 4/1) afforded azide
1 (465 mg, 93%).

[@]%’ 1.2 (c 1.0, MeOH). IR (MeOH) vppqc/em™ 2093 (N;).

5 'H NMR (600.1 MHz, D,0): 4.01-3.97 (1 H, m, H-1),
3.86-3.83 (1 H, m, H-2), 3.80 (1 H, dd, Jeas 1.9, Jeaep 121,
H-6a), 3.76 (1 H, dd, /5, 3.2, /54 9.3, H-3), 3.69 (1H, dd,
Jebs 6.1, H-6b), 3.60 (1 H, dd, J4 5 9.3, H-4), 3.50-3.46 (1 H, m,
H-5), 3.45 -3.33 (2 H, m, H-2'), 2.10-2.02 (1 H, m, H-1'),
1.76-1.69 (1 H, m, H-1').

5 C-NMR (125 MHz, D,0): 75.6 (CH-1), 73.9 (CH-5), 71.3
(CH-2), 70.7 (CH-3), 67.3 (CH-4), 61.2 (CH,-6), 47.7 (CH,2'),
26.7 (CH,-1').

HRMS (ESI) for CgH;sN;Os;Na: calc. 256.0904; found
256.0907.

Dendron F-C-Cl. Cycloaddition of 2-(2-chloroethoxy)ethoxy-
methyl tris(2-propynyloxymethyl)methane (D) (64 mg, 0.18 mmol)
with fucopyranosyl azide 2 (128 mg, 0.59 mmol) afforded
dendron F-C-Cl (157 mg, 87%).

[a]?’ —88.4 (c 0.4, MeOH).

5 "H NMR (600.1 MHz, D,0): 8.00 (3H, br s, triazolyl-H),
4.35-4.59 (12 H, m, 2-, 3-CH,), 3.83-3.97 (6 H, m, H-1, H-2),
3.65-3.75 (11 H, m, H-3, H-4, H-5, 8"-CH,), 3.59-3.63 (2 H, m,
9'-CH,), 3.54-3.59 (2 H, m, 7-CH,), 3.46-3.50 (2 H, m, 6-CH,),
3.38-3.46 (6 H, m, 4-CH,), 3.29-3.37 (2H, m, 5-CH,),
2.26-2.37 (3 H, m, 1'a-CH,), 1.07-2.19 (3 H, m, 1'b-CH,), 1.01
(9H,d, J54 6.5, H-6).

5 C NMR (150.9 MHz, D,0):* 73.5 (CH-1), 71.5 (CH-4),
70.8 (CH,-8'), 70.3 (CH,-6), 69.8 (CH-3), 69.5 (CH,-7'), 69.2
(CH,-5'), 68.5 (CH,-4'), 67.4 (CH-2 and CH-5), 63.9 (CH,-3'),
48.0 (CH,-2'), 44.7 (C-centre), 43.4 (CH,-9'), 24.2 (CH,-1"), 15.6
(6-CH3).

This journal is © The Royal Society of Chemistry 2017
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HRMS (ESI) for C,,H,,CINgO,;Na: cale. 1030.4470; found
1030.4475

Dendron F-C-N. A reaction of dendron F-C-Cl (208 mg,
0.21 mmol) with NaN; (137 mg, 2.1 mmol) in DMSO (1.5 mL)
gave the dendron F-C-N (224 mg, 100%).

[a]¥ —56.2 (c 3.1, MeOH).

5 "H NMR (600.1 MHz, D,0): 7.93 (3H, br s, triazolyl-H), 4.49
(6 H, s, 3-CH,), 4.45 (6 H, t, ] 7.0, 2-CH,), 3.85-3.95 (6 H, m, H-1,
H-2), 3.66-3.76 (9 H, m, H-3, H-4, H-5), 3.58-3.62 (2 H, m, 8-CH,),
3.54-3.57 (2 H, m, 7-CH,), 3.46-3.50 (2 H, m, 6-CH,), 3.35-3.40
(8 H, m, 4-CH,, 9-CH,), 3.34 (2H, s, 5-CH,), 2.26-2.37 (3 H, m,
1'a-CH,), 2.07-2.19 (3 H, m, 1'b-CH,), 1.02 (9 H, d, /5 ¢ 6.4, 6-CHj).

5 *C NMR (150.9 MHz, D,0): 144.1 (C-triazolyl), 125.2 (CH-
triazolyl), 73.5 (CH-1), 71.5 (CH-4), 70.5 (CH,-6"), 69.8 (CH-3),
69.6 (CH,-7"), 69.3 (CH,-8'), 69.3 (CH,-5'), 68.4 (CH,-4"), 67.4
(CH-2 and CH-5), 63.5 (CH,-3"), 50.2 (CH,-9'), 47.8 (CH,2'),
44.7 (C-centre), 24.3 (CH,-1"), 15.6 (6-CH3).

HRMS (ESI) for C4,H;(N;,0;;Na: cale. 1037.4874; found
1037.4875.

Dendron M-C-Cl. Cycloaddition of 2-(2-chloroethoxy)ethoxy-
methyl tris(2-propynyloxymethyl)methane (D) (139 mg,
0.39 mmol) with mannopyranosyl azide 1 (229 mg, 1.28 mmol)
afforded dendron M-C-Cl (353 mg, 85%).

[a]? +37.4 (c 0.7, MeOH).

5 'H NMR (600.1 MHz, D,0): 7.96 (3H, br s, triazolyl-H),
4.42-4.54 (12 H, m, 2, 3-CH,), 3.76-3.82 (6 H, m, H-1, H-2),
3.69-3.76 (5 H, m, 8"-CH,, CH,-6a), 3.63-3.69 (6 H, m, CH,-6b,
H-3), 3.57-3.63 (5 H, m, H-4, 9-CH,), 3.53-3.57 (2 H, m,
7'-CH,), 3.43-3.49 (5 H, m, H-5, 6-CH,), 3.37 (6 H, br s,
4'-CH,), 3.33 (2 H, br s, 5-CH,), 2.32-2.41 (3 H, m, 1'a-CH,),
1.97-2.08 (3 H, m, 1'b-CH,).

5 >C NMR (150.9 MHz, D,0): 144.1 (C-triazolyl), 125.3 (CH-
triazolyl), 75.0 (CH-1), 74.1 (CH-5), 71.1 (CH-2), 70.7 (CH,-8'),
70.7 (CH-3), 70.3 (CH,6"), 69.5 (CH,-7"), 69.2 (CH,-5'), 68.4
(CH,-4"), 67.2 (CH-4), 63.5 (CH,-3'), 61.0 (CH,-6), 47.0 (CH,-2'),
44.6 (C-centre), 43.4 (CH,-9), 28.0 (CH,-1').

HRMS (MALDI) for C,;,H;CINgO,,Na: calc. 1078.4318;
found 1078.4323.

Dendron M-C-N. A reaction of dendron M-C-Cl (353 mg,
0.33 mmol) with NaN; (214 mg, 3.3 mmol) gave dendron
M-C-N (361 mg, 100%).

[a]E? +29.0 (c 4, MeOH).

5 'H NMR (600.1 MHz, D,0): 7.96 (3H, br s, triazolyl-H),
4.49 (6 H, s, 3"-CH,), 4.47 (6 H, t, J 6.8, 2-CH,), 3.76-3.82 (6 H,
m, H-1, H-2), 3.70-3.76 (5H, m, H-3, CH,-6b), 3.67 (3H, dd,
J12.2,7 6.0, CH,-6a), 3.57-3.63 (5 H, m, H-4, 8'-CH,), 3.53-3.57
(2 H, m, 7-CH,), 3.43-3.50 (5 H, m, 6-CH,, H-5), 3.34-3.40
(8 H, m, 4-CH,, 9-CH,), 3.34 (2H, s, 5-CH,), 2.33-2.42 (3 H,
m, 1'a-CH,), 1.99-2.09 (3 H, m, 1'b-CH,).

5 ”C NMR (150.9 MHz, D,0): 144.1 (C-triazolyl), 125.3
(CH-triazolyl), 75.0 (CH-1), 74.1 (CH-5), 71.1 (CH-2), 70.7
(CH-3), 70.5 (CH,-6'), 69.6 (CH,-7'), 69.3 (CH,-8'), 69.2 (CH,-5"),
68.4 (CH,-4'), 67.2 (CH-4), 63.5 (CH,-3), 61.0 (CH,-6), 50.2
(CH,-9), 47.1 (CH,-2'), 44.6 (C-centre), 28.0 (CH,-1').

HRMS (ESI) for C4,H;(N;,0,50Na: cale. 1085.4722; found
1085.4720.

Org. Biomol. Chem., 2017, 15, 3995-4004 | 4001
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Dendrimer F-O-4. The reaction of 2-azidoethyl a-L-fucopyra-
noside' (20 mg, 0.08 mmol) with tetrakis(2-propinyloxy-
methyl)methane (A) (5.6 mg, 0.019 mmol) gave dendrimer
F-0-4 (19 mg, 95%).

[a] =71 (c 1, MeOH/H,0 1/1).

5 "H NMR (500 MHz, D,0): 6 8.08 (4 H, s, triazolyl-H), 4.85
(4 H,d, J;, 3.5, H-1), 4.70-4.66 (8 H, m, 2'-CH,), 4.55 (8 H, m,
3'-CH,), 4.08-4.02 (4H, m, 1"-CH,), 3.97-3.92 (4 H, m, 1"-CH,),
3.72 (4 H, dd, J»5 10, J»1 3.5, H-2), 3.65 (4 H, dd, /5, 10, /34 3,
H-3) 3.62-3.59 (4 H, m, H-4), 3.42 (8 H, s, 4-CH,), 3.07-3.02
(4 H, m, H-5), 0.99 (12 H, d, Js 5 6.5, H-6).

5 C NMR (125 MHz, D,0): 144.3 (C-triazole), 125.4 (CH-tri-
azole), 97.8 (CH-1), 71.5 (CH-4), 69.42 (CH-3), 68.2 (CH,-4'),
67.7 (CH-2), 66.4 (CH-5), 65.8 (CH,1), 63.4 (CH,3"), 50.1
(CH,-2), 44.7 (C-centre), 15.2 (CH;-6).

MS (ESI) for C,9HgoN;,0,,Na: calc. 1243.8; found 1244.0.

Dendrimer F-O-6. The reaction of 2-azidoethyl a-.-fucopyra-
noside' (20 mg, 0.08 mmol) with hexapropinyloxymethyl bis-
pentaerythritol (C) (6 mg, 0.013 mmol) afforded dendrimer
F-0-6 (15 mg, 75%).

[a]?? —62 (¢ 1, MeOH/H,0 1/1).

5 "H NMR (500 MHz, D,0): 8.06 (6 H, s, triazolyl-H), 4.83
(6 H, d, ], 4.0, H-1), 4.67-4.62 (12 H, m, 2'-CH,), 4.51 (12 H, m,
3'-CH,), 4.04-3.98 (6 H, m, 1-CH,), 3.95-3.89 (6 H, m, 1-CH,),
3.71 (6 H, dd, /5 5 10.4, J,; 4.0, H-2), 3.64 (6 H, dd, 5, 104, /5 4
3, H-3), 3.59-3.56 (6 H, m, H-4), 3.37 (12 H, s, 4-CH,), 3.24 (4 H,
s, 4H, 5-CH,), 3.05-3.00 (6 H, m, H-5), 0.97 (18 H, d, J 5 6.5, H-6).

5 >C NMR (125 MHz, D,0): 144.3 (C-triazole), 125.4 (CH-tri-
azole), 98.0 (CH-1), 71.5 (CH-4), 69.4 (CH-3), 68.9, 68.4 (CH,-4',
CH,-5"), 67.8 (CH-2), 66.4 (CH-5), 65.9 (CH,-1), 63.6 (CH,-3'),
50.1 (CH,-2'), 45.1 (C-centre), 15.3 (CH3-6).

MS (ESI) for C,6H;,3N;5035: calc. 1880.9; found 1880.3.

Dendrimer F-0-12. The reaction of dendron F-O-N'* (30 mg,
0.02 mmol) with tetrakis(2-propinyloxymethyl)methane (A)
(2.1 mg, 0.007 mmol) gave dendrimer F-0-12 (15 mg, 75%).

[a]f’ —47 (c 1, MeOH/H,0 1:1).

& '"H NMR (500 MHz, D,0): 8.08 (12 H, s, triazolyl-H), 7.96
(4 H, s, triazolyl-H), 4.85 (12 H, s, H-1), 4.69-4.64 (24 H, m,
2'-CH,), 4.58-4.51 (32 H, m, 3-CH,, 9-CH,), 445 (8 H, s,
10-CH,), 4.07-3.99 (12 H, m, 1-CH,), 3.97-3.88 (20 H, m,
1-CH,, 8-CH,), 3.74 (12 H, dd, J,; 4.5, J,; 10.3, H-2), 3.66
(12 H, dd, J54 3.0, J, 5 10.3, H-3), 3.62-3.59 (12 H, m, H-4),
3.57-3.52 (8 H, m, 7-CH,), 3.49-3.45 (8 H, m, 6-CH,),
3.42-3.35 (32 H, m, 4-CH,, 11-CH,), 3.33 (8 H, s, 5-CH,),
3.10-3.05 (12 H, m, H-5), 1.00 (36 H, d, /5 ¢ 6.5, H-6).

5 ’C NMR (D,0, 125 MHz): 144.3 (C-triazole), 125.4 (CH-tri-
azole), 98.1 (CH-1), 71.5 (CH-4), 70.5 (CH,-6'), 69.6 (CH,-7'),
69.5 (CH-3), 68.7 (CH,-5"), 68.4 (CH,-8'), 68.1 (CH,-4', CH,-11'),
67.7 (CH-2), 66.4 (CH-5), 65.9 (CH,-1'), 63.2 (CH,-3', CH,-10"),
50.1 (CH,-2', CH,-9), 44.8 (2 x C-centre), 15.3 (CH;-6).

MS (ESI) for Cig5H300N450g4: cale. 4538.0; found 2291.7
[M + 2Na]*", 1540.7 [M + 3Na]*", 1157.4 [M + 4Na]*",

Dendrimer F-C-4. Cycloaddition of 2-(a-i-fucopyranosyl)
ethylazide (2) (25 mg, 0.115 mmol) with tetrakis(2-propinyloxy-
methyl)methane (A) (7.5 mg, 0.026 mmol) gave dendrimer
F-C-4 (29 mg, 96%).

4002 | Org. Biomol. Chemn., 2017, 15, 3995-4004

135

View Article Online

Organic & Biomolecular Chemistry

[a] —87.2 (c 1.0, MeOH).

5 'H NMR (600.1 MHz, D,0): 7.98 (4 H, br s, triazolyl-H),
4.43 (16 H, br s, 2"-, 3-CH,), 3.85-3.95 (8 H, m, H-1, H-2),
3.64-3.75 (12 H, m, H-3, H-4, H-5), 3.35 (8 H, br s, 4"-CH,),
2.25-2.35 (4 H, m, 1'a-CH,), 2.08-2.17 (4 H, m, 1'b-CH,), 1.00
(12 H, d, J5 4 6.4, H-6).

5 *C NMR (150.9 MHz, D,0):** 73.5 (CH-1), 71.5 (CH-4),
69.8 (CH-3), 68.2 (CH,4), 67.4 and 67.4 (CH-2 and CH-5),
63.9 (CH,-3"), 48.0 (CH,-2'), 44.6 (C-centre), 24.2 (CH,-1'), 15.6
(CH;-6).

HRMS (ESI) for CyoHgoN;,050Na: cale. 1179.5504; found
1179.5506.

Dendrimer F-C-6. Cycloaddition of 2-(o-i-fucopyranosyl)
ethylazide (2) (25 mg, 0.115 mmol) with hexapropinyloxy-
methyl bispentaerythritol (C) (12.5 mg, 0.012 mmol) afforded
dendrimer F-C-6 (22 mg, 95%).

[a]y’ —88.6 (c 1.0, MeOH).

5 '"H NMR (600.1 MHz, D,0): 7.95 (6 H, br s, triazolyl-H),
4.38-4.52 (24 H, m, 2", 3"-CH,), 3.84-3.96 (12 H, m, H-1, H-2),
3.65-3.74 (18 H, m, H-3, H-4, H-5), 3.26-3.45 (12 H, m, 4"-CH,),
3.13-3.45 (4 H, br m, 5-CH,), 2.23-2.36 (6 H, m, 1'a-CH,),
2.06-2.19 (6 H, m, 1'b-CH,), 1.00 (18 H, d, J5 ¢ 6.3, 6-CH,).

5 °C NMR (150.9 MHz, D,0):*® 125.2 (CH - triazolyl, from
HMQC), 73.5 (CH-1), 71.5 (CH-4), 69.8 (CH-3), 68.8 (CH,-5'),
68.2 (CH,-4'), 67.4 and 67.4 (CH-2 and CH-5), 63.7 (CH,-3'),
47.9 (CH,-2'), 45.0 (C-centre), 24.3 (CH,-1'), 15.6 (CH-6).

HRMS (MALDI) for C,H;»,N;s03Na: cale. 1807.8572;
found 1807.8546.

Dendrimer F-C-9. The reaction of dendron F-C-N (25 mg,
0.025 mmol) with 1,3,5-tris(2-propyn-1-yl)oxybenzene (B)
(1.8 mg, 0.0076 mmol) gave dendrimer F-C-9 (22 mg, 89%).
A Sephadex G50 (eluent H,O/MeOH 9/1) was used for the
purification.

[a]% —80.7 (c 0.4, MeOH).

5 '"H NMR (600.1 MHz, D,0):*° 8.03, 7.94 and 7.84 (12 H, br
s, triazolyl-H), 6.19 (3 H, br s, Ph), 5.00 (6 H, br s, 10-CH,),
4.53 (6 H, br s, 9-CH,), 4.51-4.31 (36 H, m, 3'-CH,, 2"-CH,),
3.95-3.72 (24 H, m, H-1, H-2, 8-CH,), 3.77-3.62 (27 H, m, H-3,
H-4, H-5), 3.61-3.58 (m), 3.58-3.53 (m), 3.50-3.43 (m),
3.41-3.31 (m), 3.25 (brs) and 3.19 (brs) (36 H, 7'-CH,, 6-CH,,
4'-CH,, 5"-CH,), 2.37-2.03 (18 H, m, 1'a-CH, and 1'b-CH,), 1.02
and 0.98 (27 H, 2 x d, J¢ 5 6.3, 6-CH).

5 C NMR (150.9 MHz, D,0):** 159.7 (C-Ph), 125.2 and
125.1 (2 x CH-triazolyl, from HMQC), 95.3 (CH-Ph), 73.5
(CH-1), 71.5 (CH-4), 70.4 (CH,-6'), 69.82 and 69.78 (CH-3), 69.6
and 69.3 (CH,-7’), 69.2 and 69.0 (CH,-5'), 68.6 (CH,-8'), 68.43
and 68.36 (CH,-4'), 67.4 and 67.3 (CH-2 and CH-5), 63.6 and
63.5 (CH,-3), 61.2 (CH,-10'), 50.3 and 50.2 (CH,-9'), 47.8
(CH,-2"), 44.8 and 44.7 (C-centre), 24.3 and 24.2 (CH,-1'), 15.61
and 15.55 (6-CH3).

HRMS (MALDI) for Cy4H»3,N36054Na: calc. 3306.5624;
found 3306.5729.

Dendrimer F-C-12. Cycloaddition of dendron F-C-N (25 mg,
0.025 mmol) with tetrakis(2-propinyloxymethyl)methane (A)
(1.6 mg, 0.006 mmol) afforded dendrimer F-C-12 (26 mg,
100%). The reaction was performed under microwave

This journal is © The Royal Society of Chemistry 2017
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irradiation (20 min at 60 °C, then 15 min at 80 °C) and a
Sephadex G50 (eluent H,O/MeOH 9:1) was used for the
purification.

[a] —95.2 (c 0.3, MeOH).

5 "H NMR (600.1 MHz, D,0): 7.91 (12 H, br s, triazolyl-H),
7.88 (4 H, br s, triazolyl-H), 4.30-4.55 (64 H, m, 9'-CH,, 3'-CH,,
2'-CH,, 10'-CH,,), 3.84-3.95 (24 H, m, H-1, H-2), 3.81 (8 H, br t,
8-CH,), 3.62-3.75 (36 H, m, H-3, H-4, H-5), 3.45 (8 H, br s,
7'-CH,), 3.37 (8 H, br s, 6'-CH,), 3.30 (24 H, br s, 4-CH,), 3.22
(8 H, br s, 5-CH,), 2.21-2.33 (12 H, m, 1'a-CH,), 2.04-2.17
(12 H, m, 1'b-CH,), 1.00 (36 H, d, J 6.3, 6-CH3).

5 *C NMR (150.9 MHz, D,0):*® 125.2 (2 x CH-triazolyl,
from HMQC), 73.5 (CH-1), 71.5 (CH-4), 70.4 (CH,-6'), 69.8
(CH-3), 69.7 (CH,-7"), 69.1 (CH,-5"), 68.7 (CH,-8'), 68.4 (CH,-4"),
67.4 (CH-2 and CH-5), 63.8 (CH,-10), 63.7 (CH,3'), 50.1
(CH,9'), 47.8 (CH,-2'), 44.8 (2 x C-centre), 24.3 (CH,-1'), 15.6
(6-CH3).

HRMS (MALDI) for C;45H301N4505,: cale. 4347.1362; found
4347.1236.

Dendrimer M-C-9. The reaction of dendron M-C-N (25 mg,
0.023 mmol) with 1,3,5-tris(2-propyn-1-yl)oxybenzene (B)
(1.7 mg, 0.0071 mmol) afforded dendrimer M-C-9 (20 mg,
82%). The reaction was performed under microwave
irradiation (20 min at 60 °C) and a Sephadex G50 (eluent
H,0/MeOH 9/1) was used for the purification.

[l +12.3 (c 0.15, MeOH).

5 'H NMR (600.1 MHz, D,0): 8.05 (3 H, br s, triazolyl-H),
7.90 (9 H, br s, triazolyl-H), 6.15 (3 H, br s, Ph), 5.00 (6 H, br s,
10-CH.), 4.53 (6 H, br s, 9-CH,), 4.27-4.46 (36 H, m, 3'-CH,,
2'-CH,), 3.84 (6 H, br s, 8-CH,), 3.62-3.81 (45 H, m, H-1, H-2,
H-3, 6a-CH,, 6b-CH,), 3.60 (9H, dd, J 9.0, J 9.0, H-4), 3.39-3.50
(15 H, m, 7"-CH,, H-5), 3.35 (6 H, br s, 6-CH,), 3.25 (18 H, br s,
4'-CH,), 3.19 (6H, br s, 5-CH,), 2.25-2.41 (9 H, m, 1'a-CH,),
1.88-2.01 (9 H, m, 1'b-CH,).

5 ’C NMR (150.9 MHz, D,0):*® 159.6 (C-Ph), 125.7 and
125.4 (2 x CH-triazolyl, from HMQC), 95.3 (CH-Ph), 75.0
(CH-1), 74.1 (CH-5), 71.1 (CH-2), 70.7 (CH-3), 70.4 (CH,-6'),
69.8 (CH,7'), 68.9 (CH,5'), 68.6 (CH,-8), 68.4 (CH,4'),
67.2 (CH-4), 63.7 (CH,-3), 61.3 (CH,-10'), 61.0 (6-CH,), 50.1
(CH,-9'), 47.0 (CH,-2'), 44.8 (C-centre), 28.1 (CH,-1').

HRMS (MALDI) for Cy41H,53N36063: cale. 3428.5347; found
3428.5295.

Dendrimer M-C-12. The reaction of dendron M-C-N (25 mg,
0.023 mmol) with tetrakis(2-propinyloxymethyl)methane (A)
(1.5 mg, 0.0053 mmol) gave dendrimer M-C-12 (21 mg, 85%).
The reaction was performed under microwave irradiation
(20 min at 60 °C) and a Sephadex G50 (eluent H,O/MeOH 9/1)
was used for the purification.

[a]¥ +10.5 (¢ 0.1, MeOH).

5 'H NMR (600.1 MHz, D,0): 7.93 (12 H, br s, triazolyl-H),
7.88 (4 H, br s, triazolyl-H), 4.30-4.55 (64 H, m, 9'-CH,, 3'-CH,,
2'-CH,, 10"-CH,,), 3.77-3.82 (20 H, m, 8-CH,, H-1), 3.74-3.77
(12 H, m, 6a-CH,), 3.73-3.74 (12 H, m, H-2), 3.70-3.73 (12 H,
m, H-3), 3.68-3.71 (8 H, m, 11-CH,), 3.65 (12 H, dd, J 12.4,
] 6.3, 6b-CH,), 3.60 (12 H, dd, J 9.0, ] 9.0, H-4), 3.41-3.49 (20 H,
m, 7-CH,, H-5), 3.36 (8 H, br s, 6-CH,), 3.29 (24 H, br s,

This journal is © The Royal Society of Chemistry 2017
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4-CH,), 3.21 (8 H, br s, 5'-CH,), 2.29-2.39 (12 H, m, 1'a-CH,),
1.95-2.05 (12 H, m, 1'b-CH,).

5 *C NMR (150.9 MHz, D,0): 125.2 (2 x CH-triazolyl, from
HMQC), 75.0 (CH-1), 74.1 (CH-5), 71.1 (CH-2), 70.7 (CH-3),
70.4 (CH,6"), 69.7 (CH,-7'), 69.0 (CH,-5'), 68.7 (CH,-8'), 68.3
(CH,-4'), 67.2 (CH-4), 63.7 (CH,-10'), 63.6 (CH,3'), 61.3
(CH,-11'), 61.0 (6-CH,), 50.1 (CH,9'), 47.0 (CH,-2"), 44.7 and
44.8 (2 x C-centre), 28.1 (CH,-1').

HRMS (MALDI) for C;35H301N450g4: calc. 4539.0752; found
4539.0891.
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ABSTRACT: The development of effective protection Anyl-C-Glycosides
strategies is essential in the synthesis of complex carbohy- o o._ Gglhor §Bik oA
drates and glycomimetics. This article describes a versatile POl & BUL) = Hoj-/\‘j:

. HO' PGO HO' OH
four-stage protocol for the synthesis of a- or f-aryl-C- - &a H
glycosides from unprotected p-glycals using two acetal o-glucal ———— Accesse 09160
protecting groups, ethoxyethyl and methoxypropyl, which Ma‘;;mm “PG=/\DJ§( or \o><'/ Songurmilans: ;@Tm |

are stable under harsh basic conditions and convenient for the
C-1 metalation of glycals. Their stability was investigated in
subsequent cross-coupling reactions with 1-iodonaphthalene followed by oxidative/reductive transformations to naphthyl-C-
glycosides.

W INTRODUCTION Previous works:
Recent development of glycobiology’ has increased the need [ R = TIPS, (t-Bu);Si, Me,C, TES, TBS or MOM ]
for the synthesis of structurally defined carbohydrates and their - : .
analogues. Among them, C-glycosides® are important ana- o, |-require 3-6 equivalents of -BuLi

3 Tiag g a RO - expensive or multistep protection
logues of carbohydrates, which exhibit high stability toward || |- complicated deprotection (problems with
chemical and enzymatic hydrolysis and include many bioactive RO purification)

natural products’ and commercial drugs. Because of their OR -ingon\;enierf!t.'fgrsftflrnherclgansformaﬁon
= e - 3 - migration o om

stablht.y anfl broad range of biological activities, access to C: - notimiversal across pyranoid giycals

glycosides is of great importance.

Several common synthetic approaches,”"*" including This work:
methods using cationic, anionic, or radical sugar species, as
well as methods using de novo construction of the sugar or
aromatic moiety for the synthesis of aryl-C-glycoside scaffolds, o _ - .
were used in the past. However, these methods are often hard RO | :m‘;’;e 3.5 equivalents of +-BuLi
to carry out stereoselectively and are not universal across sugar RO - easy introduction and deprotection
substrates. Therefore, alternative approaches including tran- OR |- convenient for further transformation
sition-metal-mediated cross-coupling reactions™”"*" (Heck, - universal across pyranoid glycals

Suzuki, Stille, and Negishi-type reactions) have been developed
for the synthesis of C-glycosides employing metalated glycals Figure 1. Protecting groups that survive metalation of p-glucal and p-

and aromatic electrophiles as key starting materials. Never- galactal by t-BuLi.

theless, the preparation of 1-metalated glycals usually relies

upon the lithiation of the C-1 position of protected glycals by a for glycal deprotonation, presumably due to complexation
strong base. Lithiation conditions are harsh, and some effects. Besides that, the deprotection of silyl ethers with tetra-
common protecting groups such as benzyl* or tert- ‘n-burylamr.nonium fluoride is usually complicated by.prob]ems
butyldimethylsilyl (TBS)Sh'C ethers compete for lithiation. in separating the product from tetrabutylammonium salts.

Several protecting groups that survive the metalation of glycals Moreover, sily.vl ethers are not universal protecting groups

by t-BuLi have been _gl'aduallz’ developed (triisopropylsilyl,” di- across pyranoid substrates (p-glucal, p-galactal, etc.), which

tert-butylsilylene,"™” TBS,**** tert-butyldiphenylsilyl,*" trie- makes it necessary to discover the efficient combination of

thylsi?'l,m methoxymethyl (MOM),”"" and isopropyli-
1

dene'"'?), but they all suffer from one or more disadvantages, Received: May 4, 2018

which precludes their general applicability (Figure 1). These Accepted: June 20, 2018

include, for example, the requirement of 3—6 equiv of t-BuLi Published: July 16, 2018
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Scheme 1. Preparation of MOP- and EE-Protected p-Glycals 2a—b and 3a—b“"

MOP = 7s><o/

methoxypropy!

o

3a 79%

EE= “szj\o/\

ethoxyethyl

0}

EEO
EEO"
OEE
2b 95%
o
EEO |
EEO
OEE
3b87%

“2-Methoxypropene, Py-TsOH, dichloromethane (DCM), or dimethylformamide (DMF); 0—25 °C; 1—-12 h. bEthyl vinyl ether, Py-TsOH, DCM;

0-25 °C; 1.5—-12 h.

protecting groups for each application. Next, silyl groups are
quite expensive for multigram synthesis and the combination
of MOM and isopropylidene groups requires multistep
protection. Finally, silyl ether-protected cross-coupling prod-
ucts are often inconvenient for further transformation to a- or
p-C-glycosides, presumably due to the bulkiness of the
protecting groups and for ring-strain reasons.”™'* In view of
the aforementioned, it is obvious that the development of
alternative protection strategies would facilitate progress in the
synthesis of aryl-C-glycosides from glycals.

B RESULTS AND DISCUSSION

We have found that the utilization of rarely used ethoxyethyl'*
(EE) or methoxypropyl'® (MOP) acetal protecting groups
(Figure 1) offers several advantages. Although these protecting
groups have been used for orthogonal protection in
carbohydrate chemistry, their use for glycals has not yet been
described. Specifically, EE and MOP protecting groups are
cheap and enable mild conditions for their introduction and
removal. Nevertheless, they are stable under strong basic
conditions. This article suggests that EE and MOP can be
universal protecting groups across pyranoid glycals and
convenient for further transformation of cross-coupling
products to the corresponding a- or f-C-glycosides.

First, we investigated the reaction conditions for the
preparation of fully protected glycals 2a—b and 3a-b.
Specifically, we investigated commercially available p-glucal
1a and p-galactal 1b, which reacted under standard conditions
with 2-methoxypropene'® or ethyl vinyl ether'” in the presence
of pyridinium tosylate, yielding fully protected glycals 2a—b
and 3a—b in 79—-95% yields. Remarkably, the reaction of 2-
methoxypropene with cis-1,2-diol such as p-galactal 1b leads to
the formation of isopropylidene acetal on the secondary
hydroxyls (3a), whereas the reaction with trans-1,2-diol such as
Dp-glucal 1a introduces MOP groups selectively. In the reaction
with ethyl vinyl ether, no such selectivity has been observed
and per-EE products have been obtained in both cases
(Scheme 1). Surprisingly, the subsequent reaction of 3a with ¢-
BuLi formed racemic open-chain enone 4 in 81% yield (the

7876

140

enantiomeric composition was determined by derivatization by
(S)-Mosher’s acid and NMR analysis (see Supporting
Information (SI) Chapter 2, Scheme 2)).

Scheme 2. Reaction of 3a with t-BuLi

MOPO o 35 eq. tBuLi o o
| MOPO. X
THF
o

4 81%, racemate

-

Next, since the protection of glycals with ethyl vinyl ether
produced fully protected glycals as a mixture of eight possible
diastereoisomers, it was crucial to find a simple and efficient
method to prove the structure of these compounds by NMR.
Therefore, we first attempted to deprotect EE glycals 2b and
3b using 5% (v/v) trifluoroacetic acid (TFA) in MeOH-d,
directly in the NMR tube; however, this method suffered from
partial decomposition of substrates. Fortunately, switching the
5% TFA to 10% (v/v) CD;COOD in MeOH-d, and heating
the mixture to 50 °C for 0.75—2 h in the NMR tube enabled
the complete cleavage of EE groups. Using this in situ
deprotection protocol, we were able to confirm the structure of
EE-protected compounds by NMR (for details, see the SI,
Chapter 4).

Since our interest was focused on the synthesis of C-
glycosides using Suzuki and Stille reactions, fully protected p-
glucals 2a—b and p-galactal 3b were converted into 1-lithiated
intermediates by treatment with t-BuLi and then reacted with
Bu;SnCl or iPrOBPin, followed by quenching with water. In all
cases (Table 1, entries 1—6), the reaction proceeded cleanly,
providing the desired compounds Sa—b, 6a—b, 7, and 8 in
almost quantitative yields (Table 1). The deprotonation of
vinylic C1—H by t-BuLi usually requires 3—6 equiv of base."®
Therefore, it was important to find the optimal lithiation
conditions for the preparation of organometalated glycals with
EE and MOP protecting groups. We performed a series of
lithiation experiments on protected p-glucals 2a—b with -

DOI: 10.1021/acsomega.8b00901
ACS Omega 2018, 3, 7875-7887
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Table 1. Preparation of Metalated Glycals Sa—b or 6a—b and 7—8

(o)

PGO 3.5 eq. t-BuLi
R,
OPG
D-glucal 2a-b Ry = OPG, R; = H
p-galactal 3b Ry =H, R, = OPG
entry derivative PG

1 p-glucal, 2a MOP
2 p-glucal, 2a MOP
3 p-glucal, 2b EE
4 p-glucal, 2b EE
N p-galactal, 3b EE
6 p-galactal, 3b EE

“Crude product. “Isolated yield.

5a-b R, = OPG, Ry = H
6a-b R; = OPG, R, = H
78 R;=H,R,=0PG

E* E product, yield (%)
iPrOBPin BPin Sa, (94)°
Bu;SnCl SnBuy 6a, (93)"
iPrOBPin BPin 5b, (81)°
Bu;SnCl SnBu, 6b, (90)"
iPrOBPin BPin 7, (90)“
Bu;SnCl SnBu; 8, (69)"

BulLi, followed by deuteration with D,0O. In both cases, direct
deprotonations of C1—H required 3.5 equiv of t-BuLi (see the
SI, Chapter 1). No evidence of competing deprotonation on
MOP or EE protecting groups was observed.

In our systematic study of EE and MOP protecting groups,
we also tested the performance of the substituted glycals Sa—b,
6a—b, 7, and 8 in cross-coupling reactions. As model reactions,
we investigated Suzuki—Miyaura and Stille reactions with 1-
iodonaphthalene (Table 2). The Suzuki—Miyaura reaction of

Table 2. Preparation of Protected 1-Naphthyl-C-glycals 9a—
b and 10

O.-E
PGO | _condiions A-D_PGO
Ry 1-iodonaphthalene R4
Ry R?
OPG

5a-b R; = OPG, R, = H
6a-b Ry = OPG, R, = H

OPG
9a-b R; = OPG, R, = H

7,8 Ry=H,R;=0PG 10 R;=H,R,=0PG
entry  derivative PG E conditions  product, yield (%)“

1 Sa MOP BPin A 9a, (86)

2 6a MOP  SnBu, B 9a, (76)

3 Sb EE BPin A 9b, (79)

4 6b EE SnBu, B 9b, (93)

S 4 EE BPin A 10, (72)

6 EE SnBu, B 10, (87)

7 2b EE H C 9b, (43)

8 2b EE H D 9b, (20)

“Isolated yield; reaction conditions: (A) Pd(PPh;),Cl, 1,2-
dimethoxyethane (DME), Na,CO;, 80 °C; (B) Pd(PPh;),, toluene,
120 °C; (C) (1) t-BuLi, InCly, tetrahydrofuran (THE), (2)
Pd(Ph,P),Cl,, reflux; (D) (1) t-BuLi, ZnCl,, THEF, (2) Pd(Ph,P),.

1-pinacolboronates Sa, Sb, and 7 was performed under our
previously published conditions™ (conditions A). In all cases,
the expected cross-coupling products 9a, 9b, and 10 were
obtained in high yields of 72—93% (Table 2, entries 1, 3, and
S).

The Stille reaction was carried out under standard
conditions.'” Specifically, PA(PPh;), was used as a catalyst
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and the reaction was heated at 120 °C for 12 h in toluene as
the solvent. In these cases, the corresponding 1-stannylglycals
6a, 6b, and 8 were again converted to naphthyl-C-glycals 9a,
9b, and 10 in high yields of 72—86% (Table 2, entries 2, 4, and
6). Finally, we decided to prove the compatibility of the EE
protecting groups of 2b in Negishi-type’” and In-mediated™
coupling reactions with 1-iodonaphthalene (Table 2, entries 7
and 8). In both cases, the cross-coupling product 9b was
isolated in 20—43% yields. These low yields were probably
caused by the instability of EE protecting groups in the
presence of zinc and indium Lewis acids after quenching with
water.

In the next step, we investigated whether these protected
cross-coupling products 9a, 9b, and 10 with a reactive
endocyclic double bond can be deprotected without damaging
the glycal double bond. To our surprise, the fully protected
gluco derivative 9a with MOP protecting groups was converted
to free enol ether 12 by stirring in the mixture of 1% acetic acid
and THF overnight. Similarly, the free cross-coupling product
12 was achieved after the treatment of the EE-protected
derivative 9b with a mixture of 20% aqueous acetic acid and
THF (Scheme 3).

Since the control of the stereochemistry of C-glycosides is
essential for the preparation of the desired stereoisomer, it was
necessary to confirm that the EE- and MOP-protected
derivatives 9a—b are stable during stereoselective trans-
formations,””*' leading to a@- or f-aryl-C-glycosides. Com-
pounds 9a and 9b with MOP and EE protecting groups served
as model compounds. It was found that hydroboration of the
double bond in 9a and 9b with the BH;THF complex
followed by oxidation with alkaline hydrogen peroxide and
deprotection with diluted acetic acid in THF gave directly aryl-
p-C-glycoside 11 as a single stereoisomer in high overall yields
(Scheme 3). The opposite anomer, naphthyl-a-C-glycoside 13,
was obtained by epoxidation of the double bond with
dimethyldioxirane (DMDO), followed by the cleavage of the
formed epoxide ring with lithiumtriethylborohydride (Li-
BEt;H). The stereochemical outcome of these transformations
is consistent with results previously reponed on the substituted
glucal unit bearing benzyl ether’** or silyl ether®*
protection. The reactions mentioned above were also carried
out with the free cross-coupling product 12; after hydro-
boration, f-C-glycoside 11 was obtained in high 84% yield
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Scheme 3. Transformations of the Glucal Double Bond to a- or f-Aryl-C-glucosides 11 or 13“"

1. BH3 THF

2. NaOH, H,0,

(3. deprotection)

“'OH

H
1 78% from 9a®
82% from 9b°
84% from 12
OPG
1. DMDO, CH,Cly, 0° c
9a PG = MOP 2Clz,
91%.[9!; PG = EE A T _2.LiBHEt, THF ‘
12PG=H ~J9% 3 jerrorection 0" N
OH
64% from 9a®
69% from 9b®

“1% AcOH/THF (1:1). “20% AcOH/THF (1:1).

Scheme 4. Preparation of Aryl-C-galactosides 14 and 16“"

1. BH3.THF

2. NaOH, H,0,

(3. deprotection)

HO
HO'

“OH

H
% 69% from 10°
75% from 15

CC

OPG
1. DMDO, CH,Cl, 0°C
10 PG =EE 4 ot ol OH
15PC=H _]90%* 2. LiBHEt, THF HO OH
3. deprotection HO' “OH
OH

“10% AcOH in MeOH. “20% AcOH/MeOH (1:1).

16 52% from 10°

(Scheme 3). On the other hand, the transformation of 12 to a-
anomer 13 failed.

Finally, the protected 1-naphthylgalactal 10 was subjected to
subsequent stereoselective transformation. As we assumed,
hydroboration of derivative 10 with the BH; THF complex
and deprotection with a mixture of 20% aqueous acetic acid
and THF provided free aryl-f-C-glycoside 14 in 69% overall
yield (Scheme 4).

Additionally, we also tested the Werz protocol,”* which was
supposed to lead to f-aryl-C-galactoside 14 using DIBAL-H
and LiAlH, for the opening of the epoxide ring. In both of
these cases, the expected derivative 14 was obtained after
deprotection. The free aryl-f-C-glycoside 14 was also obtained
by the hydroboration of the free cross-coupling product 15. As
before, we decided to transform the coupled product 10 to the
opposite naphthyl-a-C-glycoside. Although the product of the
DMDO epoxidation of derivative 10 was confirmed, the
subsequent opening of the formed epoxide ring with
lithiumtriethylborohydride failed and derivative 16 with an
opened galactose ring was isolated under the standard
deprotection conditions. Even though various attempts to
modify reaction conditions, workup procedures, and hydride
sources were made, the desired a-C-galactoside with a closed
sugar ring was not obtained (Scheme 4).
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B CONCLUSIONS

In conclusion, we have introduced ethoxyethyl and methox-
ypropyl acetals as effective protecting groups for a straightfor-
ward and stereoselective synthesis of a- or f-naphthyl-C-
glycosides. We have established that uniformly EE- and MOP-
protected p-glycals are compatible with harsh basic conditions
and are universal protecting groups for both p-glucal and p-
galactal. Their stability was also proven in the subsequent Pd-
catalyzed cross-coupling reactions and the ensuing oxidati-
ve—reductive transformation. We have also found that the
complete removal of all EE or MOP groups is high yielding
and effective under mild acidic conditions. We assume that this
work can be extended to the synthesis of a wide range of aryl-
C-glycosides.

B EXPERIMENTAL SECTION

General Experiment. All reactions using anhydrous
conditions were performed using flame-dried apparatus under
an atmosphere of argon. Standard inert techniques were used
in handling all air and moisture sensitive reagents. Anhydrous
THF and CH,Cl, were obtained by distillation using CaH, as a
drying agent. Other anhydrous solvents were used directly as
received from commercial suppliers. All other solvents were
used as supplied (Analytical or high-performance liquid
chromatography grade), without prior purification. Reagents
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were purchased from various commercial suppliers and used as
supplied, unless otherwise indicated. Distilled water was used
for chemical reactions. “Hexane” refers to the fraction of
hexane boiling in the range 68—72 °C. Brine refers to a
saturated solution of sodium chloride. Anhydrous magnesium
sulfate (MgSO,) was used as a drying agent after reaction
workup, as indicated.

Solution of DMDO in acetone was obtained according to a
literature procedure,” stored at —20 °C under argon
atmosphere, and used in 2 days after distillation at the latest.
Column chromatography was carried out using Material
Harvest silica gel (pore size 60 A, mesh 230—-400 (40—63
pm)). Thin-layer chromatography (TLC) was carried out
using Merck TLC Silica gel 60 F,5, aluminum plates.
Visualization of the TLC plates was achieved using a UV
lamp Spektroline-ENF-240/F (Spectronics Corporation West-
bury) (4. = 254 nm) and/or by spraying with cerium(IV)
sulfate solution (1% in 10% H,SO,). Mobile phases are
reported in relative composition (e.g., hexane/EtOAc 1:1 v/v).
All 'H and “C NMR spectra were recorded using a Bruker
Avance IIT 400 (401.0 MHz for 'H; 100.8 MHz for '*C) or
Bruker Avance III 500 (500.0 MHz for 'H; 125.7 MHz for
13C) spectrometers. 'H and *C resonances were fully assigned
using H,H-COSY, H,C-HSQC, and H,C-HMBC techniques.
All chemical shifts are quoted on the & scale in ppm and
referenced using residual 'H solvent signal in "H NMR spectra
(6(CHCl;)) = 7.26 ppm, 6(CD,HOD) = 331 ppm, &-
(CD,HCOCD;) = 2.05 ppm, and §(CD,HSOCD;) = 2.50
ppm) and *C solvent signal in '*C NMR spectra (§(CDCly) =
77.0 ppm, 5(CD;0D) = 49.0 ppm, 5(CD;COCD;) = 29.8
ppm, and 5((CD3),S0) = 29.7 ppm). Coupling constant () is
reported in Hz with the following splitting abbreviations: s =
singlet, d = doublet, t = triplet, q = quartet, and m = multiplet.
IR spectra were recorded on a Thermo Scientific Nicolet 6700
spectrometer. Absorption maxima (v,,,) are reported in
wavenumbers (cm™).

High-resolution mass spectra were measured on a LTQ
Orbitrap XL (Thermo Fisher Scientific) spectrometer using
electrospray ionization technique. Nominal and exact m/z
values are reported in Daltons.

Optical rotations were measured on an AUTOPOL IV
(Rudolph Research Analytical,) polarimeter at temperature 20
°C and 589 nm sodium line with a path length I of 1.0 dm.
Concentration ¢ is given in g/100 mL. Specific rotation values
are reported as a unitless number with implied units of (deg
mL)/(g dm). Melting points (mp) were recorded on a Kofler
hot-stage microscope and are reported uncorrected in degrees
Celsius (°C).

1,5-Anhydro-3,4,6-tri-O-(2-methoxypropan-2-yl)-p-arabi-
no-hex-1-enitol (2a). To a stirred solution of p-glucal 1a (5 g
3421 mmol, 1 equiv) in anhydrous CH,Cl, (50 mL) were
added 2-methoxypropene (19.66 mL, 205.28 mmol, 6 equiv)
and Pyr-TsOH (860 mg, 3.42 mmol, 0.10 equiv) at 0 °C under
an argon atmosphere. The resulting heterogeneous reaction
mixture was stirred for 3 h at the same temperature, during
which it turned homogeneous. Et;N (S mL) was added, and
the resulting mixture was stirred for another 20 min at room
temperature (RT) and then diluted with CH,Cl, (300 mL).
The organic layer was washed with H,O (3 X 200 mL), dried
over MgSO,, filtered, and concentrated in vacuo. The residue
was purified by column chromatography on silica gel (hexane/
EtOAc 15:1, 1% Et;N) to give MOP-glucal 2a (10.46 & 84%)
as a colorless oil: Ry = 0.47 (hexane/EtOAc 4:1); [a]p™ —28.6
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(c 0.3, CHCL); 'H NMR (401.0 MHz, DMSO-dy): 1.24,
1.245, 1.25, 1.29, 1.30 (5 X 5, 18H, (CHj;),C); 3.09, 3.15 (2 X
s, 9H, CH;0); 347 (dd, 1H, Ja6, = 107, Jgs = 4.3, H-6b);
3.67 (dd, 1H, Je, 6 = 10.7, Js, s = 8.2, H-6a); 3.80 (dt, 1H, J5, =
8.3, J34 = J35 = 2.0, H-3); 3.94 (td, 1H, J;3 = J;5 =20, J;, =
1.6, H-4); 414 (ddt, 1H, J5, = 822, Jsq = 4.3, Js = 2.0, H'S);
475 (ddd, 1H, J,,, = 6.4, ],y = 5.3, J,,4 = 1.6, H-2); 6.38 (d, 1H,
Ji2 = 6.4, H-1); °C NMR (100.8 MHz, DMSO-dg): 24.3, 24.5,
25.0, 25.05, 25.08, 25.2 ((CH,),C); 47.8, 48.7, 49.0 (CH,0);
58.9 (CH,-6); 61.6 (CH-3); 67.2 (CH-4); 76.9 (CH-5); 99.5,
100.3 ((CH;),C); 100.4 (CH-2); 101.0 ((CH,;),C); 143.5
(CH-1); IR (CHCL): v, 3069, 2996, 2945, 2832, 1647,
1464, 1382, 1373, 1250, 1184, 1151, 1097, 1070, 1044, 1027,
1014, 909, 864, 839, 572, 528, 505 cm™'; HRMS (ESI) m/z
[M + Na]* calcd for C,sH;,0,Na 385.2197, found 385.2198.
1,5-Anhydro-3,4,6-tri-O-(ethoxyethyl)-o-arabino-hex-1-
enitol (2b). To a stirred solution of p-glucal 1a (2 g, 13.69
mmol, 1 equiv) in anhydrous CH,Cl, (30 mL) were added
ethyl vinyl ether (7.86 mL, 82.11 mmol, 6 equiv) and Pyr-
TsOH (344 mg, 1.37 mmol, 0.10 equiv) at 0 °C under an
argon atmosphere. The resulting heterogeneous reaction
mixture was stirred for 20 h at room temperature, during
which it turned homogeneous. The resulting mixture was
diluted with CH,Cl, (250 mL). The organic layer was washed
with H,O (3 X 200 mL), dried over MgSOy, filtered, and
concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane/EtOAc 6:1 to 3:1) to
give EE-glucal 2b (4.7 g, 95%) as a colorless oil: R; = 0.53
(hexane/EtOAc 3:1); '"H NMR (401.0 MHz, CDCL,): 1.16—
121 (m, 9H, CH,CH,0); 128-134 (m, 9H, CH,CH);
3.43—3.94 (m, 8H, H-4,6, CH;CH,0); 4.03—4.20 (m, 2H, H-
3,5); 4.69—5.00 (m, 4H, H-2, CH,CH); 6.35—6.43 (m, 1H, H-
1); C NMR (1008 MHz, CDCly): 15.19, 15.22, 15.24,
15.27, 15.28, 15.30, 15.31 (CH,CH,0); 19.73, 19.76, 19.77,
19.78, 19.80, 19.83, 20.30, 20.31, 20.33, 20.34, 20.42, 20.44,
20,51, 20.55, 20.57, 20.58, 20.60 (CH,CH); $9.84, 59.87,
59.88, 60.41, 60.43, 60.57, 60.81, 60.84, 60.86, 60.97, 61.03,
61.06, 61.18, 61.26, 61.27, 61.29, 61.35, 61.40, 61.54, 61.79
(CH,CH,0); 62.68, 63.14, 63.16, 63.22, 63.31, 63.86, 63.89
(CH,-6); 67.47, 67.80, 69.18, 69.32, 70.26, 70.63, 70.73, 70.85,
71.12, 71.14, 7118, 71.37, 71.38, 7222, 72.49 (CH-3,4);
76.38, 76.41, 76.47, 76.81, 76.84, 76.98 (CH-5); 97.31, 97.32,
97.50, 98.63, 98.83, 99.05, 99.12, 99.43, 99.45, 99.56, 99.58,
99.63, 99.68, 99.73, 99.77, 99.82, 99.85, 99.93, 99.95, 100.0S,
100.11, 100.17, 100.28, 100.35, 100.52, 100.79, 100.86, 100.93
(CH-2, CH,CH); 144.00, 144.09, 14424 (CH-1); IR
(CHCLy): vy, 3070, 2981, 2933, 2898, 2886, 1948, 1445,
1383, 1341, 1239, 1131, 1096, 1084, 1055, 971, 949, 930, 877,
844, 819 cm™'; HRMS (ESI) m/z [M + Na]® caled for
CysHy,0,Na 385.2197, found 385.2198.
1,5-Anhydro-2-deoxy-3,4-O-isopropylidene-6-O-(2-me-
thoxypropan-2-yl)-o-lyxo-hex-1-enitol (3a). To a stirred
solution of p-galactal 1b (2 g, 13.69 mmol, 1 equiv) in
anhydrous DMF (1S mL) were added 2-methoxypropene
(3.93 mL, 41.06 mmol, 3 equiv) and Pyr-TsOH (172 mg, 684
pmol, 0.05 equiv) at 0 °C under an argon atmosphere. The
resulting mixture was stirred for 1 h at the same temperature,
and then another portion of 2-methoxypropene (2.62 mL,
27.37 mmol, 2 equiv) was added. The reaction mixture was
stirred for another 2 h at 0 °C. Et;N (3 mL) was added, and
the resulting mixture was diluted with EtOAc (200 mL) and
then washed with H,O (300 mL). The aqueous phase was
washed with EtOAc (3 X 150 mL), and the combined organic

DOI: 10.1021/acsomega.8b00901
ACS Omega 2018, 3, 7875-7887



Parkan K., Habilitaéni prace, VSCHT v Praze, Praha, 2021.

ACS Omega

phases were dried over MgSO,, filtered, and concentrated in
vacuo. The residue was purified by column chromatography on
silica gel (hexane/EtOAc 15:1 to 10:1, 1% Et;N) to give
product 3a (2.78 g, 79%) as a pale yellow oil: }? = 0.65
(hexane/EtOAc 3:1); [a]p® —3.2 (c 0.4, CHCL); 'H NMR
(401.0 MHz, DMSO-dy): 1.26 (q, 3H, Y] = 0.6, (CH,),C);
127 (s, 6H, (CH,),C); 1.34 (g, 3H, ¥ = 0.6, (CH,),C); 3.11
(s, 3H, CH,0); 3.50-3.62 (m, 2H, H-6); 3.99 (ddd, 1H, ;¢ =
7.0, 5.7, Js4 = 1.5, H-S); 429 (dtd, 1H, J,3 = 6.1, [y, = J45 =
LS, Jy, = 04, H-4); 4.63 (dd, 1H, J;4 = 6.1, J;, = 2.9, H-3);
4.71 (ddd, 1H, J,, = 6.2, J,5 = 2.9, ],4 = 1.5, H-2); 6.41 (dd,
1H, J;, = 6.2, ], = 0.4, H-1); *C NMR (100.8 MHz, DMSO-
dq): 24.39, 24.40, 26.9, 28.3 ((CH,),C); 60.7 (CH,-6); 68.1
(CH-3); 72.3 (CH-4); 73.7 (CH-5); 99.8 ((CH;),C); 102.8
(CH-2); 109.6 ((CH,),C); 144.5 (CH-1); IR (CHCL): v,
3442, 3065, 2989, 2940, 2892, 2831, 1727, 1648, 1459, 1437,
1380, 1371, 1260, 1239, 1214, 1185, 1164, 1153, 1126, 1088,
1068, 1054, 1032, 993, 868, 843, 755, 720, 676, 661, 597, 560,
536, 500 cm™'; HRMS (ESI) m/z [M + Na]* caled for
Cy3H,,04Na 281.1359, found 281.1360.
1,5-Anhydro-2-deoxy-3,4,6-tri-O-(ethoxyethyl)-o-lyxo-
hex-1-enitol (3b). To a stirred solution of p-galactal 1a (5 g
34.21 mmol, 1 equiv) in anhydrous CH,Cl, (40 mL) were
added ethyl vinyl ether (26.21 mL, 273.71 mmol, 8 equiv) and
Pyr-TsOH (860 mg, 3.42 mmol, 0.10 equiv) at 0 °C under an
argon atmosphere. The resulting heterogeneous reaction
mixture was stirred for 20 h at room temperature, during
which it turned homogeneous. The resulting mixture was
diluted with CH,Cl, (200 mL). The organic layer was washed
with H,O (3 X 150 mL), dried over MgSO,, filtered, and
concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane/EtOAc 10:1 to 4:1) to
give EE-galactal 3b (10.75 g, 87%) as a colorless oil: Ry = 0.41
(hexane/EtOAc 4:1); '"H NMR (500.0 MHz, CDCl,): 1.16—
121 (m, 9H, CH,CH,0); 129-1.36 (m, 9H, CH,CH);
3.43-4.00 (m, 8H, H-6, CH,CH,0); 4.00~4.38 (m, 3H, H-
3,4,5); 4.68—4.87 (m, 3H, CH,CH); 4.88—5.06 (m, 1H, H-2);
6.29—6.37 (m, 1H, H-1); *C NMR (125.7 MHz, CDCl,):
15.22, 15.23, 15.24, 15.25, 15.27, 15.28, 15.31, 15.32, 15.34,
15.36, 15.39, 15.41 (CH,CH,0); 19.81, 19.82, 19.84, 19.88,
19.90, 19.94, 19.99, 20.00, 20.01, 20.06, 20.08, 20.13, 20.15,
20.17, 20.24, 20.29, 20.37, 20.39, 20.41, 2042 (CH,CH);
59.48, 59.49, 59.68, 59.80, 59.84, 60.01, 60.17, 60.57, 60.67,
60.69, 61.03, 61.06, 61.12, 61.19, 61.21, 61.33, 61.34
(CH,CH,0); 61.62, 61.74, 61.82, 62.00, 62.58, 62.63, 63.66,
64.18 (CH,-6); 66.71, 68.04, 68.34, 68.52, 69.56, 69.67, 69.93
(CH-3,4); 75.61, 75.77, 75.82, 76.06, 76.34, 76.40, 76.57,
76.70 (CH-S); 98.13, 98.15, 99.59, 99.63, 99.73, 99.70, 99.73,
99.76, 99.80, 99.91, 99.93, 99.97, 100.01, 100.07, 100.11,
100.16, 100.21, 100.31, 100.87, 100.92, 100.97, 100.98 (CH-2,
CH,CH); 143.64, 143.80, 143.81, 143.87, 144.04, 144.05
(CH-1); IR (CHCL): v, 3069, 2980, 2933, 2898, 1644,
1484, 1454, 1445, 1394, 1383, 1340, 1298, 1254, 1235, 1134,
1094, 1082, 1055, 1030, 950, 931, 880, 844, 819, 698; HRMS
(ESI) m/z [M + Na]* caled for C,¢H;,0,Na 385.2197, found
385.2197.
rac-(E)-6-Hydroxy-1-((2-methoxypropan-2-yl)oxy)-7,7-di-
methyloct-2-en-4-one (4). To a stirred solution of compound
3a (0.5 g, 1.94 mmol, 1 equiv) in anhydrous THF (10 mL)
was added t-BuLi (3.99 mL, 6.77 mmol, 3.5 equiv, 1.7 M in
pentane) dropwise over 15 min at —78 °C under an argon
atmosphere. The reaction mixture was stirred for 10 min at
—78 °C and then for 2 h at 0 °C. After warming to RT, Et;N
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(2 mL) was added and the resulting mixture was diluted with
EtOAc (100 mL). The organic phase was washed with sat. aq
NaHCO; (200 mL) and H,0 (2 X 200 mL), dried over
MgSO,, filtered, and concentrated in vacuo. The residue was
purified by column chromatography on silica gel (hexane/
EtOAc 8:1 to S:1, 1% Et;N) to give enone 4 (854 mg, 81%) as
racemic mixture of enantiomers: R; = 0.44 (hexane/EtOAc
3:1); [alp® 94 (c 03, CHCL); 'H NMR (5000 MHz,
DMSO-dg): 0.83 (s, 9H, ((CH,),)C); 129 (s, 6H, (CH,),C);
2.52 (dd, 1H, ¥ = 15.3, 3] = 2.7, CH,H,CHOH); 2.60 (dd,
1H, ¥ = 15.3, ¥J = 9.5, CH,H,CHOH); 3.08 (s, 3H, CH,0);
3.60 (ddd, 1H, °] = 9.5, 5.9, 2.8, CH,CHOH); 4.09 (dd, 2H, ]
= 43, ¥ = 2.1, CH,—~CH=CH); 4.54 (d, 1H, ¥ = 5.9,
CH,CHOH); 6.32 (dt, 1H, 3] = 16.0, ¥ = 2.1, CH,~CH=
CH); 6.84 (dt, 1H, ] = 16.0, 4.3, CH,—CH=CH); *C NMR
(125.7 MHz, DMSO-d;): 24.4 ((CH,),C); 26.0 ((CH,),C);
350 ((CH,);C); 429 (CH,CHOH); 482 (CH,0); $9.7
(CH,—~CH=CH); 74.5 (CH,CHOH); 100.1 ((CH,),C);
1292 (CH,—~CH=CH); 1437 (CH,—~CH=CH); 199.8
(CO); IR (CHCL): v, 3054, 2989, 2956, 2909, 2879,
2873, 1690, 1665, 1634, 1480, 1466, 1381, 1368, 1292, 1192,
1065, 969 cm™'; HRMS (ESI) m/z [M + Na]® caled for
Cy4H,40,Na 281.1723, found 281.1723.
(1,5-Anhydro-2-deoxy-3,4,6-tri-O-(2-methoxypropan-2-
yl)-o-arabino-hex-1-enitolyl)boronic Acid Pinacol Ester (5a).
To a stirred solution of MOP-glucal 2a (1 g, 2.76 mmol, 1
equiv) in anhydrous THF (20 mL) was added t-BuLi (5.68
mL, 9.66 mmol, 3.5 equiv, 1.7 M in pentane) dropwise over 10
min at —78 °C under argon atmosphere. The reaction mixture
was stirred for 10 min at =78 °C and then for 1 h at 0 °C.
Subsequently, the resulting mixture was again cooled to —78
°C and iPrOBpin (2.25 mL, 11.04 mmol, 4 equiv) was added
dropwise over 10 min. The mixture was allowed to warm
gradually to RT over 3 h and stirred overnight. The reaction
was quenched by the addition of H,O (S mL) and extracted
between EtOAc (200 mL) and H,0 (200 mL). The organic
layer was washed with H,O (2 X 200 mL), dried over MgSO,,
filtered, and concentrated in vacuo to give crude product Sa
(1.27 g 94%) as a pale yellow oil, which was used without
further purification for the next step: [a]py® —17.9 (c 0.3,
CHCL); IR (CHCL): vy, 2995, 2985, 2957, 2833, 1644,
1468, 1447, 1402, 1391, 1381, 1373, 1330, 1235, 1144, 1144,
1099, 1099, 1079, 1049, 1027, 966, 866 cm™'; HRMS (ESI)
m/z [M + Na]® caled for C,H,;sOsBNa 511.3049, found
S511.3051.
(1,5-Anhydro-2-deoxy-3,4,6-tri-O-(ethoxyethyl)-p-arabi-
no-hex-1-enitolyl)boronic Acid Pinacol Ester (5b). To a
stirred solution of EE-glucal 2b (3 g, 8.28 mmol, 1 equiv) in
anhydrous THF (20 mL) was added t-BuLi (17.04 mL, 28.97
mmol, 3.5 equiv, 1.7 M in pentane) dropwise over 10 min at
—78 °C under argon atmosphere. The reaction mixture was
stirred for 10 min at —78 °C and then for 1 h at 0 °C.
Subsequently, the resulting mixture was again cooled to —78
°C and iPrOBpin (6.75 mL, 33.11 mmol, 4 equiv) was added
dropwise over S min. The mixture was allowed to warm
gradually to RT over 3 h and stirred overnight. The reaction
was quenched by the addition of H,O (S mL) and extracted
between EtOAc (150 mL) and H,O (100 mL). The organic
layer was washed with H,O (2 X 100 mL), dried over MgSO,,
filtered, and concentrated in vacuo to give crude product 5b
(3.26 g 81%) as a pale yellow oil, which was used without
further purification for the next step: IR (CHCLy): vy, 3614,
3574, 2982, 2935, 1732, 1642, 1480, 1405, 1396, 1382, 1374,
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1340, 1141, 1135, 1095, 1084, 1055, 1055, 962, 861 cm™;
HRMS (ESI) m/z [M + Na]* caled for C,H,;OsBNa
511.3049, found 511.3055.
1,5-Anhydro-2-deoxy-3,4,6-tri-O-(2-methoxypropan-2-yl)-
1-(tri-n-butylstannyl)-o-arabino-hex-1-enitol (6a). To a
stirred solution of MOP-glucal 2a (3 g, 8.28 mmol, 1 equiv)
in anhydrous THF (20 mL) was added t-BuLi (17.04 mL,
28.97 mmol, 3.5 equiv, 1.7 M in pentane) dropwise over 15
min at —78 °C under argon atmosphere. The reaction mixture
was stirred for 10 min at =78 °C and then for 1 h at 0 °C.
Subsequently, the resulting mixture was again cooled to —78
°C and Bu;SnCl (8.98 mL, 31.11 mmol, 4 equiv) was added
dropwise over 10 min. The mixture was allowed to warm
gradually to RT over 3 h and stirred for 2 h. Et;N (5 mL) was
added, and the resulting mixture was stirred for another 20 min
at RT and then diluted with EtOAc (250 mL). The organic
layer was washed with NaHCO; (250 mL), H,O (250 mL),
and brine (250 mL), dried over MgSO,, and filtered and
concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane/EtOAc 20:1, 1% Et;N)
to give product 6a (5.02, 93%) as a light-yellow oil: R; = 0.69
(hexane/EtOAc 3:1); [a]p?® —44.6 (c 0.3, CHCl,); 'H NMR
(401.0 MHz, DMSO-d¢): 0.86 (t, 9H, Ju. = 7.3,
CH,CH,CH,CH,Sn); 0.85-0.94 (m, 6H,
CH,CH,CH,CH,Sn); 121-1.34 (m, 24H, (CH,),C,
CH,CH,CH,CH,Sn); 1.40-1.62 (m, 6H,
CH,CH,CH,CH,Sn); 3.08, 3.14 (2 X s, 9H, CH,0); 3.52
(dd, 1H, Jg, 6 = 103, Ja 5 = 5.1, H-6b); 3.59 (dd, 1H, J, 0 =
103, Jous = 7.5, H-6a); 3.72 (dt, 1H, J5, = 5.1, J34 = J3s = 2.1,
H-3); 391 (td, 1H, ;3 = J4s = 2.1, J, = 1.6, H-4); 4.07 (ddt,
H, Jo6 = 75, Jsap = 52, Js3 = Js4 = 2.1, H-5); 479 (dd, 1H,
Jos = 5.1, Jo, = 1.6, H-2); 5C NMR (100.8 MHz, DMSO-dy):
9.4 (CH;CH,CH,CH,Sn); 13.8 (CH;CH,CH,CH,Sn); 24.6,
24.4, 25.0, 25.1, 25.1, 25.3 ((CH,),C); 26.7
(CH,CH,CH,CH,$n); 28.6 (CH,CH,CH,CH,Sn); 47.8,
48.5, 48.8 (CH;0); 59.2 (CH,-6); 61.9 (CH-3); 67.6 (CH-
4); 76.8 (CH-5); 99.4; 100.2, 100.8 ((CH;),C); 111.5 (CH-
2); 1623 (C-1); IR (CHCL,): vy, 2994, 2958, 2932, 2827,
1465, 1433, 1381, 1373, 1151, 1104, 1072, 1011, 891, 870,
857, 843, 824, 515 cm™'; HRMS (ESI) m/z [M + Na]* caled
for C3HgO,NaSn 675.3253, found 675.3260.
1,5-Anhydro-2-deoxy-3,4,6-tri-O-(ethoxyethyl)-1-(tri-n-
butylstannyl)-o-arabino-hex-1-enitol (6b). To a stirred
solution of EE-glucal 2b (2 g $5.52 mmol, 1 equiv) in
anhydrous THF (1S5 mL) was added t-BuLi (11.36 mL, 19.31
mmol, 3.5 equiv, 1.7 M in pentane) dropwise over 10 min at
—78 °C under argon atmosphere. The reaction mixture was
stirred for 20 min at —78 °C and then for 3 h at 0 °C.
Subsequently, the resulting mixture was again cooled to —78
°C and Bu;SnCl (5.99 mL, 22.07 mmol, 4 equiv) was added
dropwise over 10 min. The mixture was allowed to warm
gradually to RT over 3 h and stirred for 1 h. Et;N (S mL) was
added, and the resulting mixture was stirred for another 30 min
at RT and then diluted with EtOAc (100 mL). The organic
layer was washed with sat. aq NaHCO; (50 mL), H,0 (100
mL), and brine (250 mL), dried over MgSO,, filtered, and
concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane/EtOAc 20:1, 1% Et;N)
to give product 6b (2.89, 81%) as a yellow oil: R, = 0.65
(hexane/EtOAc 4:1); 'H NMR (401.0 MHz, CDCl_é: 0.83—
096 (m, 1SH, CH;CH,CH,CH,Sn); 1.16—1.21 (m, 9H,
CH,CH,0); 1.26-1.35 (m, 15H, CH,CH,
CH,CH,CH,CH,Sn); 1.42—-1.61 (m, 6H,
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CH,CH,CH,CH,Sn); 3.41-4.00 (m, 10H, H-4,5,6,
CH,CH); 4.03—4.24 (m, 1H, H-3); 4.65—5.05 (m, 1H, H-
2); BC NMR (100.8 MHz, CDCl): 9.57, 9.60, 9.62
(CH;CH,CH,CH,Sn); 13.65, 13.66 (CH;CH,CH,CH,Sn);
15.28, 15.30, 15.31, 15.35, 15.38 (CH,CH,0); 19.83, 19.85,
19.90, 19.93, 19.96, 20.00, 20.40, 20.44, 20.57, 20.59, 20.60,
20.71, 20.75, 20.80, 20.82, 20.84, 20.97, 21.01 (CH,CH);
27.19, 27.20 (CH,CH,CH,CH,Sn); 28.88
(CH,CH,CH,CH,Sn); $9.67, $9.73, 59.76, $9.82, 60.37,
60.40, 60.44, 60.47, 60.63, 60.64, 60.65, 60.68, 60.80, 60.82,
60.99, 61.09, 61.41, 61.49, 61.59, 61.62, 61.82, 61.93, 62.34
(CH,CH,0); 63.35, 63.46, 64.03, 64.21, 64.26, 64.85, 65.03
(CH,-6); 69.26, 70.05, 71.15, 71.38, 71.60, 71.72, 71.74, 71.93,
72.00, 72.10, 72.24, 72.40, 73.25, 74.12, 75.27, 75.66, 76.56,
76.75, 76.92, 77.05, 77.20, 77.2S, 77.29, 77.36 (CH-3,4,5);
97.29, 97.31, 97.48, 97.51, 99.59, 99.83, 99.86, 99.91, 99.92,
99.96, 99.99, 100.01, 100.23, 100.27, 100.30, 100.33, 100.41,
100.55, 100.58 (CH,CH); 109.87, 110.18, 110.26, 110.32,
111.83, 11195, 112.14, 11236 (CH-2); 16390, 164.07,
164.16, 164.22, 164.25, 164.27, 164.36 (C-1); IR (CHCL):
Ve 2979, 2931, 2897, 2852, 1606, 1464, 1457, 1379, 1246,
1131, 1097, 1097, 1055, 1055, 1030 cm™"; HRMS (ESI) m/z
[M + Na]" caled for C;HgO;NaSn 675.3253, found
675.3255.
(1,5-Anhydro-2-deoxy-3,4,6-tri-O-(ethoxyethyl)-o-lyxo-
hex-1-enitolyl)boronic Acid Pinacol Ester (7). To a stirred
solution of EE-galactal 3b (2 g 5.52 mmol, 1 equiv) in
anhydrous THF (15 mL) was added t-BuLi (11.36 mL, 19.31
mmol, 3.5 equiv, 1.7 M in pentane) dropwise over S min at
—78 °C under argon atmosphere. The reaction mixture was
stirred for S min at —78 °C and then for 30 h at 0 °C.
Subsequently, the resulting mixture was again cooled to —78
°C and iPrOBpin (4.50 mL, 22.07 mmol, 4 equiv) was added
dropwise over 5 min. The mixture was allowed to warm
gradually to RT over 3 h and stirred overnight. The reaction
was quenched by the addition of H,O (5 mL) and extracted
between EtOAc (100 mL) and H,0 (100 mL). The organic
layer was washed with H,O (2 X 200 mL), dried over MgSO,,
filtered, and concentrated in vacuo to give crude product 7
(242 g 90%) as a red-brown oil, which was used without
further purification for the next step: IR (CHCL,): v,,,, 2981,
2936, 1477, 1471, 1402, 1391, 1391, 1382, 1374, 1296, 1167,
1138, 1112, 1094, 1083, 1008, 866, 851, 851 cm™'; HRMS
(ESI) m/z [M + Na]* caled for C,;H,sOsBNa 511.3049,
found 511.3051.
1,5-Anhydro-2-deoxy-3,4,6-tri-O-(ethoxyethyl)-1-(tri-n-
butylstannyl)-o-lyxo-hex-1-enitol (8). To a stirred solution of
EE-galactal 3b (2.5 g, 6.90 mmol, 1 equiv) in anhydrous THF
(15 mL) was added t-BuLi (14.20 mL, 24.14 mmol, 3.5 equiv,
1.7 M in pentane) dropwise over § min at —78 °C under argon
atmosphere. The reaction mixture was stirred for S min at =78
°C and then for 30 min at 0 °C. Subsequently, the resulting
mixture was again cooled to —78 °C and Bu;SnCl (7.48 mL,
27.59 mmol, 4 equiv) was added dropwise over 10 min. The
mixture was allowed to warm gradually to RT over 3 h and
stirred for 2 h. The resulting mixture was diluted with EtOAc
(150 mL) and washed with sat. aq NaHCO; (100 mL), H,0
(100 mL), and brine (100 mL), dried over MgSO,, filtered,
and concentrated in vacuo. The residue was purified by
column chromatography on silica gel (hexane/EtOAc 15:1, 1%
Et;N) to give product 8 (3.10, 69%) as a red-brown oil: R =
0.80 (hexane/EtOAc 3:1); '"H NMR (401.0 MHz, acetone-dg):
090 (t, 9H, J,. = 7.3, CH,CH,CH,CH,Sn); 0.94—1.01 (m,
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6H, CH,CH,CH,CH,Sn); 1.10—1.18 (m, 9H, CH,CH,0);
1.22-1.29 (m, 9H, CH,CH); 1.30—-1.40 (m, 6H,
CH,CH,CH,CH,Sn); 1.47-1.69 (m, 6H,
CH;CH,CH,CH,Sn); 3.40—391 (m, 8H, H-6, CH;CH,0);
3.94-4.38 (m, 3H, H-3,4,5); 4.65-5.13 (m, 4H, H-2,
CH,CH); '*C NMR (100.8 MHz, acetone-dg): 10.10, 10.12,
10.13, 10.14 (CH,CH,CH,CH,Sn); 13.94, 1396, 13.97
(CH,CH,CH,CH,Sn); 15.71, 15.73, 15.75, 15.78, 15.82
(CH;CH,0); 20.29, 20.30, 20.45, 20.50, 20.53, 20.61, 20.66,
20.72, 20.76, 20.79, 20.83, 20.87, 20.93, 21.08, 21.09
(CH,CH); 27.79, 27.80, 27.82, 27.84 (CH,CH,CH,CH,Sn);
29.60, 29.61 (CH,CH,CH,CH,Sn); 60.19, 60.24, 60.62,
6075, 60.78, 60.93, 60.98, 61.11, 61.21, 61.22, 61.26, 61.31,
61.35, 61.39, 62.04, 62.08, 62.14 (CH,CH,0); 63.68, 64.29,
64.79, 64.81, 65.29, 65.55, 65.73 (CH,-6); 69.93, 69.98, 70.05,
70.98, 71.22, 71.40, 76.82, 76.94, 77.12, 77.28, 77.37, 77.75,
77.81 (CH-3,4,5); 99.34, 99.47, 100.18, 100.25, 100.27,
100.35, 100.39, 100.45, 100.62, 100.72, 100.77, 100.79,
100.88, 100.92, 101.00 (CH,CH); 112.10, 112.29, 11233,
11291, 11295, 113.11 (CH-2); 163.08, 163.11, 163.28,
16331, 163.32 (C-1); IR (CHCLy): v, 3040, 2978, 2959,
2931, 2920, 2900, 2872, 1855, 1600, 1483, 1465, 1457, 1445,
1417, 1395, 1379, 1293, 1176, 1133, 1096, 1096, 1082, 1068,
1056, 843, 650, 599, 510 cm™'; HRMS (ESI) m/z [M + Na]*
caled for C3yHgoO;NaSn 675.3253, found 675.3254.

General Procedure A: Suzuki Reactions of MOP- and
EE-Protected Glycal Pinacol Boronates. To a stirred
solution of pinacol boronate (2 equiv) in 1,2-dimethoxyethane
(DME) were added 1-iodonaphthalene (1 equiv), Pd-
(PPhy),Cl, (0,05 equiv), and 2 M Na,CO, (DME/2 M
Na,CO; 4:1) under argon atmosphere. The reaction mixture
was heated to 80 °C and stirred for 3 h. After TLC analysis
showed complete consumption of the starting material, the
mixture was cooled to RT, diluted with EtOAc, extracted with
H,0 and brine, dried over MgSQO,, filtered, and concentrated
in vacuo. The residue was purified by column chromatography
on silica gel (hexane/EtOAc 10:1 to 6:1).

General Procedure B: Stille Reactions of MOP- and
EE-Protected Glycal Stannanes. To a solution of stannane
(1 equiv) in anhydrous toluene were added 1-iodonaphthalene
(LS equiv) and Pd(PPh;), (0.05 equiv) under an argon
atmosphere. The reaction mixture was stirred under reflux at
125 °C for S h. After TLC analysis showed complete
consumption of the starting material, the mixture was cooled
to RT, filtered through a short plug of celite, and evaporated in
vacuo. The residue was purified by column chromatography on
silica gel (hexane/EtOAc 10:1 to 6:1).

(1,5-Anhydro-2-deoxy-3,4,6-tri-O-(2-methoxypropan-2-
yl)-b-arabino-hex-1-enitolyl)naphthalene (9a). From Sa:
Following the general procedure A, boronate Sa (1.5 g, 3.07
mmol, 2 equiv), l-iodonaphthalene (0.22 mL, 1.53 mmol, 1
equiv), Pd(PPh;),Cl, (54 mg, 77 umol, 0.05 equiv) in DME
(12 mL), and 2 M Na,CO; (3 mL) were used. The reaction
mixture was stirred at 80 °C for 3 h. After completion of the
reaction, the residue was purified by column chromatography
on silica gel (hexane/EtOAc 10:1 to 6:1) to give product 9a
(568 mg, 76%) as a pale yellow oil.

From 6a: Following the general procedure B, stannane 6a
(220 mg, 338 umol, 1 equiv), 1-iodonaphthalene (74 uL, S07
umol, 1.5 equiv), and Pd(PPh;), (20 mg, 17 gmol, 0.0S equiv)
in toluene (7 mL) were used. The reaction mixture was stirred
at 125 °C for S h. After completion of the reaction, the residue
was purified by column chromatography on silica gel (hexane/
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EtOAc 10:1 to 6:1) to give product 9a (142 mg, 86%) as a pale
yellow oil: R = 0.51 (hexane/EtOAc 3:1); [a]p™ —27.6 (c 0.3,
CHCL); 'H NMR (401.0 MHz, DMSO-d,): 126, 131, 1.32,
1.36, 1.42 (5 X s, 18H, (CH;),C); 3.05, 3.20,3.23 (3 X 5,3 X
3H, CH;0); 3.63 (dd, 1H, Jg6, = 10.9, Jg, 5 = 3.6, H-6b); 3.97
(dd, 1H, Js, 6 = 10.9, J5,5 = 8.5, H-6a); 4.07—4.13 (m, 2H, H-
3,); 445 (ddt, 1H, Jo = 8.5, 3.6, Jss = Js = 1.9, H-5); 5.06
(dd, 1H, J,; = 5.5, Jos = 15, H-2); 7.45-7.57 (m, 4H, H-
2,3,6,7-naphth); 7.87—7.97 (m, 2H, H-4,5-naphth); 8.31-8.40
(m, 1H, H-8-naphth); 3C NMR (100.8 MHz, DMSO-dg):
24.39, 24.50, 25.11, 25.19, 2526 ((CH;),C); 47.99, 48.79,
49.10 (CH,0); 59.03 (CH,-6); 62.95 (CH-3); 66.77 (CH-4);
78.29 (CH-S); 99.63, 100.47 ((CH,),C); 100.69 (CH-2);
101.08 ((CH,),C); 12543, 126.10, 126.12, 126.13, 126.33
(CH-2,3,6,7-naphth); 128.21, 129.02 (CH-4,5-naphth);
130.95 (C-8a-naphth); 133.29 (C-4a-naphth); 134.75 (C-1-
naphth); 152.26 (C-1); IR (CHCL,): vy, 3049, 2995, 2962,
2945, 2886, 2832, 1662, 1508, 1463, 1435, 1435, 1382, 1373,
1258, 1151, 1108, 1095, 1071, 1015, 958, 901, 864, 853, 853,
835, 819, 527, 499 cm™'; HRMS (ESI) m/z [M + Na]* caled
for C,4H,O;Na 511.2666, found 511.2667.

(1,5-Anhydro-2-deoxy-3,4,6-tri-O-(ethoxyethyl)-p-arabi-
no-hex-1-enitolyl)naphthalene (9b). From Sb: Following the
general procedure A, boronate Sb (2.01 g 4.11 mmol, 2
equiv), l-iodonaphthalene (0.3 mL, 2.05 mmol, 1 equiv),
Pd(PPh;),Cl, (72 mg, 103 umol, 0.05 equiv) in DME (16
mL), and 2 M Na,CO; (4 mL) were used. The reaction
mixture was stirred at 80 °C for 3 h. After completion of the
reaction, the residue was purified by column chromatography
on silica gel (hexane/EtOAc 10:1 to 6:1) to give product 9b
(931 mg, 93%) as a pale yellow oil.

From 6b: Following the general procedure B, stannane 6b
(2 g 3.07 mmol, 1 equiv), 1-iodonaphthalene (0.67 mL, 4.60
mmol, 1.5 equiv), and Pd(PPh;), (177 mg, 153 umol, 0.05
equiv) in toluene (15 mL) were used. The reaction mixture
was stirred at 125 °C for S h. After completion of the reaction,
the residue was purified by column chromatography on silica
gel (hexane/EtOAc 10:1 to 6:1) to give product 9b (1.19 g,
79%) as a pale yellow oil.

Preparation of 9b Using Indium Cross-Coupling
Reaction. To a stirred solution of EE-glucal 2b (200 mg,
552 pumol, 1 equiv) in anhydrous THF (S mL) was added t-
BuLi (049 mL, 828 ymol, 1.7 M in pentane, 1.5 equiv)
dropwise over 5 min at —78 °C under argon. The reaction
mixture was stirred for 15 min at —78 °C and then for 1 h at 0
°C. Subsequently, the resulting mixture was again cooled to
—78 °C and transferred via cannula to the solution of InCl,
(61 mg, 276 pmol, 0.5 equiv) in THF (4 mL) at =78 °C. The
reaction was stirred for 30 min at =78 °C and then allowed to
warm to RT. 1-lodonaphthalene (0.12 mL, 828 umol, 1.5
equiv) and Pd(Ph;P),Cl, (12 mg, 17 umol, 0.03 equiv) were
added, and the resulting mixture was heated to reflux at 70 °C
overnight. The mixture was diluted with toluene (10 mL),
MeOH ($ mL), filtered over a plug of Celite, and evaporated
in vacuo. The residue was purified by column chromatography
on silica gel (toluene/acetone 20:1) to give product 9b (115
mg, 43%) as a pale yellow oil.

Preparation of 9b Using Negishi Cross-Coupling
Reaction. To a stirred solution of EE-glucal 2b (200 mg,
552 pmol, 1 equiv) in anhydrous THF (S mL) was added t-
BuLi (1.14 mL, 1.93 mmol, 1.7 M in pentane, 3.5 equiv)
dropwise over 5 min at =78 °C under argon. The reaction
mixture was stirred for 15 min at —78 °C and then for 1 h at 0
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°C. Then, a solution of freshly fused ZnCl, (301 mg, 221
mmol, 4 equiv) in THF (4 mL) was added at 0 °C. In a
separate flask, Pd(PPh;), (32 mg, 28 umol, 0.05 equiv) and 1-
iodonaphthalene (97 uL, 662 umol, 1.2 equiv) were dissolved
in THF (1 mL), giving a red-brown solution. To this solution
was transferred the solution containing the organozinc
compound via cannula at RT and stirred for 2 h. The reaction
mixture was diluted with EtOAc (50 mL) and filtered over a
plug of Celite. The filtrate was washed with H,O (2 X 50 mL)
and brine (50 mL), dried over MgSO,, filtered, and evaporated
in vacuo. The residue was purified by column chromatography
on silica gel (hexane/EtOAc 6:1) to give product 9b (54 mg,
20%) as a pale yellow oil: R; = 0.37 (hexane/EtOAc 4:1); 'H
and “C NMR spectra of 9b were analyzed after in situ
deprotection by 10% CD;COOD in CD;0OD (see SI Chapter
4), and NMR spectra were compared with the spectra of
unprotected derivative 12; IR (CHCl,): v, 3061, 3050, 2980,
2933, 2899, 2887, 2875, 2860, 2855, 1662, 1593, 1580, 1508,
1484, 1466, 1445, 1397, 1382, 1241, 1130, 1096, 1084, 1056,
868, 844, 694 cm™'; HRMS (ESI) m/z [M + Na]* calcd for
C,sH4O;Na 511.2666, found 511.2666.

(1,5-Anhydro-2-deoxy-3,4,6-tri-O-(ethoxyethyl)-p-lyxo-
hex-1-enitolyl)naphthalene (10). From 7: Following the
general procedure A, boronate 7 (1.35 g, 2.76 mmol, 2
equiv), l-iodonaphthalene (0.20 mL, 1.38 mmol, 1 equiv),
Pd(PPh,),Cl, (48 mg, 69 umol, 0.05 equiv) in DME (12 mL),
and 2 M Na,CO; (3 mL) were used. The reaction mixture was
stirred at 80 °C for 3 h. After completion of the reaction, the
residue was purified by column chromatography on silica gel
(hexane/EtOAc 8:1, 1% Et;N) to give product 10 (584 mg,
87%) as a pale yellow oil.

From 8: Following the general procedure B, stannane 8 (800
mg, 1.23 mmol, 1 equiv), 1-iodonaphthalene (0.27 mL, 1.84
mmol, 1.5 equiv), and Pd(PPh;), (71 mg, 61 umol, 0.05
equiv) in toluene (15 mL) were used. The reaction mixture
was stirred at 125 °C for § h. After completion of the reaction,
the residue was purified by column chromatography on silica
gel (hexane/EtOAc 8:1, 1% Et;N) to give product 10 (432 mg,
72%) as a pale yellow oil: R, = 0.38 (hexane/EtOAc 4:1); 'H
and C NMR spectra of 10 were analyzed after in situ
deprotection by 10% CD,;COOD in CD;OD (see SI Chapter
4), and NMR spectra were compared with the NMR of
unprotected derivative 15; IR (CHCL,): v,,,,, 3090, 3062, 3049,
2981, 2933, 2898, 2874, 1661, 1621, 1593, 1581, 1508, 1483,
1456, 1446, 1395, 1381, 1134, 1112, 1100, 1084, 1056, 861,
804, 640 cm™'; HRMS (ESI) [M + Na]* m/z caled for
C,gHy00,Na 511.2666, found 511.2667.

(1,5-Anhydro-2-deoxy-p-arabino-hex-1-enitolyl)-
naphthalene (12). From 9a: The derivative 9a (250 mg, 512
umol) was dissolved in the mixture of THF (5 mL) and 1%
AcOH (S mL). The reaction mixture was stirred at RT
overnight. The reaction mixture was diluted with EtOAc (100
mL) and washed with H,O (2 X 50 mL). The organic layer
was dried over MgSO,, filtered, and concentrated in vacuo.
The residue was purified by column chromatography on silica
gel (CHCl;/MeOH 8:1) to give product 12 (127 mg, 91%) as
a colorless oil.

From 9b: The derivative 9b (180 mg, 368 umol) was
dissolved in the mixture of THF (5 mL) and 20% AcOH (5
mL). The reaction mixture was stirred at RT overnight. The
reaction mixture was diluted with EtOAc (100 mL) and
washed with H,O (2 X S0 mL). The organic layer was dried
over MgSO,, filtered, and concentrated in vacuo. The residue
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was purified by column chromatography on silica gel (CHCl,/
MeOH 8:1) to give product 12 (90 mg, 90%) as a colorless oil:
R;=0.61 (CHCl;/MeOH 3:1); [a]p™ —11.9 (c 0.3, MeOH);
'H NMR (401.0 MHz, CD;0D): 3.84 (dd, 2H, J,5 = 9.8, J,3 =
7.1, H-4); 3.93 (dd, 1H, Ja6, = 12.3, Japs = 5.3, H-6b); 4.00
(dd, 1H, Js6 = 12.3, Jo, 5 = 2.6, H-6a); 4.10 (ddd, 1H, J;, =
9.8, Js5 = 5.3, 2.6, H-5); 437 (dd, 1H, J;, = 7.1, J5, = 2.5, H-
3); 5.02 (d, 1H, ], = 2.5, H-2); 743 (dd, 1H, J;,, = 8.3, J5, =
7.0, H-3-naphth); 7.44—7.52 (m, 2H, H-6,7-naphth); 7.55 (dd,
IH, J,; = 7.0, ;4 = 1.3, H-2-naphth); 7.82—7.87 (m, 2H, H-
4,5-naphth); 823 (m, 1H, H-8-naphth); '*C NMR (100.8
MHz, CD;0D): 62.3 (CH,-6); 71.0 (CH-4); 71.5 (CH-3);
81.3 (CH-5); 1054 (CH-2); 1260 (CH-3-naphth); 126.9,
127.00, 127.2 (CH-6,7,8-naphth); 127.8 (CH-2-naphth);
129.2 (CH-S-naphth); 130.2 (CH-4-naphth); 132.6 (C-8a-
naphth); 135.0, 135.1 (C-l,4a-naphth); 155.0 (C-1); IR
(CHCL): v,,, 3278, 1659, 1621, 1590, 1509, 1400, 1253,
1108, 1067, 1067, 1047, 800 cm™'; HRMS (ESI) m/z [M +
Na]" caled for Cj¢H,;40,Na 295.0941, found 295.0941.

(1,5-Anhydro-2-deoxy-p-lyxo-hex-1-enitolyl)naphthalene
(15). EE-protected derivative 10 (186 mg, 381 umol) was
dissolved in 10% AcOH in MeOH (10 mL). The reaction
mixture was heated to 40 °C and stirred for 1.5 h. After cooling
to RT, toluene (30 mL) was added and the solution was
evaporated in vacuo. The residue was purified by column
chromatography on silica gel (CHCl;/MeOH 12:1 to 10:1, 1%
Et;N) to give product 15 (61 mg, 59%) as a colorless oil: R, =
0.68 (CHCl;/MeOH 5:1); [a],*® —6.2 (c 0.4, MeOH); 'H
NMR (401.0 MHz, CD;0D): 3.90 (dd, 1H, Jg, 6, = 11.5, Japs =
5.8, H-6b); 3.94 (dd, 1H, Jouq = 115, Jeus = 6.6, H-6a); 4.06
(ddd, 1H, J,; = 47, ]y, = 19, J,s = L1, H-4); 424 (ddt, 1H,
Js6= 66,58, Js3 = Joy = 1.1, H-5); 4.59 (dd, 1H, J;,4 = 4.7, J5,
=24, H-3); 493 (dd, 1H, J,, = 2.4, ], = 1.9, H-2); 7.43 (dd,
IH, J34 = 8:4, J5, = 7.0, H-3-naphth); 7.43-7.50 (m, 2H, H-
6,7-naphth); 7.55 (dd, 1H, J,3 = 7.0, ], 4, = 1.4, H-2-naphth);
7.82—7.87 (m, 2H, H-4,5-naphth); 8.28 (m, 1H, H-8-naphth);
3C NMR (100.8 MHz, CD,0D): 62.6 (CH,-6); 66.1 (CH-
4); 66.6 (CH-3); 79.6 (CH-S); 104.6 (CH-2); 126.0 (CH-3-
nphth); 126.8 (CH-6-naphth); 127.0 (CH-7-naphth); 127.3
(CH-8-naphth); 127.6 (CH-2-naphth); 129.0 (CH-5-naphth);
130.0 (CH-4-naphth); 132.8 (C-8a-naphth); 135.1 (C-4a-
naphth); 135.5 (C-1-naphth); 155.0 (C-1); IR (CHCLy): vy,
3361, 1060, 1592, 1508, 1085, 959, 893, 852 cm™'; HRMS
(ESI) m/z [M + Na]* calculated for C,;H,s0,Na 295.0941,
found 295.0941.

Transformations of Endocyclic Double Bond: General
Procedure C: Hydroboration. To a stirred solution of 1-
naphthylglycal (1 equiv) in anhydrous THF was added BH;:
THF (1 M in THF, 10 equiv) dropwise at 0 °C under argon
atmosphere. The reaction mixture was stirred for 2.5 h and
30% NaOH and 30% H,0, were added slowly, and the
resulting mixture was stirred for 1 h at 0 °C and then for
another 2 h at RT. The reaction mixture was diluted with
EtOAc and washed with H,0O (3x). The organic layer was
dried over MgSO,, filtered, and evaporated in vacuo. The
residue was dissolved in the mixture of hexane/EtOAc (3:1)
and filtered over a plug of silica gel and evaporated in vacuo.
The protected alcohol was confirmed by HRMS and used
directly for deprotection (general procedure E or F).

General Procedure D: Epoxidation/LiBHEt; Opening.
To a stirred solution of 1-naphthylglycal (1 e(ﬁliv) in CH,Cl,
was added freshly distilled solution of DMDO™ (approx. 0.06
M in acetone, 1.1 equiv) at 0 °C under argon atmosphere. The
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reaction mixture was stirred for 30 min at 0 °C. Thereafter, the
solvent was removed under reduced pressure without heating,
codistilled with toluene (3 X 20 mL), and dried for 1 h under
vacuum. The residue was dissolved in anhydrous THF, and
LiBHEt, (1 M in THF, 40 equiv) was added at 0 °C under
argon atmosphere. The reaction mixture was stirred for 30 min
at 0 °C and then for 1.5 h at RT. The resulting mixture was
diluted with Et,0 and washed with H,O (3X). The organic
layer was dried over MgSO,, filtered, and evaporated in vacuo.
The protected alcohol was confirmed by HRMS and used
directly for deprotection (general procedure E or F).

General Procedure E: Deprotection for MOP. MOP-
protected derivative was dissolved in the mixture of THF and
1% aqueous AcOH (1:1) and stirred at RT overnight. The
solution was diluted with H,O (10 mL) and evaporated in
vacuo. The residue was purified by column chromatography on
silica gel (CHCl;/MeOH) to give corresponding C-glycoside.

General Procedure F: Deprotection for EE. EE-
protected derivative was dissolved in the mixture of THF
and 20% aqueous AcOH (1:1) and stirred at RT overnight.
The solution was diluted with H,O (10 mL) and evaporated in
vacuo. The residue was purified by column chromatography on
silica gel (CHCl;/MeOH) to give corresponding C-glycoside.

1-(-0-Glucopyranosyl)naphthalene (11). From 9a: Fol-
lowing the general procedure C, the MOP-protected derivative
9a (100 mg, 205 pmol, 1 equiv), BH; THF (2.05 mL, 2.05
mmol, 1 M in THF, 10 equiv), and THF (5 mL) were used.
The mixture was stirred for 2.5 h at 0 °C. Then, 30% NaOH (2
mL) and 30% H,0, (2 mL) were used and resulting mixture
was stirred for 1 h at 0 °C and then for 2 h at RT. After
completion of the reaction, crude 1-(3,4,6-tri-O-(2-methox-
ypropan-2-yl)-f-p-glucopyranosyl)naphthalene (R, = 0.71
(CHCly/MeOH 5:1); HRMS (ESI) m/z [M + Na]* caled
for C,gH,;,OgNa 529.2772, found 529.2772) was obtained.
Following the general procedure E, the MOP-C-glycoside,
THF (S mL), and 1% AcOH (5 mL) were used. After
completion of the reaction, the residue was purified by column
chromatography on silica gel (CHCl;/MeOH 6:1) to give
product 11 (107 mg, 78%) as a colorless foam.

From 9b: Following the general procedure C, the MOP-
protected derivative 9b (230 mg, 471 umol, 1 equiv), BH;:
THF (4.71 mL, 4.71 mmol, 1 M in THF, 10 equiv), and THF
(7 mL) were used. The mixture was stirred for 2.5 h at 0 °C.
Then, 30% NaOH (5 mL) and 30% H,0, (5 mL) were used
and resulting mixture was stirred for 1 h at 0 °C and then for 2
h at RT. After completion of the reaction, crude 1-(3,4,6-tri-O-
(ethoxyethyl)-f-p-glucopyranosyl)naphthalene (R, = 0.57
(hexane/EtOAc 2:1); HRMS (ESI) m/z [M + Na]* caled
for C,sH,,0Na 5292772, found 529.2772) was obtained.
Following the general procedure E, the EE-C-glycoside, THF
(10 mL), and 20% AcOH (10 mL) were used. After
completion of the reaction, the residue was purified by column
chromatography on silica gel (CHCl;/MeOH 6:1) to give
product 11 (49 mg, 82%) as a colorless foam.

From 12: Following the general procedure C, the derivative
12 (150 mg, 551 pmol, 1 equiv), BH; THF (5.51 mL, 5.51
mmol, 1 M in THF, 10 equiv), and THF (5 mL) were used.
The mixture was stirred for 2.5 h at 0 °C. Then, 30% NaOH (3
mL) and 30% H,0, (3 mL) were used and the resulting
mixture was stirred for 1 h at 0 °C and then for 2 h at RT. The
reaction mixture was diluted with acetone (10 mL) and stirred
for 10 min. Then, the formed solid was filtered over a plug of
Celite, the plug was washed with MeOH (20 mL), and the
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filtrate was evaporated in vacuo. The residue was purified by
column chromatography on silica gel (CHCl;/MeOH 6:1) to
give 11 (134 mg, 84%) as a colorless foam: R{ =0.22 (CHCly/
MeOH 5:1); [a]p® 9.1 (¢ 0.3, MeOH); 'H NMR (401.0
MHz, CD;0D): 3.51-3.60 (m, 2H, H-4,5); 3.64 (t, 1H, J5, =
J34 = 8.6, H-3); 3.74 (dd, 1H, Jeu6, = 12.0, Jgn,s = 5.6, H-6b);
3.82 (dd, 1H, J,, = 9.6, ] = 8.6, H-2); 3.91 (dd, 1H, Jg, 6, =
120, Jos = 1.9, H-6a); 4.94 (d, 1H, ], , = 9.6, H-1); 7.42—7.55
(m, 3H, H-3,6,7-naphth); 7.67 (dd, 1H, J,5 = 7.2, ], 4 = 1.4, H-
2-naphth); 7.83 (dt, 1H, J,; = 84, Jy, = Jos = 14, H-d-
naphth); 7.86 (m, 1H, H-5); 8.31 (m, 1H, H-8); *C NMR
(100.8 MHz, CD;0D): 63.2 (CH,-6); 72.0 (CH-4); 75.8
(CH-2); 80.1 (CH-3); 80.4 (CH-1); 82.5 (CH-S); 125.6
(CH-8-naphth); 126.2 (CH-3-naphth); 126.4 (CH-6-naphth);
126.77 (CH-2-naphth); 126.80 (CH-7-naphth); 129.5, 129.6
(CH-4,5-naphth); 133.5 (C-8a-naphth); 135.4 (C-4a-naphth);
1363 (C-1-naphth); IR (KBr): v, 3375, 2924, 1618, 1598,
1512, 1398, 1084, 1084, 1043, 1027, 802 cm™'; HRMS (ESI)
m/z [M + Na]* caled for C,¢H;sOsNa 313.1046, found
313.1048. Previously published NMR data were measured in
CDCl,.

1-(p-o-Galactopyranosyl)naphthalene (14). From 10:
Following the general procedure C, the EE-protected
derivative 10 (100 mg, 205 umol, 1 equiv), BH; THF (2.05
mL, 2.05 mmol, 1 M in THF, 10 equiv), and THF (S mL)
were used. The mixture was stirred for 2.5 h at 0 °C. Then,
30% NaOH (S mL) and 30% H,0, (5 mL) were used and the
resulting mixture was stirred for 1 h at 0 °C and then for 2 h at
RT. After completion of the reaction, crude 1-(3,4,6-tri-O-
(ethoxyethyl)-f-p-galactopyranosyl)naphthalene (R, = 0.32
(hexane/EtOAc 2:1); HRMS (ESI) m/z [M + Na]* caled
for C,4H,,04Na 5292772, found 529.2773) was obtained.
Following the general procedure F, the EE-C-glycoside, THF
(5 mL), and 20% AcOH (S mL) were used. After completion
of the reaction, the residue was purified by column
chromatography on silica gel (CHCl;/MeOH 6:1) to give
product 14 (41 mg, 69%) as a white solid.

From 15: Following the general procedure C, the derivative
15 (100 mg, 367 pumol, 1 equiv), BH;-THF (3.67 mL, 3.67
mmol, 1 M in THF, 10 equiv), and THF (S mL) were used.
The mixture was stirred for 2.5 h at 0 °C. Then, 30% NaOH (3
mL) and 30% H,0, (3 mL) were used and the resulting
mixture was stirred for 1 h at 0 °C and then for 2 h at RT. The
reaction mixture was diluted with acetone (10 mL) and stirred
for 10 min. Then, the formed solid was filtered over a plug of
Celite, the plug was washed with MeOH (20 mL), and the
filtrate was evaporated in vacuo. The residue was purified by
column chromatography on silica gel (CHCl;/MeOH 6:1) to
give 14 (80 mg, 75%) as a white solid: R, = 0.20
(CHCl;:MeOH 5:1); mp 106—112 °C (acetone) [a]p™® 12.2
(c 0.3, MeOH); 'H NMR (401.0 MHz, CD,0OD): 3.72 (dd,
1H, J5, = 92, J54 = 3.3, H-3); 3.75-3.86 (m, 3H, H-5,6); 4.08
(dd, 1H, J;3 =33, J,5 = 0.9, H-4); 420 (dd, 1H, ], = 9.6, ],3
=92, H-2); 481 (d, 1H, ], = 9.6, H-1); 7.41-7.53 (m, 3H,
H-3,6,7-naphth); 7.68 (dd, 1H, J,; = 7.2, Jo4 = 13, H-2-
naphth); 7.83 (dt, 1H, J,3 = 8.2, J,, = J;5 = 1.3, H-4-naphth);
7.86 (m, 1H, H-5); 8.46 (m, 1H, H-8); '*C NMR (100.8
MHz, CD;0D): 63.1 (CH,-6); 71.2 (CH-4); 72.6 (CH-2);
76.8 (CH-3); 80.8 (CH-5); 82.0 (CH-1); 126.08 (CH-8-
naphth); 126.11 (CH-3-naphth); 126.40 (CH-6-naphth);
126.71 (CH-7-naphth); 127.4 (CH-2-naphth); 129.5 (CH-5-
naphth); 129.6 (CH-4-naphth); 133.5 (C-8a-naphth); 135.5
(C-4a-naphth); 136.4 (C-1-naphth); IR (MeOH): v,,,, 3361,
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1599, 1512, 1179, 1083, 1048, 1013, 950, 847 cm™'; HRMS
(ESI) m/z [M + Na]* calcd for C,4H,505Na 313.1046, found
313.1047.

1-(a-p-Glucopyranosyl)naphthalene (13). From 9a: Fol-
lowing the general procedure D, the MOP-protected derivative
9a (200 mg, 409 umol, 1 equiv), DMDO (7.50 mL, 450 umol,
0.06 M in acetone, 1.1 equiv), and CH,Cl, (5 mL) were used.
The mixture was stirred for 30 min at 0 °C. After completion
of the epoxidation step, the residue LiBHEt; (16.37 mL, 16.37
mmol, 1 M in THF, 40 equiv) and THF (5 mL) were used.
The reaction mixture was stirred for 30 min at 0 °C and then
for 1.5 h at RT. After completion of the reaction, crude 1-
(3,4,6-tri-O-(2-methoxypropan-2-yl)-a-p-glucopyranosyl)-
naphthalene (R, = 0.47 (hexane/EtOAc 3:1); HRMS (ESI) [M
+ Na]* m/z calcd for C,4H,,0gNa 529.2772, found 529.2772)
was obtained. Following the general procedure E, the MOP-C-
glycoside, THF (S mL), and 1% AcOH (S mL) were used.
After completion of the reaction, the residue was purified by
column chromatography on silica gel (CHCl;/MeOH 8:1) to
give product 13 (76 mg, 64%) as a colorless oil.

From 9b: Following the general procedure D, the EE-
protected derivative 9b (140 mg, 287 ymol, 1 equiv), DMDO
(525 mL, 315 pmol, 0.06 M in acetone, 1.1 equiv), and
CH,Cl, (5 mL) were used. The mixture was stirred for 30 min
at 0 °C. After completion of the epoxidation step, the residue
LiBHEt; (11.46 mL, 11.46 mmol, 1 M in THF, 40 equiv) and
THEF (S mL) were used. The reaction mixture was stirred for
30 min at 0 °C and then for 1.5 h at RT. After completion of
the reaction, crude 1-(3,4,6-tri-O-(ethoxyethyl)-a-p-
glucopyranosyl)naphthalene (R, = 0.53 (CHCl;/MeOH 3:1);
HRMS (ESI) m/z [M + Na]* caled for C,5H,,04Na 529.2772,
found 529.2773) was obtained. Following the general
procedure F, the EE-C-glycoside, THF (S mL), and 20%
AcOH (5 mL) were used. After completion of the reaction, the
residue was purified by column chromatography on silica gel
(CHCIl;/MeOH 8:1) to give product 13 (57 mg, 69%) as a
colorless oil: R; = 0.63 (CHCl;/MeOH 3:1); [a]y? 424 (c
0.3, CHCly); "H NMR (401.0 MHz, CD;0D): 3.51 (ddd, 1H,
Jsa = 69, Jss = 6.1, 3.3, H-5); 3.61-3.69 (m, 2H, H-4,6b);
3.88 (dd, 1H, Jo,q = 120, Jau = 6.1, H-6a); 4.08 (dd, 1H, J, 5
=7.1, ], = 42, H-2); 423 (dd, 1H, J5, = 7.1, J5,, = 6.4, H-3);
589 (d, 1H, J,, = 42, H-1); 742-7.57 (m, 3H, H-36,7-
naphth); 7.82 (d, 1H, ], ; = 8.2, H-4-naphth); 7.88 (m, 1H, H-
S-naphth); 7.98 (dt, 1H, J,3 = 7.3, Js = Js = L1, H-2-
naphth); 8.28 (m, 1H, H-8-naphth); *C NMR (100.8 MHz,
CD,0D): 62.1 (CH,-6); 71.7 (CH-4); 72.3 (CH-1); 73.8
(CH-2); 744 (CH-3); 77.9 (CH-S); 125.2 (CH-8-naphth);
125.6 (CH-3-naphth); 126.4 (CH-6-naphth); 126.9 (CH-7-
naphth); 128.1 (CH-2-naphth); 129.2 (CH-4-naphth); 129.8
(CH-S-naphth); 133.0 (C-8a-naphth); 134.4 (C-1-naphth);
135.5 (CH-4-naphth); IR (CHCL): v,,,, 3606, 3530, 3412,
2928, 1626, 1600, 1592, 1509, 1463, 1401, 1059, 811 cm™;
HRMS (ESI) m/z [M — H]™ caled for C,4H,,05 289.1082,
found 289.1080.

(25,3R,4S,5R)-1-(Naphthalen-1-yl)hexane-1,2,3,4,5,6-hex-
aol (16). Following the general procedure D, the EE-protected
derivative 10 (180 mg, 368 ymol, 1 equiv), DMDO (6.75 mL,
405 pmol, 0.06 M in acetone, 1.1 equiv), and CH,Cl, (5 mL)
were used. The mixture was stirred for 30 min at 0 °C. After
completion of the epoxidation step, the residue LiBHEt,
(14.74 mL, 14.74 mmol, 1 M in THF, 40 equiv) and THF
(5 mL) were used. The reaction mixture was stirred for 30 min
at 0 °C and then for 1.5 h at RT. After completion of the
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reaction, crude (2S,3R4S,5R)-1-(naphthalen-1-yl)hexane-
(3,4,6-tri-O-(ethoxyethyl)-1,2,3,4,5,6-hexaol) (Rf = 0.26 (hex-
ane/EtOAc 5:1); HRMS (ESI) m/z [M + Na]* caled for
CysH,4,O9Na 547.2878, found 5$47.2880) was obtained.
Following the general procedure F, the hexanol, THF (S
mL), and 20% AcOH (S mL) were used. After completion of
the reaction, the residue was purified by column chromatog-
raphy on silica gel (CHCl;/MeOH $:1) to give product 16 (59
mg, 52%) as a colorless oil: R;= 0.15 (CHCl;/MeOH $:1); 'H
NMR (5000 MHz, DMSO-d,): 3.31-3.42 (m, 2H, H-6,
overlapped with water signal); 3.49 (bd, 1H, J;, = 9.5, H-3);
3.74 (bt, 1H, Js = 62, H-5); 3.90 (d, 1H, ], = 9.5, H-4); 401
(bd, 1H, J,, = 7.8, H-2); 4.15 (bs, 1H, OH-3); 4.21 (bs, 2H,
OH-2,5); 4.51 (bs, 1H, OH-6); 4.69 (bs, 1H, OH-4); 5.37 (d,
1H, J,, = 7.8, H-1); 5.68 (bs, 1H, OH-1); 7.43-7.53 (m, 3H,
H-3,6,7-naphth); 7.64 (dd, 1H, [, = 7.3, o, = 1.3, H2-
naphth); 7.79 (d, 1H, J, ; = 8.2, H-4-naphth); 7.89 (m, 1H, H-
S-naphth); 8.26 (m, 1H, H-8-naphth); *C NMR (125.7 MHz,
DMSO-d): 63.5 (CHy-6); 69.1 (CH-4); 69.3 (CH-3); 702
(CH-5); 71.2 (CH-1); 72.4 (CH-2); 124.7 (CH-2-naphth);
124.8 (CH-8-naphth); 125.3, 125.4, 125.5 (CH-3,6,7-naphth);
127.1 (CH-4-naphth); 128.5 (CH-S-naphth); 131.7 (C-8a-
naphth); 133.4 (CH-4a-naphth); 140.9 (C-1-naphth); HRMS
(ESI) m/z [M + Na]*calcd for C,4H,,0¢Na 331.1152, found
331.1152.
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What is the most significant result of this study?

This work represents another step in the effort to use glycals (1,2- . i
unsaturated derivatives of carbohydrates) as donor synthons for ChemlStry gﬁﬁfﬂa'g"y
transition metal-catalyzed arylation reactions. We have employed a A European s
novel 1-silyl derivative of d-glucal, which was obtained as a bench-

stable solid and could therefore be used conveniently. For its prep- Journal

aration, we have used a transient protection with MOP groups,
which we developed previously, and therefore we could access the
key synthon in its unprotected form. Taking advantage of this, we
have carried out a range of Hiyama arylation reactions without the
need for protection. We have also spectroscopically confirmed the
role of the silyl hydride derivative as a masked silanol and its hy-
drolytic activation, which is a key mechanistic step for transmetala-
tion of the glycal moiety to palladium. Moreover, we have used
this strategy to develop a very short synthesis of Dapagliflozin, an
important commercial drug.

What was the inspiration for this cover design?

We have depicted the sugar moiety as a cube of sugar. To match
the overall “sweet” tone of the cover, we have placed the sugar as-
sembly line into the surroundings inspired by the Tim Burton'’s biz-
zare adaptation of the novel Charlie and the Chocolate Factory.
The only thing missing on the cover are the Oompa Loompas.

How did each team member/collaborator contribute to the
work?

WILEY-VCH

| would like to emphasize the role of both of the first authors of
this paper, as both of them worked on this project during their un-
dergraduate stay in our group. Given the early stage of their aca-
demic career, publication in Chemistry - A European Journal is a
welcome encouragement into their upcoming successes.
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Facile Approach to C-Glucosides by Using a Protecting-
Group-Free Hiyama Cross-Coupling Reaction: High-Yielding

Dapagliflozin Synthesis

Karolina Varikova,™ Michal Rahm,™ Jan Choutka,™ Radek Pohl,® and Kamil Parkan*®

Abstract: Access to unprotected (hetero)aryl pseudo-C-gluco-
sides via a mild Pd-catalysed Hiyama cross-coupling reaction
of protecting-group-free 1-diisopropylsilyl-p-glucal with vari-
ous (hetero)aryl halides has been developed. In addition,
selected unprotected pseudo-C-glucosides were stereoselec-
tively converted into the corresponding o- and f-C-gluco-

sides, as well as 2-deoxy-f-C-glucosides. This methodology
was applied to the efficient and high-yielding synthesis of
dapagliflozin, a medicament used to treat type 2 diabetes
mellitus. Finally, the versatility of our methodology was
proved by the synthesis of other analogues of dapagliflozin.

Introduction

In the field of carbohydrate chemistry, aryl C-glycosides are an
important class of natural products™ and synthetic drugs.”
Structurally, they can be viewed as mimetics of aryl O-glyco-
sides, in which their labile O-glycosidic bond is replaced with a
stable C—C bond. This modification increases their stability
towards chemical and enzymatic hydrolysis substantially,
providing them with great potential as drug candidates. Various
C-glycosides such as papulacandin D, bergenin,” thailanstatin
A" and vicenin-2,”! have been isolated from natural sources
and show significant biological activities. The major use of aryl
C-glycosides includes the inhibition of the sodium-glucose
cotransporter-2 (SGLT-2). In recent years, these inhibitors have
attracted much attention due to their effective, safe and well-
tolerated control and regulation of type 2 diabetes.* Accord-
ingly, the FDA has approved SGLT-2 inhibitors, such as
dapagliflozin (Forxiga), empagliflozin (Jardiance), and canagli-
flozin (Invokana).”

Consequently, many successful strategies to provide a
synthetic access to aryl C-glycosides in a direct or de novo
manner have been already developed.” Notable strategies to
construct these saccharide mimetics by transition-metal-medi-
ated coupling reactions include Heck® Stille” Suzuki-
Miyaura,***'% Negishi"®'" and Hiyama-Denmark cross-coupling
reactions (Figure 1).'? All of these methodologies were applied

[al K. Varikovd, M. Rahm, J. Choutka, Dr. K. Parkan
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University of Chemistry and Technology Prague
Technickd 5, 166 28 Prague 6 (Czech Republic)
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& Supporting information for this article is available on the WWW under
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Figure 1. Cross-coupling approaches for the synthesis of aryl C-glycosides.

almost exclusively to O-protected (mostly benzylated and
silylated) 1-substituted glycals except for the Stille cross-
coupling reaction of aryl halides with glycosyl stannanes,
described by Walczak etal.™ The use of protecting groups
suppresses problems with solubility in organic solvents and
purification as well as side reactivity."*'¥ Nevertheless, depend-
ing on the sensitivity of the introduced functional group, the
deprotection of the obtained saccharide mimetics can become
challenging. Therefore, a straightforward access to unprotected
aryl C-glycosides in high yield is advantageous. In continuation
of our interest in the synthesis of C-glycosides,"*'*! we report
access to diverse (hetero)aryl C-glycosides via a key Hiyama
cross-coupling reaction of 1-diisopropylsilyl-D-glucal 4 with
different (hetero)aryl halides under mild conditions. Herein, to
the best of our knowledge, the most suitable and practical
synthesis of dapagliflozin 8n and its derivatives 7n and 10n is
also described.

© 2021 Wiley-VCH GmbH
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Results and Discussion

The first step was the preparation of 1-diisopropylsilyl-p-glucal
4 from commercially available bp-glucal 1, which was fully
protected with 2-methoxyprop-2-yl (MOP) groups (Scheme 1).
The reaction of 2-methoxypropene in the presence of pyridi-
nium tosylate afforded MOP-p-glucal 2 in an excellent yield of
84%. As we reported before,”® MOP acetal protecting groups
represent an efficient strategy for transient protection of glycals.
Their use is favourable for several reasons, such as their easy
introduction and removal, compatibility with silyl groups, low
cost, and stability under harsh basic conditions, which are
required for C-1 derivatization. In the next step, MOP-p-glucal 2
was converted into a 1-lithiated intermediate by treatment with
t-BuLi (3.5 equiv.) in THF at —78°C and then this intermediate
was reacted with (iPr),SiCIH to give compound 3. The subse-
quent mildly acidic hydrolysis (THF/1% aqueous AcOH in the
ratio 1:1, v/v) of 3 resulted in the formation of bench-stable
solid 1-diisopropylsilyl-D-glucal 4 in a notable yield of 78% over
three steps.

The reaction of the unprotected 1-diisopropylsilyl-p-glucal 4
with 1-iodonaphthalene was chosen as a model reaction for the
Hiyama cross-coupling."® To optimize the reaction conditions,

OH OMOP

2-methoxypropene y

Lo} Py.TsOH
““ﬂ&; il M%@Y&;

i 2, 84%
OR

o

Ro/&;\ (Pr);SICIH 4O +BuLi, THF
ROM—=\gprH 78 °C, 30 min §~/)\L| 78 “E;-mc

3R=MOP o
SR 03% from 2 1% ACOH in H,O/THF (1:1)

Scheme 1. The preparation of 1-diisopropylsilyl-p-glucal 4 from p-glucal 1.

the fluoride source and its quantity was screened, as summar-
ized in the Table 1. Other parameters such as the temperature
and the reaction time were varied. The formation of the desired
1-naphthyl-p-glucal 5a was monitored by 'H NMR with an
internal standard (1,3,5-trimethoxybenzene).

The initial study began with tetrabutylammonium fluoride
(TBAF) as a fluoride source in anhydrous THF at 0°C (Table 1,
entry 1). A complete conversion of the starting material 4 to
product 5a was observed within 1h and the reaction
conditions appeared to be satisfactory. Unfortunately, the
purification of the product became problematic because of the
presence of tetrabutylammonium salts, which we were not able
to remove by column chromatography, ion-exchange on
DOWEX 50X8 in Et;N cycle or HPLC. For this reason, it was
necessary to find a more convenient source of fluoride ions.

We first turned our attention to KF in the presence of a
catalytic amount of 18-crown-6 (0.2 equiv.)."”’ We tested differ-
ent amounts of KF (2.2, 44, and 6.6 equiv.) under constant
conditions in anhydrous THF at room temperature for 4 h. As
shown in Table 1, the product 5a was detected in all cases,
although in low yields (17-36%) (Table 1, entries 2-4). More-
over, the conversion of the starting 1-diisopropylsilyl-p-glucal 4
was incomplete, and the addition of a Pd catalyst, crown ether,
an extension of the reaction time or higher temperature did not
lead to increased conversion. Therefore, CsF was used as a
fluoride ion (Table 1, entries 5-12), because of its greater ionic
character compared to KF. In this case, DMF and DMSO were
tested as solvents. To our delight, the complete conversion of 4
was observed in all reactions (Table 1, entry 5-12). However,
besides the desired cross-coupling product, p-glucal 1 was
identified as a by-product. Its origin can be explained by
competitive protodesilylation,"® in which the diisopropylsilyl
group is replaced by a hydrogen atom. In an attempt to prevent
its formation, several reactions with different timing t, between

Table 1. The optimisation of the Hiyama cross-coupling reaction.

[PdCl(allyl)], Q ‘
———— HQ

Si(iPr)z2H  R*F", reaction conditions

N

4

Entry R*F (equiv. Solvent tg [h)/t, [min] Tra Yieldof 1/5a [%]"” Conversion of 4 [%]"
1 TBAF (2.2) THF 1/10 0-rt 0/80° 100
2¢ KF (2.2) THF 4/10 rt ND/24 ND
39 KF (4.4) THF 4/10 rt 0/36 ND
4 KF (6.6) THF 4/10 rt 017 63
5¢ CsF (2.2) DMF 16/0 rt 53/20 100
6 CsF (4.4) DMF 16/0 rt 52/14 100
7 CsF (4.4) DMF 16/0 60 68/16 100
8¢ CsF (4.4) DMF 16/20 60 ND/38 100
9¢ CsF (4.4) DMF 16/60 60 26/40 100
10° CsF (4.4) DMSO 16/0 60 ND/ND ND
14 CsF (4.4) DMSO 16/20 60 26/40 100
12 CsF (4.4) DMSO 16/60 60 ND/ND ND
13 NH,F (2.2) THF 16/10 rt 0/0 0
14 TMAF-4H,0 (2.2) DMF 16/10 rt 0/81° 100
15 TMAF-4H,0 (2.2) THF 16/10 rt 0/40° 50

[a] All yields and conversions were determined by 'H NMR with an internal standard, 1,3,5-trimethoxybenzene. [b] Product contained traces of
tetrabutylammonium salts. [c] Isolated yield. [d] 18-crown-6 (0.2 equiv.) was added; t; =reaction time; t,=time between the addition of fluoride and the

addition of 1-iodonaphthalene with a Pd catalyst; ND = not determined.

Chem. Eur. J. 2021,27,1-7
These are not the final page numbers! 77

www.chemeurj.org 2 © 2021 Wiley-VCH GmbH

158



Parkan K., Habilitaéni prace, VSCHT v Praze, Praha, 2021.

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202101052

the addition of CsF and the addition of 1-iodonaphthalene
along with the catalyst were performed. Unfortunately, the
presence of D-glucal 1 was still apparent.

Additionally, NH,F was also tested as a source of fluoride
ions (Table 1, entry 13), but no reactivity of the starting material
was observed, which was attributed to the insufficient ionic
character of this salt. Ideal conditions (Table 1, entry 14) were
found using tetramethylammonium fluoride tetrahydrate
(TMAF-4H,0) in DMF. This quaternary ammonium salt provided
almost the same reaction yield as the experiment using TBAF; in
this case, the cross-coupling product 5a was observed in 81%
yield. Its main advantage lays in the purification step, in which
the quaternary ammonium salts were easily separated from the
product by column chromatography. Based on these facts,
TMAF-4H,0 could have become an alternative source of
fluoride ions to the more problematic TBAF. It is also important
to note that the use of THF as a solvent (Table 1, entry 15)
instead of DMF decreased the yield to 40%. This could be
explained by the lower solubility of TMAF-4H,0 in THF.

Monitoring of the reaction progress by NMR revealed, that
the addition of hydrated TMAF to the solution of 4 leads to
dehydrogenative hydrolysis to silanol 6 (Figure 2). This observa-
tion confirms the role of silyl hydride 4 as a masked silanol, as
described before for silacyclobutanes™ as well as for 2-
thienyl®” and 2-pyridyl® silanes. This hydrolysis is likely
promoted by water present in the TMAF hydrate, as the cross-
coupling reactions were otherwise carried out under anhydrous
conditions. The insitu formation of silanol 6 from 4 was
evidenced by upfield shift of the singlet in decoupled **Si NMR
spectra (from —1.42 to —3.40 ppm) and the disappearance of

H
TMAF-4H,0
-Hy HO )\
o > | Ho =

DMF-d7

[Paciaiy, MO =
DMF

15 min
overnight 5a
5a, 51% from Ar-Br
5a, n.d. from Ar-OTf OCHy

B ms”

| 4 H H H

|

A
PN HO HO' HO'
— - HOA = HOA = HOAEN S\,
™S ‘\ 8, 0 \ /
[ ( f\ 5d, 68% NO; Se, 89% 1, 70%
| \ I\
I\
3 ) o . T e N ey N :
3580
2Si
09
2 H
s
g
i 0 HO
=3 HO-
205
£ 5j, 38% 5K, 56%
=
203
-4 = i
01 oNaphth-| aProduct 5a oSilanol 6 oSilanol 6

01234567839
Time [h]

01 23 456 7 89

Time [h]

Figure 2. Reaction monitoring by NMR. A: Reaction scheme B: Decoupled
#Si NMR spectra of 4 before (upper spectrum) and after (lower spectrum)
the addition of TMAF-4H,0 C: Kinetics of the arylation step from 'H (left) and
“Si (right) NMR data. Displayed are relative integral intensities after fitting to
pseudo-first order kinetic equation.
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3

'Js.y coupling in the silyl hydride signal in proton-coupled *Si
spectra (Figure 2B). The formation of silanol 6 was also observed
in ESI-MS of the reaction mixture after the addition of
TMAF-4H,0 ([M +Na] *299.1287).

The addition of 1-iodonaphthalene and [PdCl(allyl)], led to
the conversion of silanol 6 to the arylated product 5a
overnight, as observed by the decay of the silanol signal at
—3.40 ppm in °Si NMR and corresponding arylation kinetics in
'H NMR (pseudo-first order rate, k=1.8x10*s™") (Figure 2C,
see Supporting Information (chapter S3) for details).

As shown in Table 2, various aromatic partners were tested
with 1-diisopropylsilyl-p-glucal 4 under optimized conditions. In
general, electron-rich aryl iodides were found to provide better
results. Especially, 5-iodo-1,2,3-trimethoxybenzene and 1-benzy-
loxy-4-iodobenzene provided the expected products (5b and
5¢) in excellent yields (89% and 94 %). Compared to aromatic
iodides, the identical bromides provided lower yields as
demonstrated by the yields of products 5a (81% vs. 51%) and
5b (89% vs. 54%). Similarly, aryl triflates, which are also
commonly used as suitable donors for cross-coupling reactions,
are not able to compete with identical iodides as is illustrated
by no formation of the product 5a.

Electron-poor aromatic iodides, such as 1-iodo-4-nitroben-
zene and methyl 4-iodobenzoate were also well tolerated
substrates and their products 5d and 5e were isolated in high

Table 2. The substrate scope of the Pd-catalysed Hiyama cross-coupling
reaction of 1-diisopropylsilyl-b-glucal 4 with different aryl halides.”

H H
At
H vdH, HO
A )\ [PdCl(allyl)l,, TMAF+4H,0 o ~Q
{ Ar
e fox

DMF, t, 16 h

[a] Reaction conditions: 4 (0.6 mmol, 1.2 equiv.), Aryl-X (0.5 mmol, 1 equiv.),
[PdCl(ally)], (2.5 mol%), TMAF-4H,0 (1.1 mmol, 2.2 equiv.), 25°C, DMF

(5 mL), 16 h. Isolated yields. n.d.=not detected.

© 2021 Wiley-VCH GmbH



Parkan K., Habilitaéni prace, VSCHT v Praze, Praha, 2021.

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202101052

yields (68% and 89%). Thereafter, we probed whether the C-
glycosidic bond could be formed with heteroaromatic com-
pounds containing nitrogen or sulfur. The utilisation of 2-iodo-
5-methylthiophene provided 5f in 70% yield. However, the
reaction of the starting silylhydride 4 with 3-iodopyridine
afforded 5g in lowered 25% yield. Further study of ortho-
substituted 1-fluoro-2-iodobenzene with 4 gave the corre-
sponding coupling product 5h in good 64% vyield, whereas
bulky 2-iodo-1,3-dimethylbenzene failed to provide any prod-
uct. To expand the substrate scope, a reaction with meta-
substituted arene was performed. 1-Fluoro-3-iodobenzene
underwent the coupling reaction to give 5j in 38% yield. Due
to the lower reactivity of aryl bromides, we also performed a
reaction with 1-bromo-4-iodobenzene. As expected, the reac-
tion resulted in a mixture of mono- and bis-glycosylated
products 5k and 5m, but the major product 5k was
successfully isolated in 56% vyield. Besides, we also wondered
whether our method would be suitable for the synthesis of
glycopeptides C-analogues, as the attachment of saccharide to
peptides and proteins is a common post-translational modifica-
tion. The reaction of 4 with N-(tert-butoxycarbonyl)-4-iodo-L-
phenylalanine methyl ester afforded the glycoconjugate 51 in a
high yield of 85%. Lastly, we showed that 1,4-diiodobenzene
can be employed in this transformation with 2.2 equivalents of
4, affording the bis-glycosylated product 5m in 70 % yield.

As we published before,“**'*¥ the protected unsaturated
pseudo-C-glycosides are suitable substrates for further stereo-
selective transformations, which produced a- or (3-C-glycosides
and 2-deoxy-f-C-glycosides in high yields. As most of the
naturally occurring aryl C-glycosides exist with B-configuration
at the pseudoanomeric centre, selected unprotected cross-
coupling products 5a-d were directly converted to -C-gluco-
sides 7a-d (Table 3. Route A).

For efficiency reasons, we aimed for a one-pot sequence'®
of hydroboration followed by oxidation with alkaline hydrogen
peroxide. The resulting products 7a-d were obtained in
moderate yields (46-66 %) with only -selectivity. Moreover, the
direct transformation of unprotected cross-coupling products to
aryl 2-deoxy-f-C-glucosides was examined. In this case, the
choice of the catalyst played a crucial role in the reactivity. The
unprotected pseudo-C-glycosides 5b and 5h were used as the

Table 3. A. The preparation of aryl -C-glucosides 7a-d. B. The prepara-
tion of aryl 2-deoxy-f-C-glucosides 8b and 8h.

OH Route A OH Route B OH
Q 1. BHy THF 0 o
Pt H,
“°Mm —THE MG POHe wgd ¥
Ar EtOH

OH 2.30% H,0,
5a-d (Route A) 8b, 8h
5b, 5h (Route B)

7ad
Route A
CH;
OH OH OH
. . y o OCH;3 Q 0Bn
%o %o "%o.
OH OH OCH, OH

30% NaOH

7a, 66% 7b, 46% 7c,54%
Route B CH:
Q < OCH,
H%o. H 2 Yo 4
OH %o! Ho.
o 'OCH;
7d, 50% 8b, 83% 8h,79% F
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starting materials. Unfortunately, the hydrogenation of their
endocyclic double bonds in the presence of 10% Pd/C in
ethanol resulted in a mixture of the expected products and
sugar ring-opened product. Due to their very similar R; values,
these products could not be separated. Therefore, several
conditions were tested (Pd/C in THF, methanol and ethyl
acetate,"® Pd(OH),/C in ethanol® and Pt,0 in ethanol™). It
turned out that the hydrogenation of the double bond of 5b
and 5h with Adams’ catalyst in ethanol successfully led to the
desired aryl 2-deoxy-f3-C-glucosides 8b and 8h in high yields
(83% and 79%) (Table 3. Route B). These results might be
explained by the coordination of palladium catalysts to
endocyclic oxygen and the subsequent reductive sugar-ring
opening.

The compatibility with various aromatic electrophiles en-
abled us to apply this Hiyama coupling reaction to the synthesis
of dapagliflozin, a worldwide approved inhibitor for the treat-
ment of type 2 diabetes. The required acceptor for the cross-
coupling reaction was prepared via a published three-step
synthesis.”* According to the general procedure, 1-diisopropyl-
silyl-D-glucal 4 underwent the Hiyama cross-coupling reaction
with the prepared 1-chloro-2-(4-ethoxybenzyl)-4-iodobenzene
and the desired pseudo-C-glycoside 5n (Table 2) was obtained
in excellent 96% vyield. For the synthesis of dapagliflozin, 5n
was simply used for hydroboration-oxidation, which resulted in
a molecule of dapagliflozin 7n in 82% isolated yield with
exclusive [-anomeric stereoselectivity (Scheme 2). Next, the
pseudo-C-glycoside 5n was subjected to catalytic hydrogena-
tion in the presence of Adams’ catalyst. As we assumed, the
syn-addition of hydrogen successfully led to the desired 2-
deoxy analogue of dapagliflozin 8n in 88% yield (Scheme 2).

For completeness, we probed previously published two-
step synthetic procedure™** for the first stereoselective
preparation of the a-anomer analogue of dapagliflozin 11n.
Firstly, the pseudo-C-glycoside 5n was benzylated to prevent
side reaction of free hydroxyl groups during the oxidation in

O OEt|

1. BHy THF
THF OH s
Q
2.30% H0y/ | HO T
30% NaOH
OH
¢ n, 82% Dapaglifiozin
2 OEt
a,
= O 9
O & OEt OH
Sn PtO,, H, a cl

EtOH HOo)
BnBr, NaH, TBAI
THF

0Bn
1. DMDO, CH,Cl;

Q
AN —_
2. Super-Hydride®
cl OEt THF

9n, 85%

2
Py

10n R = Bn, 80%
PA(OH)/C, Hy, " R=Bn. 0%
EIOHEIOAC | 140 k= 1. g6%

Scheme 2. The preparation of dapagliflozin 7 n and its analogues 8n and
11n.
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the following step. The benzylation of 5n with BnBr and NaH in
the presence of tetrabutylammonium iodide (TBAI) in THF
provided the benzylated derivative 9n in high 85% yield. The
corresponding pseudo-a-anomer 10n was obtained by the
epoxidation of the endocyclic double bond with dimeth-
yldioxirane (DMDO),*” followed by the subsequent cleavage of
the formed epoxide ring with lithium triethylborohydride
(Super-Hydride®). The «a-C-glycoside 10n was successfully
isolated in 80% vyield as the only isomer. The final catalytic
debenzylation of 10n in the presence of Pd(OH),/C furnished a
free analogue of dapagliflozin 11n with a-b-gluco configura-
tion. The advantage of using Pd(OH),/C was that no dehaloge-
nation product was observed and 11n was obtained in high
86 % yield (Scheme 2).

Conclusion

In summary, we have developed a new strategy for the
synthesis of (hetero)aryl C-glycosides via the Pd-catalysed
Hiyama reaction of unprotected 1-diisopropylsilyl-p-glucal 4
with iodo- or bromo- (hetero)arenes under mild conditions. It
enables the straightforward synthesis of a variety of (hetero)aryl
C-glycosides, providing access to products that are otherwise
difficult to prepare by known methods and offers a tool for late-
stage modifications of drug molecules. We also report a new
practical two-step strategy for the synthesis of pharmaceutically
important dapagliflozin in the overall yield of 79%. Next, we
have verified that our stereoselective procedure is also useful
for the preparation of dapagliflozin analogues with 2-deoxy-f3-
D-gluco and a-b-gluco configuration in good overall yields (84 %
and 56 %) from 1-diisopropylsilyl-p-glucal 4.

Experimental Section

General procedure A for Hiyama cross-coupling reaction

TMAF-4H,0 (2.2 equiv.) was added to a 0.24 M solution of 1-
diisopropylsilyl-p-glucal 4 (1.2 equiv.) in anhydrous DMF at room
temperature under an argon atmosphere. After 15 min, [PdCl(allyl)],
catalyst (0.025 equiv.) and the corresponding aryl halide (1 equiv.)
were subsequently added, and the reaction mixture was stirred for
16 h. After consumption of the starting material, the reaction
mixture was concentrated in vacuo and the resulting residue was
purified by column chromatography on silica to afford the desired
product 5a-n. In some cases, the obtained compounds were
additionally purified by prep-HPLC on Phenomenex (Luna C,g)
column.

General procedure B for hydroboration-oxidation

To a 0.025 M solution of corresponding coupling product 5a-d and
5n (1 equiv.) in anhydrous THF, BH,-THF complex solution (1.0 M in
THF, 10 equiv.) was added dropwise at 0°C. The resulting mixture
was stirred for 10 min at this temperature and then warmed to
room temperature and stirred for next 16 h (overnight). Then the
mixture was cooled to 0°C again and 30% solution of H,0, and
30% solution of NaOH (2mL, 1:1) were added simultaneously
dropwise. After a slow transition to room temperature (approx.

Chem. Eur. J. 2021, 27,1-7 www.chemeurj.org

20 min), the reaction mixture was filtered through Celite® and
concentrated in vacuo. The residue was purified by column
chromatography on silica to provide the desired aryl 3-C-glycoside
7a-d and 7n. In some cases, the obtained compounds were
additionally purified prep-HPLC on Phenomenex (Luna C,g) column.

General procedure C for hydrogenation

To a 0.016 M solution of corresponding coupling products 5b, 5h,
and 5n (1 equiv.) in ethanol PtO, (0.05 mmol, 0.5 equiv.) was added.
The resulting mixture was stirred for 40 min under a hydrogen
atmosphere for 2 h. The mixture was filtered through Celite® and
concentrated in vacuo. The residue was purified by column
chromatography on silica to provide the desired aryl 2-deoxy-f3-C-
glycosides 8b, 8h, and 8n.
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