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Abstract

Carbohydrates play a central role in a variety lmygmological and pathological processes such as
HIV, cancer and diabetes. The understanding ofetlpgecesses and the development of specific
therapeutic agents is relying on the ability to mfiwally synthesize unnatural sugars,
glycoconjugates and carbohydrate mimetics. Suckihydroxylated compounds are conveniently
synthesized from carbohydrates, however, due t@thecity of many sugars from nature, efficient
methods for transformation of readily availablebodrydrates into valuable chiral building blocks
are required. The work presented in this thesisides on the development and application of
transition metal mediated methods for shortening) extending the carbon chain in carbohydrates

thereby providing access to lower and higher sugars

A new catalytic procedure for shortening unprotécsugars by one carbon atom has been
developed. By means of a rhodium-catalyzed decgthbon of the aldehyde functionality, aldoses

are converted into their corresponding lower alditm yields around 70%. The reaction is

performed with 8% of the catalyst Rh(dpgp)) in the presence of small amounts of pyridine to
facilitate mutarotation. The procedure has beenleyed as the key step in a short five-step
synthesis of the unnatural sugathreose in 74% overall yield from-glucose.

R OH
0 8% Rh(dppp),Cl
HO OH 6% pyridine OH
_— OH + co
diglyme/DMA

HO OH 162 °C OH

R = H, CHz, CH,OH

A zinc-mediated one-pot fragmentation-allylatioagton has been used to elongatglucose and
D-ribose by three carbon atoms thereby producingatgdrate-derived, -dienes, which have
been converted into the natural products calyseeginand gabosine A. The glycosidase inhibitor
calystegine A was produced by two similar routes from commelgiavailable methyl

-D-glucopyranoside in 13 and 14 steps with 8.3 aB&c5Soverall yield, respectively. The present
work thereby constitutes the shortest synthesisermdntiomerically pure calystegines,Aand
furthermore, it enables the absolute configuratibthe natural product to be determined. Gabosine
A has been prepared in nine steps and 13.9% owaetl from D-ribose, and this synthesis
provides the first route to gabosine A from an atam carbohydrate precursor.



Abstract

OH

13 steps HO NH
D-glucose = HO

calystegine Az

D-ribose -~ HO'"™ 0
HO  OH
gabosine A

During an external stay at University of Oxforde tlnetabolism of nonsteroidal anti-inflammatory
drugs (NSAIDs) has been investigated. It was fotlat known acyl glucuronide metabolites of
ibuprofen and several analogues modify human plasrotein under conditions encountered in
therapy. Two different kinds of protein modificatioccur depending on the structure of the parent
drug. The obtained results strongly suggest thaveérsible modification of human proteins takes
place during treatment with carboxylic acid conitagndrugs such as NSAIDs. Furthermore, the
observed reactivity of these metabolites with resge protein modification may provide an

explanation for the severe toxicity that has lethewithdrawal of certain carboxylate drugs.

(6]
0 o) i O
HO Transacylation )
H&/O% + Protein _— ProtelnfLys\N/lKD
HO Drug H rug
Acyl
migration
OH OH
o o)
0 Glycosylati HO Q
HO orotel ycosylation oJo]
0. .0 + rotein < ———> —Lys—Protein
Y o Y Ho N

Drug
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Resumé

Kulhydrater spiller en central rolle i mange forkike fysiologiske og patologiske processer sdsom
HIV, cancer og diabetes. Forstaelsen af disse psecesamt udviklingen af specifikke laagemidler
afheenger i hgj grad af kemisk at kunne syntetisgraturlige sukkerstoffer samt stoffer, der

imiterer kulhydrater. Ideelt set fremstilles sadamolyhydroxylerede forbindelser fra kulhydrater,

men pa grund af meget lav tilgeengelighed af mangkesstoffer fra naturens side, er der behov for
effektive metoder til at omdanne tilgeengelige kdltager til veerdifulde kemiske byggeblokke. Det

arbejde, der praesenteres i denne afhandling, fokupé udvikling og anvendelse af metoder, hvor
overgangsmetaller benyttes til at forkorte og fodee sukkerstoffers kulstofkeede og dermed giver

adgang til ellers utilgeengelige kulhydrater.

En ny katalytisk metode til at forkorte ubeskyttekidhydrater med ét kulstofatom er blevet
udviklet. Ved hjeelp af en rhodium-katalyseret dboaylering af aldehyd-gruppen kan
monosakkarider omdannes til de tilsvarende forkiertegolyoler i udbytter omkring 70%.
Reaktionen udfgres med rhodium-katalysatoren RIpd@p i tilstedeveerelse af en lille smule
pyridin, der katalyserer mutarotation mellem kulratdts hemiacetal- og aldehydform. Den
udviklede metode er blevet anvendt som nggletiem kort syntese af det unaturlige sukkerstof

L-threose i 74% samlet udbytte i fem trin fraylukose.

R OH
o} 8% Rh(dppp).Cl
HO OH 6% pyridin OH
—_— OH + CcO
diglyme/DMA
R

HO OH 162 °C OH

R=H, CH3, CHon

Som en del af fremstillingen af naturstofferne stdgin A 0og gabosin A eb-glukose ogb-ribose
blevet forleenget med tre kulstofatomer ved hjeelp eaf zink-medieret fragmentering-
allyleringsreaktion. Calysteginsblev fremstillet pa to lidt forskellige mader i 18 14 trin med
henholdsvis 8,3 og 5,3% overordnet udbyttedfrglukose. Herved er det lykkedes at udvikle den
hidtil korteste syntese af naturligt forekommenddéystegin A i enantiomerisk ren form, hvilket
blandt andet har muliggjort, at den absolutte lgqunfation af naturstoffet er blevet bestemt.

Fremstillingen af gabosin A blev gennemfart i nintmed 13,9% samlet udbytte fraribose og



Resumé

udgear den fagrste synteserute til gabosin A, der lgag af et let tilgaengeligt kulhydrat som

startmateriale.

OH
13 trin HO NH
D-glukose > HO
calystegin Az
9 trin
D-ribose - > HO'"™ o

HO  OH

gabosin A

| lgbet af et eksternt ophold ved Oxford Universieg metabolismen af nonsteroidale anti-
inflammatoriske laeegemidler (NSAID’er) blevet undegs Under forsggsbetingelser, som forventes
at kunne forekomme ved behandling med ibuprofezy det observeret, at kendte acylglukuronid-
metabolitter af ibuprofen og flere analoger reagened et humant plasmaprotein. Afheengig af
strukturen af lsegemidlet blev der observeret tgldeltige former for protein-modifikation, og de
her opnaede resultater indikerer kraftigt, at deedar irreversibel modifikation af proteiner i
mennesker, nar der indtages laegemidler, der indeheh carboxylsyre-gruppe (f.eks. NSAID’er).
Endvidere kan disse metabolitters reaktivitet mexslyn til modifikation af proteiner give en mulig
forklaring pa den toxicitet, der har vaeret skyldtivisse laegemidler indeholdende en carboxylsyre-

gruppe er blevet trukket tilbage fra markedet.

OH
O
HO Q o] Transacylering , /[?\
HO 04/< + Protein - " 3 Protein—Lys__ .
HO Leege- Ho 20
midde
Acyl-
migrering
OH OH
o O
HO Q Glykosylering HO Q
Ow O + Protein ——— O 0O _Lys—Protein
Y HO “OH Y Ho N
Leege-
Leege- g
middel middel



Rune Nygaard Monrad — Ph.D. Thesis

Vi



Publications

Publications

At the time for submission of this thesis, the ee#skh had resulted in the following scientific
publications. Copies of the manuscripts are indusheAppendix IV at the end of this thesis. In
addition to these publications, work is in progressonvert the literature described in chapter 2

and the research presented in chapter 4 into aweand a full paper, respectively.

1) Rune Nygaard MonradRobert MadsenRhodium-Catalyzed Decarbonylation of Aldoses
Journal of Organic Chemistr007, 72, 9782-9785.

2) Rune Nygaard Monrad/ette Fanefjord, Flemming Gundorph Hansen, N.Hdal E. Jensen,

and Robert Madser§ynthesis of Gabosine A and N from Ribose by the &sf Ring-
Closing Metathesis European Journal of Organic Chemis2909 396.

3) Rune Nygaard Monradlames C. Errey, Mazhar Igbal, Xiaoli Meng, Lisadn, John R.
Harding, lan D. Wilson, Andrew V. Stachulski, Bemja G. Davis,Dissecting the Reaction

of Phase Il Metabolites of lbuprofen and Other NSADS with Human Plasma Protein

Nature Medicinesubmitted.

vii



Rune Nygaard Monrad — Ph.D. Thesis

N,N-dimethylacetamide
4-dimethylaminopyridine
dimethyldioxirane
N,N-dimethylformamide
Dess-Martin Periodinane
dimethylsulfoxide
diphenylphosphoryl azide
1,4-bis(diphenylphosphino)butane
1,2-bis(diphenylphosphino)ethane
1,6-bis(diphenylphosphino)hexane
bis(diphenylphosphino)methane
1,3-bis(diphenylphosphino)propane
1,4-dithiothreitol

glutamate

ethylenediamine tetraacetic acid
enantiomeric excess

enantiomer

equivalent(s)

electron spray ionization

ethyl

electron-withdrawing group
phenylalanine

glycine

galactose

galactosyl transferase
N-acetylglucosamine

Grubbs’ 2 generation catalyst

Abbreviations

) sonication DMA

A, Ala alanine DMAP

Ac acetyl DMDO

AG 1- -O-acyl glucuronide DMF

AIBN 2,2’-azo bisisobutyronitrile DMP

aq. agueous DMSO

Asp asparagine DPPA

BINAP 2,2’-bis(diphenylphosphino)- dppb
1,1’-binaphthyl dppe

Bis-Tris 1,3-bis[tris(hydroxymethyl)- dpph
amino]propane dppm

Bn benzyl dppp

Boc tert-butoxycarbonyl DTT

bp boiling point E

BSA bovine serum albumin EDTA

Bu butyl ee

Bz benzoyl ent

C cytidine eq.

C, Cys cysteine ESI

CAN cerium(lV) ammonium nitrate Et

Cbz carboxybenzyl EWG

CMP cytidine 5’-monophosphate F

COD 1,5-cyclooctadiene G

COE cyclooctene Gal

Cp* h>-pentamethylcyclopentadienyl GalT

CSA camphorsulfonic acid GIcNAc

Cstll sialyl transferase

Cy cyclohexyl

D aspartate H, His

d days h

d doublet (NMR) HATU

Da Dalton

DABCO 1,4-diazabicyclo[2.2.2]octane

DAH 3-deoxyb-arabino-hept-2- HEPES
ulosonic acid

DBU 1,8-diazabicyclo[5.4.0Jundec-7- HPLC
ene

DCC dicyclohexylcarbodiimide HSA

DCM dichloromethane I

DDQ 2,3-dichloro-5,6-dicyano-1,4- IBX
benzoquinone Im

de diastereomeric excess IME

DHP 3,4-dihydro-B-pyran IR

DIAD diisopropyl azodicarboxylate K

DIB (diacetoxyiodo)benzene K(+)

diglyme diethyleneglycoldimethylether

viii

(PCy)(C3sHsN2Mes)Cl,Ru=CHPh
histidine

hour(s)
0-(7-azabenzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium
hexafluorophosphate
4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid

high performance liquid
chromatography

human serum albumin
isoleucine

2-iodoxybenzoic acid

imidazolyl
2-imino-2-methoxyethyl

infrared

lysine

modified lysine



Abbreviations

KDG
KDN
KDO

Ki

L, Leu
LacNAc
LC
LIHMDS
Lys

M

m
MALDI

Me
Mes
min
MOM
MOPS

mp
MS
MS

N
n.d.
NBS
NHS
NMM
NMO
NMP
NMR
NPht
NSAID

Oxone

PAGE

PBS
PCC
PDC

(4S5R)-D-2-keto-3-deoxy-
gluconic acid
3-deoxyb-glyceroD-galacte
non-2-ulosonic acid
3-deoxyb-mannaeoct-2-
ulosonic acid

inhibition constant

leucine

N-acetyllactosamine

liquid chromatography
lithium bis(trimethylsilyl)-amide
lysine

methionine

multiplet (NMR)
matrix-assisted laser desorption
and ionization

methyl

mesityl

minutes

methoxymethyl
3-(N-morpholino)propane-
sulfonic acid

melting point

mass spectrometry
molecular sieves
asparagine

not determined
N-bromosuccinimide
N-hydroxysuccinimide
N-methylmorpholine
N-methylmorpholine oxide
N-methyl-2-pyrrolidinone
nuclear magnetic resonance
N-phthalimidyl

nonsteroidal anti-inflammatory
drug

potassium peroxymonosulfate
pentet (NMR)

proline

polyacrylamide gel
electrophoresis
phosphate-buffered saline
pyridinium chlorochromate
pyridinium dichromate

PG
Ph
Piv
PMB
PPTS
Pr

rac
RDS

rt

S

S

sat.
SDS
sec
SiaT

T

t
TBDMS
TBDPS
Tf

TFA
THF
THP
TLC
T™MS
TOF
Tol
TPPTS

Tr
triphos

Tris
Ts
TS
UDP
uv
V

W

Y

protective group
phenyl
pivaloyl
p-methoxybenzyl
pyridiniunp-toluenesulfonate
propyl
glutamine
guartet (NMR)
arginine
racemic
rate-determining step
room temperature
serine
singlet (NMR)
saturated
sodium dodecylsulfate
seconds
sialyl transferase
threonine
triplet (NMR)
tert-butyldimethyilsilyl
tert-butyldiphenyilsilyl
trifluoromethanesulfonyl
trifluoroacetic acid
tetrahydrofuran
2-tetrahydropyranyl
thin layer chromatography
trimethylsilyl
time of flight
toluene
triphenylphosphane-3,3’,3"-
trisulfonic acid trisodium salt
trityl
bis(2-diphenylphosphinoethyl)-
phenylphosphine
tris(hydroxymethyl)aminomethane
toluenesulfonyl
transition state
uridine 5’-diphosphate
ultraviolet
valine
tryptophan
tyrosin



Rune Nygaard Monrad — Ph.D. Thesis

Contents
1 The diverse nature of carbONYdrates .........ocouieiiiiiiii e 1
2 Methods for shortening and extending the carbonhain in carbohydrates ... 3
2.1 Methods for shortening the carbon chain in@aydrates .............ccocooeiiiiiiiiiiiiiiiccn, 3
200 0t R U1 e (=T | = T = 14 o] o 3
2.1.2 Periodate ClEAVAQE..........covieeiitieeemmmmeaa e e e e e e e e e e e et e et eeeettbabas s s seeeeae s e s s e e e e e e e eaeaaeeeeeesnnnees 5
2.1.3 Alkoxy radical fragmentation ...........ccceeeuuiiiiiiie e 6
2.1.4 PCC-induced shortening 68zido alConOIS...............uuiiiiiiiiii e 9
2.2 Methods for extending the carbon chain in chydeates ............cccccooeveeiiiiiiiee, 10
2.2.1 The Killani @SCENSION ......euiiiiiiiiiee e e et e ettt e e e e e e e e e e e e ee e eeneeeeeeessebbana e eeeas 10
2.2.2 The Sowden homOoIOQAaLtION ...........oiiieeiieeeiiieieiere e e e e rrene e 12
2.2.3 Chain elongation by means of the Baylis-Halinteaction ..............cccccoovvviiiiiiiiiiinnn, 13
2.2.4 Chain extension based on the aldol reaction ... 16
2.2.5 Organometallic addition to sugar aldehydeshamiacetals ..............cccceeiiieiiiiiiiiceeee 18
2.2.6 Chain elongation by Olefination .........ccceeueiiiiiii e 21
2.2.7 Radical based approaches to chain elongagEas..............vveiiiiiiiiiieeee 26
2.2.8 Formation o€-glycosides by the Knoevenagel condensation............ccccceeeeeiieeeeeen... 29
2.2.9 SYNthesis Of €X0 GIYCAIS .........coiii e eere e eeaeneeees 32
2.2.10 Chain extension by coupling Of tWO SUQALS.ccc...cevvvvviiiiiiiiiiiiei e eeeeeeeee e e 33
2.3 CONCIUAING FEIMAIKS ...ttt e et e it s e e e e e e e e e e e e e aeeeennnes 33
3 Chain shortening of aldoses by rhodium-catalyzedecarbonylation.................ccccevvvvvvnneee 35
1 700 I {11 o T (3 Tox 1 o [OOSR 35
3.2 Literature DacKgroUNG..........oooi oo ccceeee e e erre e e s e e e e e e e e e e e e e e e 35
3.2.1 Rhodium-mediated decarbonylation ... 35
T OF= 1= 1)/ (oo [=Tox= T o To ] )Y, F= U1 (o] o 38
I B |V [T od o =T 11 o o PR RPRPPPPP 41
3.2.4 Recent synthetiC appliCatiONS.........ccoviieeiiiiiieeiiceer e ee e 42
3.2.5 Application on carbohydrate SUDSIIrAteS e .evveeeiiiiiiiiiiiee e 45
3.3 Previous work on the decarbonylation projedh&group ...........oooevvvvvviiiiiiiieeeee e, 46
3.4 ReSUItS and ISCUSSION .......ccceeiiiitiemmmmmme e e ettt e e e eeeea e e s e e e e e e e e e aeeeeeeeseennnnnas 46
G RS0 Y= ] )£ = o 47
3.4.2 Formation of 1,4-anhydim-arabinitol.............coooiiiiiiiiiiiieeeee e 48
O B - = 1) V] B Y25 U= 1 U 50
3.4.4 Optimization of the decarbonylation procedure..............ouuveiiiiiiiiiniiee e 52
3.4.5 Extension of the procedure to other aldOSEeS. cc....ccooveieeiiiiiieeeee e 55
3.4.6 Decarbonylation of Other SUDSIIAteS .. e eeeeeeeiiiiiiiiiiiie e e e e 57
3.4.7 Decarbonylation of unprotected CyClodeXtrins.............oovvvviiiiiiiiiiiiieeeeeeeeeee e, 58
3.4.8 Hydroacylation Of @lKENES...........uiiieieeiiii s 61
3.4.9 Synthesis af-threose by chain shorteningm{gIuCoSe ..........ccovvvvvvviiiiiiiiiiiieie oo 62
3.5 CONCIUAING FEIMAIKS ...ttt ettt s e e e e e e e e e e e e e eeeenennes 64
I G @ U1 [o o QPP TTTPPPRPP 65
4 Synthesis of calystegine £Aby chain elongation ofD-gluCOSe ...........ccoviiiiiiiiiiiiiiiiee e e 67
4.1 The calystegine alKalOIAS ............... e eeeeeeeeeeeeeeeeeeeeear e s eeeeeessseeeeeeeaaeeeeeeeensnnnnns 67
4.2 Synthesis of natural products by chain elowgatf -iodoglycosides.........ccccccvvvviiiiiiinnennn. 69
4.3 Retrosynthetic analysis Of CalyStegine. A .....ccoo oo eerr e e 70
4.4 Previous work on the calystegine project iNGrIP ..........coovviiiiiiiiiiiiiieeee e 71
4.5 RESUIS @Nd AISCUSSION .....uuutiiiiiiiiieeeeace e e e e e e e e e e e st e e e e e s s b b e e e e e eeeees 73



Contents

4.5.1 Initial strategy towards CalyStegiNg. A ........oovveieiiriiiiiiiie e e e 73
4.5.2 Fragmentation-imine formation-allylation ....................oooiiiiii e 73
4.5.3 Stereochemical CONSIAEIALIONS ........coommuiiiiiiiiiiiiiii e 75
4.5.4 Formation of diastereomeric CarbOCYCIES . vveeeiiiiiiiiiiiiiieeee e 77
4.5.5 Revised strategy towards CalyStegiBe. A .......ooevviieiiiiiiiiiei e eeeeeee e 78
Y N R B I=T0 ) Yo (=] 0 F= 11 o] o TR PR RRSR 79
4.5.7 Calysteging AENA GAIME ......ccciiiiieeeeeeeiiie e s s e 122 e e e e e e e e e e e e as e e e e e e e e e e e eaaaanas 82
4.5.8 Isomerization of CalyStegINGE Ag........ovuiiiiiiiiiie e 85
o G o] g Tor 18 o [T T N =] . =T SR 87
5 Synthesis of gabosine A by chain elongation DFribOSE.............ciiiiiiiiiiiiicceeeee e, 89
5.1 THE QADOSINES ...t e et e e e et e ettt e e asas e e e e e e e eaaeeeeeeennnnes 89
5.2 Retrosynthetic analysis of gaboSIiNe A ... 90
5.3 Previous work on the gabosine project in thIQL...........ovvveeiiiiiee e e 91
5.4 RESUILS @Nd ISCUSSION ......uuuuiii ittt e e ettt e nenme e e ebsbb e e e e e e e e aaeeeeas 92
5.4.1 Stereochemical CONSIAEIALIONS ........coummmmmerrriiiiiiiiiiiiiieiie e e e e e e e 92
5.4.2 RING-ClOSING MELATNESIS. ......uiiiiii e e e e s 94
5.4.3 Synthesis Of abOSINE A ... rrrrr e e 95
RN 0ol [od (W o 1oL I (=] 0 4 F= T 3 TSP 97
6 Interaction between plasma protein and acyl gluawnide drug metabolites ........................ 99
L0 R 70T [UTox 1 o] o [P RT R 99
6.2 RESUIS @Nd AISCUSSION.......ciiiiiiccmeeeeet bttt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 103
6.2.1 PUrfication Of HSA ... ..o e e e e e e e 103
6.2.2 Methods for modification Of IySINES.....ccoiiiiiiiiieiccie e 104
6.2.3 Modification of HSA with IME reagents ... cccee..uueeiiiiiiieieeeeeeeeeii s 105
6.2.4 Modification of HSA with NHS @Sters........coooiiiiiiiiiiiiiiieeeeee e 110
6.2.5 Incubation of HSA with acyl glUCUIrONIAES weevvvvenieieeeee e 113
6.3 CONCIUAING FEMAIKS ... eee e e e e e et e e e e ee e e e e e e e e e eetaennnnn s 118
FALCT=T 1T = U olo ] Tod [N To [TgTo T =T 0 =Tt S 119
8 Experimental work performed at DTU.........uuum oot e e e 121
8.1 General experimental MEtNOAS ........... .o e eeerriiiiiee e 121
8.2 Compounds referred t0 iN ChAPLET 3 ... oo 121
8.3 Compounds referred t0 iN CRAPLET 4 ... oo e e eeere e e e e e e e e e eeees 132
8.4 Compounds referred t0 iN ChAPLET 5 ... .o 150
9 Experimental work performed at University of OXfOrd..........ccccovveeeieeeiiiiiiiieeiiie e 157
9.1 General experimental MEthOS ........... .o eeririii s 157
9.2 Protein METNOUS .......uuiiiiiiiiiiieeee sttt et e e e e e e e e e e e e s e s s s s e e nneee e e e e e e e s e s s s nnnenbbbbeenenes 157
9.3 OrgaNIC SYNENESIS ....uvvuuuuiiiteee et s e e e e e e e e e e e e e eeeeeatbeaesa e e s seeeaaanaaaeeeeeeeaaaaeeeeeesnnnnes 164
IO 2N o] 1= o [ o7 PSPPSR 171
10.1 Appendix | — MS data for cyclodextrin products............ccoeuvveiiiiiiiiinniee e 171
10.2 Appendix Il — Solvent accessibilitieS Of HSA .. oo 172
10.3 Appendix Il — MS data for tryptiC PEPtAES. .cc....ceeiiiiiiieiie e 177
10.4 AppendiX [V — PUDIICAIONS ........iii oo eeee e 179
R ] (=T T TSSO 215

Xi



Rune Nygaard Monrad — Ph.D. Thesis

Xii



Chapter 1 The diverse nature of carbohydrates

1 The diverse nature of carbohydrates

Carbohydrates are the most abundant biomoleculesture, and they are responsible for two thirds
of the carbon found in the biosphéreln the form of mono-, di-, oligo- and polysacclias,
carbohydrates constitute our primary nutrient. tdifion, various processed sugars, primarily

polyols, are used in the food industry as reducddrie sweeteners and sugar substittites.

Biochemically, carbohydrates are some of the mastial molecules for lifé:* Every cell is coated
with carbohydrates in the form of glycoproteins aygtolipids® These glycoconjugates take part
in a number of different processes including cellhesion, cell growth and intercellular
communicatior?:” The most frequent post-translational modificatifnproteins is glycosylation,
and around 50% of all proteins found in nature glgeosylated® On proteins, carbohydrates
ensure a correct folding, they increase the stgbégainst proteolytic degradation and provide
epitopes for recognition>”® In particular oligosaccharides are important ignai recognition
events, where they act as information carriersuich processes, lectins (sugar binding proteirs) ar
capable of recognizing complex oligosaccharidesrethe triggering a variety of cellular

responses?®10

Glycosidases are enzymes, which are responsibletifer cleavage of glycosidic bonds in
saccharides and glycoconjugaté$ Carbohydrate-dependant processes are relying eoadtivity

of specific glycosidases, and by interfering witltls glycosidases, it is possible to inhibit resigjti
physiological or pathological effects induced bg #hzymes. By chemical synthesis of glycosidase
inhibitors, this concept has been used therapéiyticathe treatment of influenza, viral infections
(e.g. HIV), cancer and diabetes!%**

Contrary to inhibiting biological processes, certdesirable therapeutic effects may be gained by
inducingsuch processes. This has been used in the develbpiearbohydrate-based cancer and
HIV vaccines, where oligosaccharides conjugatgardteins and peptides have been used to induce

an immune response leading to the production dafiipantibodies:*?
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Carbohydrates also play a central role in the nadis of xenobiotics, where-glucuronic acid is

coupled to hydrophobic drugs thereby increasingwheer solubility of the drug and enabling its
excretion™>**In analogy, enhanced anti-cancer activity hasntd®een achieved by coupling of a
monosaccharide to an anti-cancer agent to incrieaseter solubility thereby improving the anti-

cancer activity of the druly.

In chemistry, carbohydrates represent cheap andilyeavailable densely functionalized, chiral
starting material&® Since many biologically active natural products gitycosylated or contain
polyhydroxylated carbohydrate motifs as part ofirtretructure, carbohydrates are well-suited

enantiomerically pure precursdfs-"*®

With the great potential of sugars, glycoconjugaiied carbohydrate mimetics in biochemistry and
medicine, the development of new methodologiesctortrolled formation of glycosidic bonds,
synthesis of homogeneous glycoprot&l@d preparation of glycosidase inhibit8réis important
to understand biological processes, and to betabigodulate or alter biosynthetic pathways e.g. to

obtain desired therapeutic effeéfs’

From another perspective, concerns about the deplef the fossil fuel reserves demand new
technologies for producing energy from renewabs®uece<” In this respect carbohydrates, most
efficiently as polyols, are promising substrates tbe production of hydrogen by steam
reforming®>?® Also the generation of liquid fuels from biomassificreasingly important. Bio-
ethanol and liquid hydrocarbons can be producenh tarbohydrates by fermentation of glucdse

and by various reforming, dehydration and hydrogienagrocesses, respectivéfy.

All together, carbohydrates are highly importardnbolecules, and from a synthetic point of view,
it is important to develop new synthetic method@sgio convert these inexpensive compounds

into valuable synthetic building blocks and biolagly relevant targets.
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2 Methods for shortening and extending the carbonlain in carbohydrates

As mentioned in chapter 1, lower sugars like penmtasd tetrose derivatives are important for
example as sweeteners in food ingredients and #dirtgublocks in organic synthesis. Higher
sugars are often employed as intermediates for s¢lgathesis of biologically active,
polyhydroxylated compounds, and due to the scaafitpany lower and higher sugars from nature,
the development of efficient protocols for shortgnand extending readily available carbohydrates
is important. Shortening and extending the carbloaircin carbohydrates has been a subject in
carbohydrate chemistry for more than a century,thaditerature up to 1997 is covered in the book
'Monosaccharide Sugars: Chemical Synthesis by Ché&ilongation, Degradation, and
Epimerization’ by Gyoérgydeak and PelyV8sThe scope of the present chapter is to give an
overview of the advances within the field sincenthe

C-Glycosides are an important class of carbohydratesich are potential inhibitors of
carbohydrate processing enzymes due to their iseteatability as compared ©- and N-
glycosides. The formation o€-glycosides from monosaccharides can be considarehain
elongating process, which affords higher carlamhydro sugars, and the purpose of the present
review is only to include the recent advancesChglycoside formation, which have particular

relevance to chain elongation.

2.1 Methods for shortening the carbon chain in carbohydates

2.1.1Ruff degradation

The available methods for shortening the chain mprotected sugars are sparse. The Ruff
degradation, which has been known since F8%®nverts salts of aldonic acids into aldoses with
loss of one carbon atom. The reaction is performigd hydrogen peroxide in alkaline solution in
the presence of Fe(lll) or Cu(ll)-salts, the latieing the most efficierit. Due to its importance in
the preparation of pentose sugars e.g. industrizdyztion of xylitol® the Ruff degradation has

received considerable interest in recent years.

The reaction generally occurs in moderate yiéfdmd since one of the major disadvantages in the
Ruff degradation is the separation of the produanflarge quantities of metal salts, work has been

done to cleave carbon dioxide from the aldonatetelehemically or by the use of catalytic
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amounts of metal. Jiricny and Stanek recently @s#didized bed electrode cell for the production
of D-arabinose in approximately 70% vyield from sodimgluconate without addition of any
chemical oxidantd’ The production ob-arabinose from calciud-gluconate has been achieved
catalytically by Germain and co-workers using Cuékchanged zeolite8. During the reaction,
copper was found to leach from the zeolite, andeotie aldonic acid was consumed, copper
precipitated on the zeolite again. The catalystlccdae recycled twice thereby achieving the

advantages of heterogeneous catalysis, althougbeceyas in solution during the reactith.

a)

Co,
0.0 o /67 j
o)
TOH’_\ \VO'/_\ 2 r/ + Fe?*
R HO- Fe R
R
1 2 3
b)
h* H,O
TN 2
oo M Ox9 ( A
=< +_OH HO.__OH
—  {on —OH — 7
OH [ R R
R R R
1 4 co, 5

h* = anode (or transition metal)

Scheme 1Proposed mechanisms for the Ruff degradatizgn stegey a) Isbell and Saldfrand b) Stapley and
BeMiller.

Several different mechanisms for the Ruff degraaeatiave been proposed over the years, and these
have recently been critically review&tThe generally accepted mechanism suggested bly dstoe
Salam® (Scheme 1a) starting with H-abstraction to gereeat -alkoxy radical ) followed by
oxidation by Fe(lll) to produce the lower alddevith loss of carbon dioxide has been questioned
by Stapley and BeMille?® Instead, a Hofer-Moest-type reaction mechanisnh wito successive
one-electron oxidations has been proposed (SchdémeThe aldonic acidl is oxidized to an
acyloxy radical 4), which upon loss of carbon dioxide and subsequemtiation produces a
carbocation ) that is captured by the solvent. This mechanstelieved to be valid both in the
electrochemical Ruff degradation and in the cladsiersions, where the anode is replaced by a

transition metal, which is regenerated by oxidatiéth hydrogen peroxid&

In transition metal mediated Ruff degradations theboxylate and the-hydroxy group of the
aldonatel are believed to coordinate to the transition metaing the initial oxidatiod® As a
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result, uronic acids are not decarboxylated effityeby iron or copper due to thehydroxy group
being part of a hemiacetal group thereby disabtiogrdination to the metal, when the uronic acid
is on the pyranose forfi. However, recently sodiumb-glucuronate and methyl
D-glucuronopyranoside have been found to undeztprtrochemicaldegradation yielding the
correspondingxylo-configured pentodialdos®, thus enabling degradation of uronic acids by

electrochemical methods.

2.1.2Periodate cleavage

Cleavage of 1,2-diols and-hydroxy carbonyl compounds with periodates or léstdaacetate to
yield the corresponding aldehydes is a well-knowd widely applied method for shortening the
carbohydrate chaift*® Oxidative cleavage with sodium periodate is usup#rformed on partly
protected sugars because the oxidation of unpemtestigars cannot be controlled and over-

oxidation otherwise occurs.

OH
OH
HO Q NalO,, NaOAc OH
0 EtOH/H,0 0 pH 7.0-7.5 O o

OH"oy —— O\/\ - OH AN

— 0°C-rt HTO OH N HO N

o] 95%
6 7 8

Scheme 2Periodate cleavage of monoprotediedlucopyranosé’

Recently, Storz and Vasella applied the periodatedadion on moncprotected 3o-allyl-
D-glucopyranose 6) easily available in three steps from diacetanglucose (Scheme 2J.
D-Glucose and-galactose are known to react with sodium periogaitearily in their pyranose
form,*® and by careful control of the pH only the C1-Chthavas cleaved by sodium periodate
leaving the formyl group as a ’protective group’ dhe C4 alcohol in the resulting
D-arabinopyranosé thereby preventing further periodate cleavage.usient of the pH after
guenching with ethylene glycol and removal of ireonig salts by filtration effected hydrolysis of
the intermediate formyl ester. Loss of the formybup during the reaction with periodate or
isomerization to the furanose would lead to failpreducing a mixture of pentose, tetrose and
trioses, but under mild conditions this was elelyaatvoided producing the interesting chiral

pentose building blocR in 95% yield®’
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2.1.3Alkoxy radical fragmentation
The alkoxy radical fragmentation of anomeric aldshwas first reported in 1992:*°and has since
then been further developed by Suarez and co-wetkdsecome a useful tool for the synthesis of a

variety of one carbon atom shortened sugar-degidal building blocks.

OR

OCHO
a) —e
OR RO™ “n \F:
0.1.0° alkoxy radical OR OR '
fragmentation OCHO
2 _— 11
RO 7 R, :
OR RO ; R, OR
OR b) OCHO
9 10 |
a) Ry = O-alkyl RO™ 7™ g,
b) R; = OC(0)-alkyl, halogen, H OR

Scheme 3Alkoxy radical fragmentatior**

Under oxidative conditions employing the hypervaledine reagents (diacetoxyiodo)benzene
(DIB) or iodosylbenzene in the presence of iodicebohydrate anomeric alcohol) (undergo
alkoxy radical fragmentation cleaving the C1-C2 dbém produce a C2 radicaD, which can react

in two different ways depending on the nature efshbbstituents at C2 (Scheme 3). The presence of
an ether functionality at C2 leads to oxidationl6fto an oxonium ion11) which can be inter- or
intramolecularly trapped by nucleophiles (path B)ectron-withdrawing groups decrease the
electron density at C2 thereby preventing oxidatbd0, which is then trapped by iodine leading
to 1-iodoalditols 12) with one less carbon atom (path b). 2-Deoxy- 2ttoxy-2-haloaldoses also
lead to iodine incorporation following path b, ambno-, di- and trihalo-1-deoxyalditols can be
achieved from the corresponding 2-deoXy2-deoxy-2-hald"*® and 2-deoxy-2,2-dihalosugdfs.

“® Instead of trapping the intermediate radit@lby nucleophiles (Scheme 3a and b), one carbon
atom shortened alditols possessing a terminal alkahd-1-enitols) can be formed by radical
fragmentation of 2,3-dideoxy-3-(phenylsulfonyl)-ases, which leads to the corresponding
1,2-dideoxy-2-(phenylsulfonyl)-ald-1-enitol deriixats with loss of a carbon atoth.

Fragmentation of 2,3,5,6-tet@-methylD-galactofuranoside (Table 1, entry 1) and subsequen
nucleophilic attack of acetate from DIB leads te torresponding-arabinose derivative in 85%
yield as the mixed acetal. The presence of a beémzaiaC2 results in incorporation of iodine
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producing the corresponding 1-iodearabinitol instead (entry 2). Such iodoalditols ¢e reduced
to the corresponding alditols by treatment withy&uwH and AIBN, or they can be elongated for

example by radical allylation using allylmibutyltin and AIBN (see also section 2.2%7).

Table 1.Oxidative alkoxy radical fragmentation using DIBFmIO and 4.

Entry Substrate Substituents Product \E:zl)d
1 "] = = HCO, R; 148
~O\.,.0H R =Me, R=OAc 85 (1:1%
2 % R=Bz, R=| 0™ or 63 (11
rd’ OR OR OR
3 "o X=0,R=H,H 38
OH = =
4 R)\QM X=R=0 @ X 451
> 5 % X=NBoc, R=H,H  HcO, © 7%
e
OAc
6 O._+OH R = Ac OR N 28354
7 v R = -D-Gal ACO/\i/H/ 9P
RO Na HCO, OAc

o OBn OBn
OH BnOCH,CO: ~ CHO
8 . 2 2W 761,55
BnO” ™~ “OBn 0

OBn

HOKG,OR Rm@,OR
9 \/ R =Bn, R= OAc T 28 (1:.0%°

10 5. o R = Piv, R= NHAC® °><° 81 (15:66°

2DIB was replaced by (GEO,),IPh and HO (1 eq.)’ The reaction was performed in MeCN.

Intramolecular capture of oxonium iorklj by attack of alcohols, carboxylic acids or aminesur

in moderate yield leading to the corresponding izgd aldoses, alduronic acid lactones and
azasugars (Table 1, entries 3-5). The presence azide at C2 leads to aldononitriles with loss of
one carbon in excellent yield, and the methodology even be applied on disaccharides (entries
6-7). When 2-ketoses are subjected to alkoxy radregmentation using the (GEO,).IPh/I,
system, the sugar chain is shortened by two cadioms, and in the presence of water, free
aldehydosugars can be obtainetiAlkoxy radical fragmentation of benzyl protectedagatose
(entry 8), which is readily available by Meerweiorddorf-Verley/Oppenauer oxidation of
2,3,4,6-tetrad-benzylD-glucopyranosé’ gave a L-threose derivative with conveniently

differentiated protective groups at C2/C3 and Cdbéing further synthetic manipulations.
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In contrast to anomeric alcohols, fragmentatioprahary alcohols by alkoxy radical fragmentation
is not completely reliable due to competing intréecalar hydrogen atom transfer leading to
various side-product€ When intramolecular hydrogen atom transfer from ahomeric protective

group is possible, the alkoxy radical fragmentai®disfavored as illustrated with the benzyl and
pivaloyl anomeric protective groups (Table 1, e#r®-10). Performing the reaction in acetonitrile
led to fragmentation in 81% vyield producing the réfioed 4-acetamido derivative by a Ritter

reaction between the intermediate oxonium ion aedsblvent (entry 10).

Under reductive conditions, the alkoxy radical fragmentation caw dchieved by treatment of
anomeric nitrates oiN-phthalimido glycosides with B&nH and AIBN to produce alditols

shortened by one carbon atom (Table 2).

Table 2.Reductive alkoxy radical fragmentation using;8oH and AIBN.

Yield (%)
R=CHO R=H

Entry Substrate Substituents Product

R
\(OJWOFM R, = NO,, R, = TBDMSO o 79 185
|- R.=NPht, R=TBDMSO g~ 0 42 38960
2 R =NO, R, = CN 6R - 83°

OAc
O, ONPht OR
4 L AcOW\ NHAC - 47960
AcO' "NHAc OAC OAc
OAc

O._~ONPht TBDPSO
.0 L e
O\

o

/
\

WN -

4(5 A(o
6 Oy ORs R = NO, RO 33 18°
7 o ""OTBDMS R = NPht o oteoms 04 37

A(o A(o

O.
8 ONPht R=H "Q 8g*
ol st
9 R,O o)( R = Me HOASJI%( ot
MeO o

& After hydrolysis of the formate and silyl protexti
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To avoid the formation of toxic tin byproducts dwgithe fragmentation, (M8i);SiH can replace
BusSnH, however in slightly lower yieldd.Introduction of theN-phthalimido group and the nitrate
ester can easily be accomplished from the correpgralcohol under Mitsunobu conditions or by
employing LINGY/(CRCO),0 %2 respectively.

Partial hydrolysis of the resulting formate is oftebserved, and under reductive conditions, the
degree of hydrolysis depends on the substrate lendetction time (Table 2, entry 1 and 2). The
methodology requires fully protected carbohydrales,tolerates functional groups like nitriles and
acetamido groups, the latter however in moderatéd yientry 3 and 4). 2-Deoxy substrates are
easily fragmented giving 1-deoxyalditols (entry %). general,N-phthalimido derivatives react

faster than the corresponding nitrate esters, aiedtal instability of the latter compounds in some

cases (compare entries 6 and 7), the two diffexpptoaches complement each other well.

Recently, the reductive alkoxy radical fragmentatisas used to prepare 1CRisopropylidene-
-L-threose in 55% overall yield in three steps fraadily available 1,2:5,6-db-isopropylidene-

D-glucofuranose thereby providing a very efficieppeoach to an otherwise inaccessible sdyar.

In the case oprimary N-phthalimido glycosides, the alkoxy radical fragiation competes with
intramolecular hydrogen atom transfer, and unexuiygt Sartillo-Piscil and co-workéYsfound
that formation of internal hydrogen bonds may hawkastic effect on the fragmentation of primary
alkoxy radicals. The primary alkoxy radical deriviedm theN-phthalimido derivative in Table 2,
entry 8 can achieve a stabilizing internal six-menedd hydrogen bond interaction with the free C3
alcohol leading to fragmentation, whereas in the m&hoxysubstrate (entry 9) no such six-
membered interaction is possible resulting in miwkecular hydrogen atom transfer followed by
reduction regenerating the parent alcohol. In gbgdrogen bond accepting solvents like THF,
increased amounts of the hydrogen atom transfeitugte were observed at the expense of the
fragmentation producfg.

2.1.4PCC-induced shortening ofazido alcohols
In addition to the alkoxy radical fragmentation kl&1, entry 6 and 7), aldononitriles can also be
produced by a recently developed PCC-induced axelalegradation of primary-azido alcohols

(Table 3)% The oxidation is performed under very mild coratig using two equivalents of PCC in
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DCM at room temperature. Good yields are obtaimedfotected 2-azido-2-deoxyalditols, and in
contrast to alkoxy radical fragmentation, the aced® functionality is tolerated without reducing
the yield (Table 3, entries 1-2). Also furanoseiddives with terminal -azido alcohol side-chains
can be oxidized to their corresponding nitrilestier8), whereasecondary -azido alcohols are
inert, and -azido hemiacetalsare oxidized to their 2-azidolactones instead eifigp shortenef®
The incompatibility of the PCC-induced degradatain -azido alcohols with anomeric substrates
renders the oxidative alkoxy radical fragmentati@ection 2.1.3) a more widely applicable

approach to aldononitriles.

Table 3.Oxidative degradation of-azido alcohols using PCE.

Entry Substrate Product Yield (%)
OBn OBn
1 "308n OBn
BnO - BnO 64
OH CN
OBn OBn
OBn OBn
N3
2 Bno —OBn BnO CNOBn 67
AcHN OH AcHN

O NC O

HO Slo) o)
3 5 )( [ )( 75
0 BnO 0

The mechanism for the PCC-mediated degradatiorazido alcohols is believed to procead a
2-azidoaldehyde generated by PCC-oxidation followgdantramolecular attack of the azide on the
carbonyl group giving a hydroxy-triazole derivativehich is subsequently oxidized by PCC

affording the aldononitrile with loss of carbon noaide and nitrogef®

2.2 Methods for extending the carbon chain in carbohydates

2.2.1The Kiliani ascension

The Kiliani ascension is one of the longest knowald to elongate carbohydraf@shut it has
primarily been used on aldoses due to low accdisgibi ketoses and difficulties separating the
formed epimers. The Fleet group has recently apphe Kiliani ascension on different ketoses
thereby accessing a range of different branchebobgdrate building blocks (Table %y%° After

10
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subjecting ketoses to aqueous sodium cyanide anb rtemperature, hydrolysis of the nitrile
functionality by heating to reflux afforded epimepairs of chain elongated lactones. Treatment of
the crude product with sulfuric acid and acetoneregaéhe corresponding diisopropylidene
derivatives, which could easily be separated btatlzation. Although the yields are moderate,
the procedure constitutes a very easy and convenjgmroach to Z-branched sugars in high
purity. Further manipulation of thesga reduction to the corresponding alditols gives asc®

several 5c-branched carbohydrate scaffolds by microbial akitteand isomerizatiofy,

Table 4.0ne-potKiliani ascension and diisopropylidene protectidmoprotected ketoses.

i) NaCN, H,0
i) Me,CO, H* 2-C-branched

ketose aldonolactone

2-C-Branched Yield

Entry Ketose aldonolactone (%)
L
1 D-fructose o) O=0 5§
“‘CHon
o__0
e
_lq
0 ~O=0
2 L-sorbose LcHon 17
o__0
el
Lo
o} o
3 D-tagatose  CH,OH 44
o__0
et
L
. O O O
4 D-psicose \ Lchon 38
o__0
et

The one-pot Kiliani ascension and diisopropylidgmetection ofD-fructose gave 51% vyield of
2-C-hydroxymethyl-2,3:5,6-dB@-isopropylidenes-mannono-1,4-lactone (Table 4, entry 1), which
could be converted into the formal Kiliani produadt the inaccessible sugarpsicose in 42%
overall yield in only three steps by inversion wbtstereocentef¥.With this Kiliani ascension of
D-fructose, a range of different@branched derivatives a-mannose has become available after

only a few synthetic transformatioffs.

11
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The diacetonide of Z-hydroxymethylL-gulonolactone (Table 4, entry 2) could be obtaifrech
L-sorbose in 17% vyieldvithout chromatography, which despite the low yield illagts the
simplicity of the procedure even on a moderateescallagatose ant-psicose can similarly be
converted into the correspondingC2ranched acetonides and crystallized in 44 and $idd,
respectively (entry 3 and 4). The one-step Kiliascension and isopropylidene protection of
aldose®’ and ketoses followed by isolation of the majorduets by simple crystallization is a

convenient improvement of the classic procedtire.

The problems associated with separation of epitave recently been addressed by Herbert and
co-workers by applying Stition exchange column chromatography. Separatioth@fepimeric
mixture of D-ribose andb-arabinose produced from the Kiliani ascensionbedrythrose could
readily be achieved on a preparative scale by rtfethodology, and the column could be used

repeatedly without recharging or cleanifig.

-0 (R)-PaHNL oH
o>< HCN, Pr,0 o
o o><

13: L-glycero 14: L-threo 99% (82% de)
15: D-glycero 16: D-erythro  85% (60% de)

Scheme 4Enzymatic Kiliani ascension of isopropylidene priéel glyceraldehydek3 and15.”

Recently, the first stereoselectivanzymaticKiliani ascension of a sugar aldehyde was repdrted
2,3-0O-Isopropylidene-glyceraldehyddss and 15 were converted into tetrononitrildgl and 16 in
excellent yield and moderate to good stereoselgctiy treatment with R)-hydroxynitrile lyase
from  Prunus amygdalus((R)-PaHNL) (Scheme 4). R)-PaHNL afforded 99% yield of
3,4-0O-isopropylidene--threononitrile 14) in 82% de from 2,3:0O-isopropylidene--glyceraldehyde
(13), whereas 3,8-isopropylidenen-erythrononitrile {6) was produced in 85% yield and 60fé
from the corresponding-glyceraldehyde derivativé5. The enzymatic Kiliani ascension is a new
possibility for enantioselective synthesis of dedircyanohydrins in high vyield thereby

circumventing tedious separation of epimers.
2.2.2The Sowden homologation

Together with the Kiliani ascension, the Sowden blogatior? is one of the classical ways to

obtain one-carbon elongated sugars. Both methomsoguffer from moderate selectivities and

12
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difficulties separating the formed epimers. Theidfil ascension is usually preferred, but the
Sowden protocol is often used when the latter mroeeis impeded by tedious separation or fails to
give the desired epimé?. Recently, Dromowicz and Koll reported an improveghthesis of
D-idose frombD-xylose by means of the Sowden homologation (Scheni&€The separation of the
epimeric 1-deoxy-1-nitro-alditols produced by thiéraaldol condensation (Henry reaction) was
improved by multiple fractional crystallizations)dathe desired isomé@i7 could be isolated in 75%
yield. By performing the subsequent Nef reactfamder an argon atmosphere, an increased vyield
compared to the literature procedure was obtaiheddp-idose could thereby be isolated in 51%

overall yield over two steps.

o NO, -0
i MeNO, HO i) NaOH HO
OH NaOMe/MeOH OH i) H,SO,
20 °C 10-20 °C OH
HO
_— HO ———  Ho
OH 75% OH 68% OH
OH OH on
D-xylose 17 D-idose

Scheme 5Improved Sowden homologation bfxylose by Dromowicz and Kol

2.2.3Chain elongation by means of the Baylis-Hillmanctean

Over the last five years, the application of they/IBaHillman reaction in carbohydrate chemistry
has received considerable interest in particulfndyn the group of Krishna, who has recently
reviewed the field® The chirality of carbohydrates enables stereotietedransformations, and
sugars have lately been applied in the Baylis-Hilinreaction as electrophilic aldehydé&&’
activated alken&&® and chiral auxiliarie€>*° Different applications of the Baylis-Hillman
reaction as a tool to elongate carbohydrates aversiin Table 5. The reaction of ethyl acrylate,
methyl vinyl ketone or acrylonitrile with protecteahd partially protected sugar-derived aldehydes
occurs in good yield with low to moderade (entries 1-4).""® Double asymmetric induction using
both a sugar-based acrylate and a sugar aldehydiead to excellent stereoselectivities, however
often in moderate yields (entry 5). The existenéematched and unmatched pairs of chiral
aldehydes and acrylates leads to obsedesl ranging from excellent to poor as illustrated in
entries 6 and 7. Proper selection of the sugalatergan improve the stereoselectivity significgntl
but finding suitably matched pairs may be time con®g. As observed for aldehyde
2,3:4,6-diO-isopropylidene--sorbose (entries 8 and 9), very good yields d&sl can be achieved
with non-chiral activated alkenes in some casesth@favailable activated alkenes, ketones and

13
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nitriles generally give higher vyields than the esponding esters, whereas the best
stereoselectivities are achieved with nitrilesdoléd in turn by ketones and estér&®

<
Table 5.Chain elongation of carbohydrates by the Baylidrrfin reaction. \2;
O
Sug = %o
o EWG DABCO OH EWG S
+
R)kH ﬁ Rﬁ( O7Q
. Yield de
Entry Aldehyde Substituents EWG Product (%) %)
1 0 R =OMe, R=H COEt OH 737 36
2 LY. R=0OMe,R=H  COMe  ewc o 82" 53
3 )( R =OMe, R=H CN A )( 76" 60
4 Rz R, © R =H,R=0H CN Ry R, (o] 8G8 76
5 R, =OMe, R=H CO-Sug 4% >95
<
? OH O
6 ><o 2~ 2R3S CO-Sug 0 o 0 7% >05
(VAN 2S3R CO-Sug >< ", 7% 33
3 (@] -0
O7k
O
>< o 9 >€ o OH i
8 CN EWG 83 90
9 0 COEt (¢ 80  >95
O7L Q 07/\
OBn
10 COMe  gno = 5g81.82
OBn
OAc OH O
BnO/\‘/'\/\H cl
OAc o] OBn
11 COMe BnO = = 7581,82
OAc (6]

2DABCO was replaced by M8-TiCl, at 0 °C for 15 min> DABCO was replaced by M8-TiCl, at 0 °C
for 6-9 h.

, -Unsaturated aldehydes derived from sugars canasilyebe used in the Baylis-Hillman
reaction, however, in the presence of;BleTiCl, at 0 °C, moderate yields can be obtained (Table 5,
entry 10). Side-reactions leading to chloro-subttd byproducts is a major problem (entry 11),
and the reaction has to be stopped before full emion to afford the initial Baylis-Hillman

product®>%?
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Even stereoselectiventramolecular Baylis-Hillman reactions giving rise to the copesading

chain elongated lactones have been reported (Scl&m&he intramolecular Baylis-Hillman
reaction ofl18 occured with >95%le giving the desired lactonEd as a single isomer in 71% yield
together with small amounts ofG-alkyl derivatives as byproducts (8% 28), when alcohols were

present as co-solvents.

f
0 DABCO o
o DCM/MeOH o )
HLO 0 o+ 0
0”07 7, 0”0”7,
| O/f/ rt oﬁ/ O/‘/

18 19 20
71% 8%

Scheme 6Intramolecular Baylis-Hillman reactio.

Recently, sugar-derived activated alkenes havelasn used in the Baylis-Hillman reaction as a
synthetic route to 2- or 8-branched carbohydrates (Table 6). Of a rangearhatic and aliphatic

aldehydes, the best results were achieved withtrelecpoor aldehydes, however, excellent
stereoselectivities were achieved in most case=piradently of the nature of the aldehyde (entries

1-4).

Table 6.Baylis-Hillman reaction of sugar acrylates.

Aldehyde Yield de
Entry Acrylate R-CHO Product (%) (%)
OAc OAc
O (0]
1 AcO'- 0 R=pNOyPh aco( )=0 75° 82
OH
R
OPiv OPiv
2 R =Ph 2% >908
3 o R=pNOPh /" . 8% >98
4 0=__/""OPr R =CH(CH,), — 858 >98
HO

If the Baylis-Hillman reaction is combined with omiysis, fully hydroxylated higher carbon
sugars can be obtained in relatively few steps. O4ytyceroD-altro-heptose derivativ@4 was

isolated in 13% overall yield as the major isonmesik steps fronp-ribose as illustrated in Scheme
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7. A few synthetic manipulations of 2(sopropylidened-ribose 1) afforded the suitably
protected aldehyd22, which was reacted with ethyl acrylate in the Batdillman reaction giving
23in 30%de The diastereomers could easily be separatedudrsdguent ozonolysis and reduction
afforded the fully hydroxylated heptose derivatB&in 60% de Similarly, diaceton®-mannose

could be converted into four diastereomeric octiesévatives in nine steps in a 7:3:2:1 ratio.

1) LiAlH,
HO 2) 2,2-dimethoxy- >(

o OH propane, p-TsOH o O
3) (COCI),, DMSO, EtzN \—Q_/\ ethyl acrylate, DABCO

38% (4 steps)

O)<O O><O (30% de)
21 22
00 on 1) 0, Q P oH
MCOZB 2) NaBH, \—k_/'\rCOZEt
(5><b 65% (60% de) (5><b OH
23 24

Scheme 7Synthesis of higher sugars by the Baylis-Hillmaacteon®®

2.2.4Chain extension based on the aldol reaction

The aldol reaction is one of the most frequentlypkryed methods for C-C bond formation in
carbohydrate chemistr{y. Aldol reactions can be performed on protected e as unprotected
sugars, and the reaction is particularly well-sliter the synthesis of ketoses, aldonic acid esters
and ulosonic acid derivativé$®® Diastereoselective aldol reactions have been sixely studied,
and under non-chelating conditions, several models asymmetric induction have been
proposed*® Under chelating conditions, thermodynamic contieads to threo products
exclusively, whereas under kinetic contrfélandZ enolates predominantly gitareo anderythro
products, respectivefRf:*

During the last 10 years, stereoselectmganocatalyticaldol reactions of 1,3-dihydroxyacetone
derivatives have appeared as a powerful tool testcoat polyhydroxylated compounds’” The
methodology has recently been used in the syntioésisange of ketopentoses and -hexoses from
C, and G building blocks?®? Very recently, the organocatalyzed aldol reacti@s applied on
protectedd-ribosé®? andD-arabinos&” to give fully hydroxylated 2-octuloses (Scheme).the

use of §-proline and Zert-butyl-2-methyl-1,3-dioxan-5-one9), the protected-ribose26 could
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be elongated by three carbon atoms to give thespondingd-glycereD-manne2-octulose27 in
good yield and excellemte together with small amounts of the dehydrated ypco2i8.

L e K
gg Ho

OBn (S)-proline (0.3 eq.)
o LiCl (1 eq.), DMSO "

o_o * bbbt —oBn
% OB>< 5°C, 48 h L o L 5
o *05}( *05}(

25 26 27 28
69% (92% de) 8%

Scheme 80rganocatalytic aldol reaction on protecedibose®

More importantly, MacMillan and co-workers have dimped a procedure for enantioselective
assembly of aldohexoses in only two steps frothydroxy acetaldehydes by employing two
subsequent aldol reactiotf§!** Organocatalyzed dimerization of protected-hydroxy
acetaldehydes affords fully hydroxylateddehydo tetroses, which after Lewis acid catalyzed
Mukaiyama aldol reaction with a second protectdd/droxy acetaldehyde afford hexoses in good
yields and excellent stereoselectivities. Furtheemthe preparation of hexoses from two different
C, building blocks conveniently enables orthogonaitgetion of the hydroxy groups, which is

particularly useful for further synthetic manipudats.

Enzymaticaldol reactions have also been extensively studied are emerging as attractive
reactions even on a preparative s¢ald@y the reaction of pyruvate with various aldosgdplases
have been utilized to produce a range of 3-deoxye2enic acids without the requirement of
protective group$®*°’ This has for example been achieved by chain et@gaf L-threose to
give 3-deoxyt-lyxo-hept-2-ulosonate2@) in 70% yield and >98%e (Scheme 95

COy

(¢}

O .OH o KDG-aIgoIase H H
SJM + )k 50 °C OH
nd oH Coz 70% (>98% de) OH

HO

OH

L-threose pyruvate 29

Scheme 9Enzymatic aldol reaction on unproteciethreose™*®
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2.2.50rganometallic addition to sugar aldehydes and laemiials

The addition of organometallic reagents to varipustected carbohydrates in their hemiacetal or
aldehydoform is one of the most studied methods for extemdhe carbohydrate chaih.The
organometallic addition to C1 or Céldehydosugars generally follows the known models for
asymmetric induction during nucleophilic attack @arbonyl groups e.g. the Felkin-Anh and the
Cram chelate modet8?*** whereas organometallic addition to free hemiasetamore complex
and dependant on the substrate and the reactioditioms?°**? Addition of vinylic reagents to
sugar hemiacetals or aldehydes followed by eittremolysi¢*>** or dihydroxylation*>**°is a
widely applied methodology to obtain higher carlsogars possessing a fully hydroxylated carbon

skeleton.

Most organometallic additions require fully prowttcarbohydrate substrates, but in the early
1990's tint*’ and, more efficiently, indium® were found to mediate allylation of unprotectedass

in aqueous media. With unprotected carbohydrakesyaéaction most often occurs with chelation
favoring the threo configuration between the -hydroxy group and the newly formed
stereocentet® Indium-mediated allylation of unprotected sugaas heceived considerable interest
in particular in combination with ozonolysis andhylilroxylation to produce chain elongated

carbohydrates like the 3-deoxy-2-ulosonic acids KBRO andN-acetyl neuraminic acitf®*2%-2?

The methodology has been extended to carbohydesiteed allylic bromides by Lubineau and co-
workers*?312* As shown in Table 7, 2~ and 4C-branched sugars can be formed this way, and by
subsequent dihydroxylation, the saturated sugars b accessed in good yield. Unprotected
hydroxy groups in the allylic bromides are toledatieut so far only protected sugar aldehydes have

been employed in the reaction.
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Table 7.Indium-mediated allylation of aldehydes in aguesolsition using sugar-derived allylic bromides.

Allylic Aldehyde Yield
Entry bromide R-CHO Product (%) R/S
1 o5 0:1

(

R =Ph
v'kﬁ HQ R OH 424
R= 3 0 9 1.0
BnO '0)( %
0Bn OEt
3 R= Bno% 55° 1:1
BnO

OBn
HO L on
R = Ph Ot 43 1:0

OH
OH OH
HO
5 Brg R =Ph m 5912 01
OEt OEt

@ Together with 13% of the 2-branched product.

Excellent yields and diastereoselctivities can btained (Table 7, entries 1-2), but with slower
reacting aldehydes (entry 3), indium-promoted eietion of the ethoxy group by Vasella-type
fragmentatiof’>*?®of the allylic bromide becomes an increasing probleducing the yield of the
desired product?* With the -anomer of the allylic bromide (entry 4), the yietd considerably
lower, and the stereoselectivity is reversed dustddc repulsion between indium and the anomeric
ethoxy group. With the bromide in a pseudo-equakoposition, the -anomer led to the
4-C-branched product in 57% yield together with sraatiounts of the Z-branched product (13%)
(entry 5), whereas the-anomer primarily gave the @-branched product, however in low yield

(not shown):?3

Recently, Palmelund and Madsen employed 3-brom@mypacetate and benzoate in indium-
mediated allylation of unprotected sugars to obhallly hydroxylated carbohydrates elongated with
two carbon atoms (Table 8 Following allylation, deesterification of the crideaction mixture

gave two diastereomers, which were separated dndcted to ozonolysis to afford heptoses and

octoses in good overall yield.
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Table 8.Sequential indium-mediated allylation and ozonalysfi unprotected sugats.

1) In R
R Br~ > 0Bz R OH
o] OH OH HO
HO OH  Acparatonof MO O Mess 0
diastereomers HO OH
HO  OH HO OH OH 79-97%
HO  OH
. Major Yield o
Entry Substrate Substituents diastereomer (%) Selectivity
7
HO—
1 D HO—| :
-galactose L o go 3.5:1
HO—
HO—
—OH
—OH
Z
HO—
HO—
2 D-xylose R=H | on 75 45:1
3 D-glucose R = CKDH HO— 78 3.5:1
—OH
—OH
R
=
—OH
—OH
4 D-lyxose R=H HO— 60 8.5:1
5 D-mannose R = C}OH HO— 7F 31
—OH
—OH

R

?Isolated as the peracetate after treatment witi©Axyridine.

The allylation developed by Palmelund and Madsercusc with moderate to good
diastereoselectivity favoring thigxo configuration at the reducing end, and the proceds a
convenient improvement of previously reported nstdfp preparations of heptoses based on the
indium-mediated allylation®® Kosma and co-workers recently allylated unprogctdyxose in
aqueous ethanol in the presence of indium andbadighide to give an 8:threderythro mixture**

This result is in accordance with the stereseldgtiobserved by Palmelund and Madsen when
usingD-lyxose and 3-bromopropenyl benzoate (Table 8yeftr Following allylation ofi-lyxose,

the corresponding 1,2,3-trideoxygalactooct-1-enitol could be isolated in 75% vyield after
peracetylation, and it was subsequently convertieal 3,4,5,6,7-pent@®-acetyl-2-deoxy--galacte
heptose in 47% overall yield fromlyxose after dihydroxylation of the double bondlaxidative

cleavage of the diol with sodium periodaté.
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Reductive fragmentation of -haloglycosides developed by Bernet and Va%&lld® produces
aldehydosugars containing a terminal alkene, which carlbegated by organometallic addition to
the carbonyl group. Since the development of effitiing-closing olefin metathesis catalysts'*
the Vasella-fragmentation has been extensively iefudn combination with elongation by
organometallic addition to produce carbohydrateveer , -dienes. This has elegantly been
accomplished by Madsen and co-workers in a zincied tandem reaction where
-iodoglycosides 30) are converted into, -dienes 82) in one pot (Scheme 163> Zinc-
mediated reductive fragmentation of a protectetdoglycoside30 generates an aldehyd,
which can be alkylated immediately by iansitu formed organozinc species thereby extending the
carbohydrate chain by one, two or three carbon sto@ne carbon atom elongations can be
achieved with diiodomethane in the presence ofwid.@cid and catalytic Pb&lintroduction of
two carbon atoms can be effected by vinylation, éwav, divinyl zinc cannot be formed situ and
has to be preformed, whereas the addition of altythdes facilitates three-carbon homologations.
The resulting diene82 ( , -dienitols) can be subjected to ring-closing olefietathesis, and by
choosing either a pentose or a hexose in combmatith the above mentioned homologations,
carbocycles33 with different ring sizes can easily be acces3é@ methodology has recently been
reviewed® and has successfully been applied in the syntldésisnumber of natural products from

readily available carbohydrate precursors.

O OR
30 31
N/ ring-closing
metathesis
RO—=Q), © ) - RO )
RO OH RO OH
32 33

Scheme 10Zinc-mediated tandem fragmentation-alkylation efbdoglycosides80 and subsequent ring-closing
metathesis to produce carbocycas*>**

2.2.6Chain elongation by olefination

Both phosphorane (Wittig olefination) and phosphenydides (i.e. the Horner-Emmons olefination)

have found numerous applications in the chain eitenof carbohydrate substratéslthough the
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Wittig chain extension has been known on unprotectgbohydrates for more than 40 yeafshe
formation of complex product mixtures results indemte yields of the desired chain elongated
products. With stabilized ylides34), both open chain3b) and different cyclized products are
produced due to spontaneous intramolecular Michddition givingC-glycosides 86 and37), or

addition to the carbonyl group giving lacton@8)((Scheme 113°

OH
/

o

L

COR COR

/OH P 36

o OH / HO
PPhs=CHCOR (34) OH W

L)MOH I o

HO< OH W\COR
OH L HO™®
OH 37

35

HO_ -~ O o
Sy

38

Scheme 11Wittig reactions on unprotected sugars usually gimplex product mixturesS.

As a result, the Wittig and the Horner-Emmons apphes to higher carbon sugars are primarily
performed on protected sugars possessing a freehyald or hemiacetal functionality.
Dihydroxylation of the resulting double bond is amonon way to produce fully hydroxylated
sugars, and this methodology has recently beencgmblby Ohira and co-workers to synthesize
the naturally occurring 2-ulosonic acid KDO frawglucose-®

With unprotected sugars, the formation of the Mathadducts36 and 37 can be partially
suppressed by addition of cupric acetafdzurthermore, Railton and Clive recently found thgt
using bulky ester-stabilized phosphoranes, the B&tladdition can be completely suppressed
giving open chain, -unsaturated este8s with highE selectivities-*°

22



Chapter 2 Methods for shortening and extending#inbon chain in carbohydrates

Table 9.Sequential Wittig reaction and dihydroxylation t@guce elongated sugars.

aldose _PPhy=CHCO,Bu _ unsaturated ester 950, WMO higher sugar
Unsaturated . Yield E/lZ Higher Yield o
Entry Aldose ester Substituents (%)  selectivity sugar (%) Selectivity
CO,'Bu CO,'Bu
1 D-glucose _ R=CkOH 66%° 1.0 HO— 76* 5:1
—OH 141
2 D-glucose OH R = ChDH | oH 68
HO ]
3 D-xylose OH R=H oxft 10 "7 on 534 6:1
o]
4 D-xylose il : R=H [—OH 63141
R
CO,'Bu CO,'Bu
_ —OH
5 D-arabinose g2° 1:0 HO— 69* 71
HO HO—]
6 D-arabinose oH —OH P34
OH —OH
OH —OH
CO,'Bu CO,'Bu
7 D-galactose R=H % 1:0 —OH g5t 8:1
OH —OH
8 D-galactose  H° R=H HO—| o
D-glycero OH —OH
9 D-galacto OH R=CHOH 52 1:0 —OH 54141 5:1
heptose R R

?|solated as the 1,4-lactorfdsolated yield of the major isomer after one-pattMy-dihydroxylation reaction.

As depicted in Table 9, Wittig reactions of unpobéel sugars using stabilizedrt-butyl ester
phosphoranes are more efficient for pentoses (éhtagd 5) than for hexoses (entry 1 and 7) and
heptoses (entry 9). However, in all casesEhensaturated ester is formed exclusively. Subsdquen
dihydroxylation gives fully hydroxylated sugars mef@mted with two carbon atoms in good yield.
The dihydroxylation follows Kishi's rufé® giving good diastereoselectivities for 2tBeo
configured sugars, and the Wittig-dihydroxylati@ysence is therefore most efficient for formation
of higher sugars containing thgalacto configuration at the reducing end. The Wittig-
dihydroxylation sequence can even be carried ot ase-pot procedure (entries 2, 4, 6 and 8),

which is more convenient and give higher yieldsittiee corresponding two-step procedtife.
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Railton and Clive’sE-selective procedure has recently been used by dChad Paquette in an
approach towards the highly hydroxylated polykeadegphidinol 3. In this case, the Wittig reaction
between thdert-butyl-stabilized phosphonium ylide PREEHCO,'Bu and the partially protected

3,4-0-isopropylidene--D-ribopyranose afforded tHeisomer exclusively in 90% yief?

Recently, Sasaki and co-workers synthesized aliteighexoses by elongation of each of the two
protectedL-tetroses39, which are available in six and seven steps fteascorbic acid (Scheme
12) 413 \jittig reactions on tetrose®9 using the stabilized phosphorane ylide RRIHCO:Et
gave somewhat pod#/Z selectivities ranging from 2:1 to 10:1, and indteéhe Horner-Emmons
approach using the corresponding stabilized phasgtkoylide affordedH)- , -unsaturated esters
40 in excellent stereoselectivity. By applying thellSthodification*® of the Horner-Emmons
reaction, the two 4)-configured unsaturated ested® were obtained exclusively. Subsequent
asymmetric dihydroxylation of each of the four unsated esterd0 and 42 afforded the eight
L-hexose ester derivativdd and43, which were further manipulated to produce theesponding

45
L-aldoses-:
CO,Et CO,Et
= 0s0, OH
(DHQD),PHAL OH
OBn or (DHQ),PHAL 0OBn
o
EtO),P(0)CH,CO,Et - - o
(B1O)P(0)CH,CO, >3 70-90% (90-98% de)  ><
HO o
How ~ON=0 67 steps z (E/Z = 98:2) 40 41
\/\g _6-7 steps oBn
o
HO  OH ><
o \ CO,Me
L-ascorbic acid 39 KN(TMS), Z>Cco.Me 0sO, OH
(CF3CH,0),P(0)CH,CO,Me 2 (DHQD),PHAL o
(E/Z < 1:99) OBn or (DHQ),PHAL

O OBn

><5 65-90% (68-88% de) o

><5

42 43

Scheme 12Schematic representation of Sasaki and co-workeusé to all eight -hexoses fron.-ascorbic acid?®

One-carbon homologation of sugars by formationeaitke dithioacetalgia Peterson and Horner-
Emmons olefination has been achieved by Mlynarski Banaszek (Table 10). Transformation of
sugar lactones4d) into ketene dithioacetalg®) using the Peterson olefination only works oo
configured aldonolactones (Table 10, entry 1). Buéhe basicity of the reagent, there is a great
tendency to -eliminate an alkoxy substitueht, and application of the Peterson olefination on
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arabino andribo configured aldonolactones either resulted in dgmusition, or led to formation of

unsaturated lactones, which upon exposure to exgesgent gave the corresponding
, -unsaturated ketene dithioacetals in low y#fdOn the other hand, the Horner-Emmons

approach is more generally applicable (entries,i6)vever, due to the competineglimination,

the yields of the desired ketene dithioace&isre strongly dependant on the configuration of the

aldonolactone44).

Table 10.0One-carbon homologation of sugar lactovies ketene dithioacetals.

R

Peterson? or Q

Horner-EmmonsP® a) NBS, MeOH RO -;ofﬂgzMe
olefination 79-92%
Pt RO
46
<: >R, ., base
:> b) 1) LiBH,, TMSCI
2)NBS,3)CHN, R
——_5260% o
RO COo,Me

RO
47

Yield of ketene

Entry  Sugar lactone 44 Substituents dithioacetal 45
(%0)

1 ol R =TBS,R=H 780148

2 148
2 0 R=TBS, R=H 80
3 R,O (e} =Bn,R=H 72-85:148,149
4 B R = Bn, R = CH,OBn 5P1%0

2

BnO
o} — — ,148,149
5 Bno?;):o R=0Bn,R=H 62
6 Ry" R =H, R =0Bn 3p1ee

2 Peterson olefination was carried out with BuLi &d TMS,” Horner-
Emmons olefination was carried out with KHMDS and=RP(O)(OCHCF;).

As with the Peterson olefination, the Horner-Emmi@action gave best results fgrko andmanno
configured aldonolactones (Table 10, entries 2€Qnversion of the ketene dithioacetals into
2-ulosonic acid derivatives has been accomplislyeoiizlation and hydrolysis @f5in methanolic
solution giving 3-deoxy-2-ulosonic acid$ (Table 10, path a), or by reduction of the douided
followed by hydrolysis of the dithiane affordingetiC-glycosidic 2,3-dideoxy ulosonic acids’
(Table 10, path b)***°By this procedure KDO and severaB2-2-N- and 20-glycosides of KDO

25



Rune Nygaard Monrad — Ph.D. Thesis

have been prepared by hydrolysis of ketene ditlei@de45 in the presence of thiols, azides and

sugar-derived primary alcohols, respectivéfy->*1>!

In an efficient two-step sequence, proteabethannoand D-arabino hemiacetal€l8 and51 have
been converted into one carbon atom elongated Ryeldonolactone0 and 53 via ketene
dithioacetals by Peterson olefination (Scheme TBg key step in the protocol is the cyclization of
the ketene dithioacetal functionality 49 and52 with the free hydroxy group, and by subsequent
deprotection of the resulting thioacetal, chainnghlited lactones are produced. This procedure
constitutes an improved route to the 2-ulosonida®&DO and DAH since the produceemanno

andp-arabino configured lactoneS0 and53 are known intermediates in their synthesfs.

«7L0 o 1) NaH ﬂLO OH 1) PPTS, 1t ?(o

o OH 2 MeS><SMe 0 SMe 2) CaCO3 H,0
Li SiMe3 /)—~SMe then I, o
- (0] - o e}
0><0 92% 89%

~\Yo

48 49 50
1) NaH
2) OBn
BnQ S__s P oH s/\> 1) DCM, refl
O. reflux
OH > ' Q
Li” “SiMes . S 2) CaCO3 H,0, I,
K(_Z' ———————— BnO / ——— BnO e
BnO OBn 93% BnO 74% B
n
51 52 53

Scheme 130ne carbon atom homologatiuia ketene dithioacetals using the Peterson olefindtfon

2.2.7Radical based approaches to chain elongated sugars

The alkoxy radical fragmentation, which is usualyghain shortening process (see section 2.1.3),
can be coupled to a three carbon atom extensioa bgndem radical fragmentation-allylation
reaction. Alkoxy radical fragmentation dfphthalimido glycoside®4 and57 in the presence of
allyltri- n-butyltin and AIBN generates an intermediate radi6a or 58), which is intermolecularly
trapped by allyltrin-butyltin to produce the corresponding hept-1-dgi&&b and 59 (Scheme 14).
The presence of a carbamate at &4 (lecreases the electron density at this positiohesmables a
faster and higher yielding reaction with the elewctrich allyltri-n-butyltin species (2 h, 81% yield)
compared to the diisopropylidene etB&r(3.5 h, 65%)>2 By this one-pot reaction, aldoses are first

shortened by one carbon atom followed by a threloraatom extension thereby producing two-
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carbon elongated ald-1-enitols, which may be usefiilermediates in the synthesis of

polyhydroxylated compounds.

TBDMSO o TBDMSO  OCHO TBDMSQ_~ OCHO /
ONPht  allyltri-n-butyltin, AIBN
benzene, reflux : \
. *° :
R

O ° y°
R R
54:R=0 55:R=0 56:R=0 8106°
57: R = Me, Me 58: R = Me, Me 59: R = Me, Me 65%2

Scheme 140ne-pot alkoxy radical fragmentation and allylatafiN-phthalimido glycosides. Partial hydrolysis of the
formate occurs during the reaction (~10%%).

Synthesis of -butyrolactones by Smimediated radical coupling of aldehydes and acegla well-
known in organic chemistry*1*> Recently, this reaction was successfully appliedaosugar
aldehyde for the first time. The samarium(ll)-inddcreductive coupling of diisopropylidene
D-arabinoses0 and ethyl acrylate was achieved in THF in the gmee of small amount d8uOH

to give a 68:32 epimeric mixture gfuco andmannoconfigured 2,3-dideoxy-octono-1,4-lactones
61 in 74% vyield (Scheme 15). Only moderate sterecfeiy was obtained, but the octose
derivatives61, which are intermediates in previously reportedtisgses ofjluco- andmanneKDO,

could easily be separated by chromatography.

/7LQ_ P Sml,, 'BUOH ’7LO; o
o} CO,Et THF, -78 °C o ¥ N0
+ r _—
"o | 74% (68:32) “0
07L 07L
60 61

Scheme 15Samarium(ll)-mediated coupling of protectedrabinose&0) and ethyl acrylat&?®

The formation of 22-branched sugars by transition metal mediated ahdiddition of malonates to
glycals has been achieved by Linker and co-workEable 11)*>” By treatment of malonate&3
with either Mn(OAc} or CAN, malonyl radicals are formed. These camtraath glycals 62) in a
highly regioselective process to give an anomexttical that is oxidized to a glycosyl cation, which
is finally trapped by the solvent to produc&ranched sugar$4). The reaction is sensitive to

sterics, and the malonyl radicals predominantlgckitrans to the 30-acetyl substituent. Similarly,
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steric effects, and probably also neighboring grpagicipation of the malonyl substituent, leads to
a stereoselective attack of the solvieahsto the newly incorporated malonyl substituentaékt of
the malonyl radicatis to the 30-acetyl group leads to small amounts of the 2-epori®/products
(0-14% vyield), and in the CAN-mediated reactioraptare of the glycosyl cation by nitrate from
the oxidizing agent instead of by the solvent é®mpeting side-reactioii’"*>®

Table 11.Transition metal mediated radical addition of maili@s to glycals.

(0]
o CO,R; Mn(OAC)4/AcOH? N
\~ N+ or CAN/MeOHP AcO ‘/ﬁ/ORZ
AcO = <COzR1 COZRl
CO,R;
62 63 64
. Products A B
Entry ritaatglrri]agl Substituents A: B: Yield Yield ra{io
glycoside ortho ester (%) (%)
) Ra
1 Rs R, ='Pr, R = Ac, R = OAc o 57158 8:92
2 pco o Ri='Pr,R=Me, R=0Ac"Q oR 6818 0:1
3 AcOA__= R, ='Pr,R=Me, R=H COR. 75158 3:97
4 R.=Me,R=Me, R=H o, - 8158 5:95
AcO O le} OMe 158
5 = R, = Me MCO e 89 92:8
2
AcO Ao OA¢ coMe
OAC
AcO
6 Ao OAC R =Me, R=H Ao O o 788811 o Q1
7 o Ri=Me, R=CONH, , o AcO R, 70" 0
8 AON_=R; R =Me,R=COMe 3 OMe \1e0,C S 7 76;2
— — 2 "
9 R, =Me, R=CN meo,c N MeO™ oy 0 80

2Mn(OAc) (2-4 eq.), AcOH, KOAc, 95 °C,CAN (2-6 eq.), MeOH, 0 °C.

With Mn(lll), 95 °C are required for the reaction proceed (Table 11, entry 1), and the
2-C-branchedyluco derivative can be obtained in good yield and dizsiselectivity. CAN, on the
other hand, is capable of mediating the reactiafeumild conditions (0 °C), which leads to higher
yields and increased diastereoselectivities as aomaipto Mn(OAQ) (entry 2). Pentals give higher
yields than the corresponding hexals (entries 23ndnd by using the more sterically demanding
isopropyl malonate (as compared to the methyl na&n slightly higher diastereoselectivities can
be obtained at the expense of the yield (compareesr8 and 4). Arabinal and galactal (entry 5 and
6), which only have substituents on one side of gggnoid ring, react with malonyl radicals

exclusively from the - and -face of the ring, respectively, and ois byproducts with respect to
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the 30-acetyl group are observéd With electron-withdrawing substituents at the ardmcenter
(entries 7-9), the oxidation potential of the proed anomeric radicals chanjéand with esters
and nitriles this leads to cyclic ortho estershasrhain products due to intramolecular capturdef t

anomeric radical by the malonyl carbonyl oxygenmato

This transition metal mediated radical reactioraifighly efficient way to obtain €-branched
sugars64 from easily available glycal62, and the methodology has recently been used in the

synthesis of>-glycosylated glycine derivatives in few synthetteps-®

Also ald-1-enitols react with malonyl radicals iretpresence of Mn(OAg)In this case the malonyl
group is attached to C1 of the ald-1-en#8| however in low vyield (<25%})%*! Instead, it has
been found that in the absence of dimethyl malgreatetate can be added to the double bond to
produce -butyrolactones in excellent yield (Scheme 16).eAfheating to 90 °C for 60 h, the
epimeric two-carbon extended 2,3-dideatyco- andmanneoctono-1,4-lactone66 were formed

with moderate stereoselectivity in favor of thannoisomer®*

OAc OAc M”A(C%AJ)SK (S‘Aifl-) OAc OAc
AcO AF 90 °C, 60 h AcO . OO
OAc 90% (~2:1) OAc
65 66

Scheme 16Manganese-mediated radical addition of acetatepim@@ctedd-gluc-1-enitol §5).*°*

2.2.8Formation of C-glycosides by the Knoevenagel cosalion

Chain elongation of protected or unprotected sugatts malonester derivatives by a non-radical
mechanism, i.e. the so-called Knoevenagel condiensat aldehydes and ketones has been used to
elongate carbohydrates during the last 40 y&aRecently, Lubineau and co-workers found that
condensation of unprotected carbohydrates with gs2t-dione in alkaline aqueous solution
resulted in formation of -glycosidic ketones in excellent yield (Table 1%).As a result of

thermodynamic control, the C-glycosides are formed exclusively in most cases.
D-Glucose, D-mannose and the disaccharidecellobiose are cleanly converted into their

corresponding -C-glycosides (Table 12, entries 1, 2 and 5) usingtg@,4-dione. Lipophilic

-diketones result in lower yields due to decreaseddbility (entry 3), whereas unsymmetrical
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-diketones give 1:1 mixtures of the correspondis@-glycosidic ketones with no selectivity in the
elimination step (not showr§? In the case oR-acetylD-glucosamine (entry 4), equilibration at C2
occurs to produce a 2:3 epimeric mixture of the responding 1-C-D-glucose and
1- -C-D-mannose derivatives in 83% combined yield. Epiration is also observed in the case of
N-acetylD-mannosamine, whereaacetylb-galactosamine gives a single iso&rp-Glycero
D-manngeheptose gives a majority of theglycosidic ketone (entry 6), but after equilibeatiof the
2:1 / -mixture, 65% of the desired-isomer could be isolated as its peracetylatedvaevie®®
D-Xylose gives a 2:5/ -mixture in 97% vyield (entry 7), whereasribose predominantly gives the
furanoid product as a 1:2 anomeric mixture (notwstd®® Surprisingly, a bicyclic branched
2-octulose was isolated in 27% yield when the reactonditions were applied tp-fructose

(entry 8).

Table 12.0ne-step Knoevenagel condensation of unprotecigarswvith -diketones in agueous NaHGO

Entry Substrate Diketone Substituents Product Yield /.
(%) ratio
1 D-glucose R=H,R=0H, R=CH, 96-99°#1%°  10:1-1:0
2 D-cellobiose 0o © R= -D-glc, R, = OH, R = CH; 9342 1:0
3 D-glucose o A R=H,R=OH, R = (CH){CH; R 75163 1:0
N-acetyl- _ _ _ 164 .
4 D-glucosamine R =H, R=NHAc, R =CH; 83 1.0
5 D-mannose R=H WA 95-97%21%  20:1-1:0
D-glycero HO/&/TV
6 D-manne R, = CH,OH HO (65% )>1% 1.2
heptose
Q 9 Q 6 i
7 D-xylose I HO \ 97° 5:2
o)
0
o o
8 D-fructose AL 0 OH 2%
HO OH
OH

2Formed as a 2:3 mixture with the C2 epinied5% of the -isomer was isolated as the pentaacetate aftelileqtion
of the initially formed / -mixture with NaOMe/MeOH and subsequent treatmattt wc,O/pyridine.

The applicability of this one-step procedure onromgxrted carbohydrates in water with excellent
stereocontrol is a major improvement of previousimchelongation procedures based on the
Knoevenagel condensation, and the forme&d-glycosidic ketones can easily be transformed into
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other functionalities e.g. conversion into the esponding 1-C-formyl-glycosides in few steps
(Scheme 17). By this procedure acetyl protecteen@l6/drob-glycerobD-gulo-heptoses8 has been
prepared in five steps in 59% overall yield frorglucose'®®**°Both the -C-glycosidic ketoné7

and the 2,6-anhydrohepto8®are conveniently set up for further chain elorgatieactions e.g. the

aldol condensatioh’?

OH OAc

0 1) Ac,0, pyridine 0
HO 2) TMSCI, pyridine, Nal AcO
HO AcO =
OH OAc
o] OTMS
67
OAc OAC
O OH
DMDO, K,CO,4 A‘ﬁm NalO, Ao R
OAc 8 ¢ OAc

68
59% from D-glucose

Scheme 17Transformation of 1-C-glycosidic ketoné7 into 2,6-anhydrd>-glyceroD-gulo-heptoses8.®

The condensation of unprotected sugars withcarbonyl compounds to produce polyhydroxylated
furans is known as the Garcia-Gonzalez reactiothitas usually performed under relatively harsch
reaction conditiond’* As a result of increased attention on the prefmranf -C-glycosidic
ketones from suganrda the Knoevenagel cndensation, the Garcia-Gonzéleztion has also been
improved. As shown in Scheme 1B;glucose and penta-2,4-dione can be converted anto
polyhydroxylated furan derivativeé9 in 95% vyield under solvent free conditions usiragabytic
amounts of CeGland Nal:'**"2

o}

oH o o CeCl3 - 7H,0 (0.3 eq.) OH
HO Q + Nal (0.3 eq.), SiO,, 50 °C /\
HO M HO ; O
OH™*oH 95% 6H OH
D-glucose 69

Scheme 18Improved protocol for the Garcia-Gonzalez reachetweerD-glucose and penta-2,4-dioHé.
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2.2.9Synthesis of exo glycals
C-Glycosides having amxo double bond at the anomeric centex glycals) are interesting
synthetic intermediates towards varidiglycosides. The presence of the ring oxygen nexhé
double bond enables transformation of these ehefrgtinto a variety of useful functionalities. The
synthesis oexoglycals has recently been described in two revig@avsvhich the reader is referred
for a more thorough discussidh:"
Exo glycals are most frequently accessed from sugdoras, although efficient transformation of
sugar lactones intexo glycals mainly has been limited to the Tebbe raatfeBy this procedure
only disubstituteeg@xoglycals can be produced, and tri- and tetrasuldstiexoglycals are harder to
access. Olefination reactions based on the Wigagction suffer from poor reactivity of sugar
lactones, and quite harsh reaction conditions @4M-°C) are required giving almost 1&3Z
173

selectivity:"” Recently, Xie and co-workers found that perbertegdl,5-lactone30 and 72 react
with stabilized phosphonium ylides to give excletwthe Z isomers71 and 73 in good yield

74,175
(Scheme 19’
BnO BnO
fo) Ph;P=CHCO,Et O CO,Et
BnO o toluene, reflux BnO —

BnO OBn BnO OBn
70: D-gluco 71: D-gluco 87%
72: D-galacto 73: D-galacto  90%

Scheme 19Perbenzoylated six-membersdgar lactones give exclusively thexoglycals by Wittig reaction with
stabilized ylides

Alternatively, carbohydrates carrying a phosphonydicke at the anomeric carbon can be employed
to produce tri- and tetrasubstitutesto glycals'’® An improved protocol for the formation of

anomeric phosphonium ylides has recently been tegdry Lieberknecht and co-workers, and by
refluxing methyl glycosides with PRhand HBE in acetonitrile, the corresponding anomeric

phosphonium salts are formed in excellent yield single step’®
Also the Ramberg-Backlund rearrangement of anonsettioxides can be employed to prodec®

glycals}’"1"°Base-mediated rearrangement of anomeric sulfoxXiti®s which are easily available

from thioglycosides{4) by oxidation, predominantly gives exoglycals {6) (Scheme 20). This
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procedure has recently been employed in the syistbé€-disaccharide$®'®'and aC-glycoside
of an amino acid®

% Q S Oxone o 9 KOH, cCl, Q_ R
¢ )ps (e, ——
R,0 R, R,0 R,0

74 75 76

Scheme 20The Ramberg-Backlund approachetmglycals?’’

Very recently, Gueyrard and co-workers appliedXihka olefination on sugar lactones producing a
number of di-, tri- and tetrasubstituteBoglycals (Scheme 21§34 For trisubstitute@xoglycals,
the E/Z selectivity is good foarabino configured lactones (e.d@7, which favors theée exoglycal

78), whereagjluco configuredlactones are less selective giving 1:1 mixtures.

BnO
o o i) LIHMDS BnO o OTHP
N ii) ACOH _
A + H—S0,(CH2),0THP iii) DBU
BnO OBn S N

63% (E/Z 9:1) BnO OBn

7 78

Scheme 21Formation ofexoglycals by the Julia olefinatiofi?*

2.2.10Chain extension by coupling of two sugars

Several strategies for extending the carbohydrhatencby coupling of two suitably derivatized
sugars have recently been exploited. A detailedudsion of such approaches is outside the scope
of the present chapter, but the available methadkide nitrile oxide cycloadditiolf> Baylis-
Hillman type condensatiofi®'®’ cross metathest&® aldol condensatiotf®** hetero Diels-Alder
reaction’® Wittig and Horner-Emmons reactiofs,'®® and tin-mediated allylation of

aldehydeg?6197

2.3 Concluding remarks

Several different methods for shortening and extenthe carbon chain in sugars exist, each with
its own specific advantages and drawbacks. The mottworthy advantage is the ability to
modulate sugars without protective groups e.g. ribeent advances within indium-mediated
allylation, the Wittig reaction and the Knoevenagehdensation. In addition, the fact that the
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stereochemical outcome can be predicted and ctedrolakes such processes extremely attractive
routes for elongation of carbohydrates. Togethétha available methods constitute a diverse tool
box for construction of carbohydrate-based polybysgitated compounds, which is particularly

useful in synthetic chemistry given the importan€esugars in chemistry and biology as discussed

in chapter 1.
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3 Chain shortening of aldoses by rhodium-catalyzedecarbonylation

3.1lIntroduction

As mentioned in chapter 2, a number of differenthods for shortening protected carbohydrates
are availablé® although not many of these are applicablerprotectedsugars. The most notable
methods for shortening unprotected carbohydratedher Ruff degradation (section 2.1.1), which
converts salts of aldonic acids into aldoses witk ess carbofl;** and the Humphlett degradation,
which produces aldonic acids from the correspontiigher aldose§®*°Recently, homogeneous
transition metal mediated transformations have graev become an extremely powerful tool in
synthetic organic chemistf)® and transition metals have also found numeroudicagipns in
carbohydrate chemist’y. In 1988, Andrews and Klaeréhh used Wilkinson's reagefit
(RhCI(PPR)3) to shorten unprotected aldoses by one carbon bByomeans of a decarbonylation of
the aldehyde functionality to produce the corresiiogm lower alditol (Scheme 22).

_0O
ﬁOH 1 eq. RhCI(PPhy)s Pg:
OH EE——
NMP, 130 °C R

R

Scheme 22Decarbonylation of aldoses using stoichiometnants of Wilkinson’s reageAt*

However, the decarbonylation reaction developedhgrews and Klaeren requires stoichiometric
amounts of rhodium, and as a result, the procetkineot convenient except for small scale
synthesis. As we shall see in section 3.2.2 betbe rhodium-mediated decarbonylation of simple
alkyl and aryl aldehydes has improved consideraligng the last few years, and it can now be
performed with catalytic amounts of rhodium. Basedhese recent developments, the objective of
this project is to improve the decarbonylation nprotected carbohydrates to become catalytic with
regards to rhodium thereby providing a procedureshorten unprotected sugars, which is

complementary to other existing methods.

3.2 Literature background
3.2.1Rhodium-mediated decarbonylation
The rhodium-mediated decarbonylation of aldehydas initially discovered by Tsuiji and OH1®

in an attempt to find a more efficient decarbonglatcatalyst than metallic palladium. At that time
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palladium on carbon was known to decarbonylate lbddehydes and acyl halides catalytically at
temperatures exceeding 200 °C (Schemé&¥%3).

X = H, halide
R = alkyl, aryl
M = transition metal species

Scheme 23Transition metal mediated decarbonylation of ajdiels and acyl halides.

It was found that square-planar RhCI(BRIcould mediate the decarbonylation of a range of
aliphatic, , -unsaturated, and aromatic aldehydes under mildittons at room temperature or in
refluxing solvents like benzene and toluéffeThe decarbonylation was stoichiometric in rhodium
due to formation of RhCI(CO)(PBh, which is very stabf@ and cannot lose carbon monoxide to
regenerate the active decarbonylation spefes.couple of years later, Tsuji and Ohno reported
that catalytic decarbonylations with RhCI(CO)(BRH"** or RhCI(PPH)5* could be achieved at
higher temperatures. In fact, temperatures abov@ %D were required in order for catalytic
decarbonylation to occdf® Due to increasing decomposition and unwanted rEdetions of
aliphatic aldehydes (aldol condensations) at etel/&&mperatures, the catalytic version was only

applicable to aromatic aldehydes possessing na fithetional groupg?®-208:209

Tsuji and Ohno also discovered that acyl halideslccde catalytically decarbonylated using
Wilkinson’s reagent’>?°®?®®ith acyl halides, the corresponding shortenefirdlere formed as a
result of facile -hydrogen elimination, whereas in the absenceloydrogens, alkyl or aryl halides
are formed insteat?®*'°Later it was found that also ketones could be bergylated in specialized
cases. There are only a few examples in the literatbut - or -diketone$™ as well as
biarylketone$'? can be decarbonylated catalytically employing \M#lon’s reagent, however in
low to moderate yields with relatively high catdlysadings. For example acetylacetone is
converted into methyl ethyl ketoA¥, and 4,4’-dimethylbenzophenone is converted into
4,4'-dimethylbiphenyl*? by this procedure. Also various carboxylic acidrivtives like acid
anhydride§'*#*and acyl nitrile$" can be decarbonylated by Rh(l)-species.

Other transition metals than rhodium have also beemd to facilitate the decarbonylation of

aldehydes. In addition to Wilkinson’s reagent, gt@mmetric amounts of [RugPPhE}$)3], can be
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applied in homogeneous decarbonylation at 80-98®€° whereas catalytic decarbonylation can
be achieved homogeneously with [IrCI(CODP)in the presence of phosphine ligands at
101-120 °C,***!7 or heterogeneously with metallic Pd, Pt, Rh andaNitemperatures above
200 °C?® In contrast to Wilkinson’s reagent, the above roered metals generally produce the
corresponding decarbonylated olefins as the majodyzcts, and alkene-alkane mixtures are often
observed. Furthermore, Ir gives rise to alkene &vimation even at low temperatdré.In any case,

until recently, RhCI(PPJ); was the most efficient reagent for decarbonylatibaldehyde$?®%%°

The rhodium-mediated decarbonylation of aldehydessensitive to steric hindrance, and for
aliphatic aldehydes the order of reactivity is mim > secondary > tertiafy)’2°®'8 Primary
aldehydes are readily decarbonylated at room testyoer, whereas secondary aldehydes generally
require heating*® Sterically hindered secondary and tertiary aldelSydare not easily
decarbonylated, but when excess of Wilkinson’s eeags used more sterically demanding
substrates can be decarbonylated in good yieldse(Se 2471922

2.2 eq. RhCI(PPhy);

NBoc
xylene, 130 °C CH302C
77%

Scheme 24The decarbonylation reaction is sensitive to steindrance, and bulky tertiary aldehydes requirexaess
of Wilkinson’s reagent®

Rhodium-mediated decarbonylation is stereospecditd both alkene geometry and the
configuration of a stereocenter next to the aldehydoiety are rigorously retainéd 2%

However, under catalytic decarbonylation at forcoogditions (160-260 °C), alkene isomerization
can be observed. Walborsky and Allen found thatindurdecarbonylation of 2-substituted
cinnamaldehydes, up to 26% double bond isomerizatidthe more stablé&}-isomers occurred®

The alkene isomerization is rather thermal thardilmo-mediated® but as a result, substituted
, -unsaturated aldehydes cannot conveniently be blecgiated catalytically, and instead

stoichiometric amounts of Wilkinson’s reagent atdéo temperatures are required.

" During the preparation of this thesis, an effitigrocedure for decarbonylation of various aldelsyiegood yield
(63-94%) using commercially available [IrCI(COBR}b%) and PPh(5%) for 24-48 h in refluxing dioxane (101 °C)
was reported (Iwai, T.; Fujihara, T.; Tsuji, Them. Commur2008 6215). Compare with the catalytic decarbonylation
mediated by rhodium(l), which will be describedsiction 3.2.2.
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3.2.2Catalytic decarbonylation

Due to the inconvenience of using stoichiometricoanmts of costly rhodium complexes,
considerable effort has been put into making tread®snylation catalytic with regards to rhodium.
In 1978, Doughty and Pignolet speculated that natichodium(l) complexes containing chelating
phosphine ligands should bind carbon monoxide s&s8gly. This would enable decarbonylation
and subsequent loss of carbon monoxide at lowepédesmures than required with Wilkinson’s
reagent?! Cationic metal carbonyl complexes are less eladiiah than their corresponding neutral
metal complexes, and this results in a decrease@®h back-donation making carbon monoxide
more weakly bound to the mefaf Doughty and Pignolet rationalized that the lowkcton
density on the metal complex combined witlrans rhodium-phosphorous stereochemistry would
bind carbon monoxide less strongly and place canmomoxide in an equatorial position in a
distorted trigonal bipyramidal structure as depidte Figure 1*?* This structural composition had
earlier been firmly determined by X-ray crystallaghy of the analogues iridium complex
[Ir(CO)(dppe)] *CI",?** which is known to reversibly bind carbon monoxideolution?**

PPh,
PhoP.,,
“"Rh—CO
«f’|
PPh,

Ph,P

Figure 1. Proposed distorted trigonal bipyramidal structureatgionic Rh(l)-complexes containing two bidentate
phosphine ligands and carbon monoxte??

Doughty and Pignolet screened the rhodium(l)-comgsdeof four different bidentate phosphine
ligands: dppm, dppe, dppp and dppb (Figure 2). IGiatadecarbonylation was achieved at
115-178 °C for all four rhodium(l) complexes, bbetreaction rate was very dependant on the
chelate ring size and the bite antfléThe reaction rate increases when going from fowrsix-
membered chelate rings obtaining the best resutts Rh(dppp)Cl. Further increase to the seven-
membered chelate ring of Rh(dpgb) results in much lower catalytic activit§’
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PPh, PPh, PPh, PPh,
) dppm dppe dppp dppb
Bite angle 72° 85° 91° 98°

Figure 2. Structures and bite angfé%of bidentate phosphine ligands tested by DoughtlyRignolet?

The catalytic activity was found to be independainthe identity of the counterion, and identical
results could be obtained using” Gind BR metal complexes. Several different aliphatic,
, -unsaturated and aromatic aldehydes could be dawgdied catalytically with Rh(dppg}! at
more useful temperaturés:?>> However, Rh(dpppL! is not commercially available thereby
limiting the utility of the procedure compared talkihson’s reagent. In an attempt to address this
problem, Meyer and Kruse formed Rh(dpyH)in situ by heating Wilkinson’s reagent together
with 2.2 equivalents of dppp in xylene at 80 °C fdr min. Subsequent addition of different
aromatic aldehydes followed by heating to reflux 18-24 h gave the decarbonylated products in
82-95% yields with 1-4%in situ formed Rh(dpppCl.?® Boeckman and co-workers later
successfully formed the catalysin situ from dppp and another rhodium(l)-complex,
[RhCI(COD)L.?*" However, since the introduction of Rh(dpg)by Doughty and Pignolet, its use
in the decarbonylation reaction has remained soratVimited. In fact, it may not be completely
reliable as experienced by McCague and co-workdms, failed decarbonylating a dialdehyde with
catalytic Rh(dppel! and Rh(dpppkl, and had to turn to stoichiometric amounts ofl¥ison’s
reagent insteatf® Also Hansson and Wickberg unsuccessfully appladlgtic Rh(dpppCl to the
decarbonylation of a vinylic aldehyde, and justlikicCague and co-workers, they had to use
Wilkinson’s reagent instead’ As a result of these unsuccessful attempts tdRigeppp)Cl, most
applications of rhodium-mediated decarbonylatiorsymthesis have employed the more reliable

Wilkinson’s reagent in stoichiometric amouft$22%:230.231

In a search for a more widely applicable mild cgtaldecarbonylation procedure, O’Connor and
Ma realized that additives capable of abstractiactban monoxide from rhodium would enable
catalysis at low temperatuf& They found that stoichiometric amounts of diphehgsphoryl
azide (DPPA) together with catalytic RhCI(RRBhin THF decarbonylated a range of different
primary aldehydes in excellent yield at room terap@e. By addition of DPPA, carbon monoxide
is abstracted from the initially formed RhCI(CO){BR by formation of diphenylphosphoryl

isocyanate with loss of nitrogen gas. However, #pplication of DPPA to abstract carbon
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monoxide is limited to primary aldehyd&$,and attempts to apply the procedure to aromatic
aldehydes failed®

At the same time, it was found that catalytic dboaylation could be achieved using the dimeric
rhodium(l)-species [RhCI(CO)(PMg, during continuous purging with argdif. The rate of
decarbonylation with [RhCI(CO)(PMg. at 100 °C was comparable to the rate of Rh(dppp)
developed by Doughty and Pignofét***Crabtree and co-workers later used a tridentatepifine
ligand in the metal complex [Rh(CO)(triphos)]Sh®#hich reversibly binds a second molecule of
carbon monoxidé®® In this way, they successfully decarbonylated phbnylcarboxaldehyde in
refluxing dioxane at 100 °C, but the reaction wasyvslow. After 94 h, only 34% vyield was
achieved with 5% catalyst loading. However, inciegghe temperature to 162 °C in refluxing
diglyme enabled simple primary and aromatic aldelytb be decarbonylated in 43-100% vyield
after 45-48 h, whereas more sterically demandimghatic aldehydes gave low conversion. In
addition to reasonably slow conversion, the catatgguires several steps to prepare, and as a

result, it has only found very little practical use

A major improvement was provided by our group whenlers Palmelund found that Rh(dpgp)
could be prepareith situ form commercially available Rhgt 3H,0 and dppp>° Testing a number

of different solvents showed that the polyethewail diglyme with a boiling point of 162 °C was
very suitable for the decarbonylation. A screerohgumerous bi- and tridentate phosphine ligands
revealed that metal complexes containing ligandk bite angle€* between 91 and 96° were very

reactive giving quantitive conversion of 2-naphttediyde into naphthalene within 3%.

0 = e
PPh, Ph,P Ph,P Ph P
2
o Ph,P Fe Fe  "NMe,
oh,p —
dppp BINAP dppf (Rp,R)-Taniaphos |
Bite angle 91° 92° 96°

Figure 3. The four most reactive metal complexes employedrate phosphine ligands with bite angles betwden 9
and 96%423°

Metal complexes of BINAP and dppp were found tothe most reactive (Figure 3), and due to
lower cost, dppp was chosen for further optimizati®est results were obtained with two
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equivalents of dppp compared to Rh€BH,O, and a range of aromatic aldehydes were smoothly
decarbonylated with 0.4-10% catalyst in 74-94% atal yield. Also primary and secondary
aliphatic aldehydes were easily decarbonylated, elvew with sterically demanding tertiary
substrates, no decarbonylation was achieved. Toeegure tolerates many functional groups such
as ethers, esters, nitriles, chlorides, substit@ednes and amides as well as alkenes, and it
constitutes a very general and convenient procedumatalytic decarbonylation of aldehydéSs.

3.2.3Mechanism

In 1982, Doughty and Pignolet suggested a mechafastie rhodium-catalyzed decarbonylation
of aldehydes using bidentate phosphine ligandschasedeuterium labeling, kinetic isotope effect,
reaction kinetics and analysis of reaction interiates (Scheme 258)° They believed that the
square-planar Rh(dppp)(79) was the catalytically active species and theappsed mechanism
consisted of five elementary steps: coordinatiothefaldehyde t@9, oxidative addition to giv8l,
migratory extrusion of carbon monoxide givir82, liberation of the product by reductive

elimination and finally loss of carbon monoxiderégenerat&9.

a) co R b)
PN T
R—H
% Rh'(dppp), 0" "H PEZP,,,,RhI/L OJ\H
79 Ph,p”  CO
0 83
Rh'(dppp), co
H
R—H
3 | PP, | 3 PhoPi, L
c Rh!(dppp), " c C Rl
PhP” | TR Ph,P o
co 80 £l
n-Rh"(dppp) H
R\ 85 0w R
PPh, o R RDS k j/
N ﬁ/“l RDS PP, | L
82 1~Rh!"(dppp), Ph( IBLL
2
PPh, 81 84

Scheme 25Proposed catalytic cycles for the rhodium(l)-cately decarbonylation of aldehydes. a) Doughty and
Pignolet’'s mechanism consists of five elementagpstcoordination of the aldehyde, oxidative additimigratory
extrusion, reductive elimination and loss of carbmmoxide??® b) The mechanism proposed by Fristatjl. consists

of four elementary steps: coordination of the ajaieh oxidative addition, migratory extrusion anduetive

elimination®’

However, mechanistic studies in our group by Riset al. by means of experimental Hammett
studies and kinetic isotope effect as well as cdatmnal DFT (density functional theory)

calculations suggest a catalytic cycle based owabalytically active species Rh(dppp)(COJ83),
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where L is a spectator ligand (Scheme Z8bYhe identity of the ligand L may be either a seton
molecule of carbon monoxide or another dppp coaitthy as a monodentate ligand as suggested
by Doughty and Pignolét> but calculations showed that coordination of ateayde to the square-
planar Rh(dppp) (79) is highly unfavorablé®’ As a result, the square-planar Rh(dppp)(CO)L
(83) is more likely to be the catalytically active sjsss.

The mechanism proposed by Fristet@l. is based on experimental and computationdiesuwvith
benzaldehyde and phenylacetaldehyde, and it censfigour elementary steps: coordination of the
aldehyde td3 with loss of the carbon monoxide ligand, oxidatagglition producind4, migratory
extrusion of carbon monoxide to gi\db and finally reductive elimination. The experimdiyta
determined kinetic isotope effects were in excellagreement with computational values
suggesting that the reaction mechanism is the $anmth substrates, and that migratory extrusion
(84 85 is the rate-determining stéf. This is in contrast to Doughty and Pignolet's wsed
mechanism where oxidative additioB0( 81) was believed to be rate-determinfig,but the
comprehensive experimental study supported by ctatipnal calculations performed by Fristrup

and co-workers strongly suggests a mechanism aogota Scheme 25b.

3.2.4Recent synthetic applications

The impact of the decarbonylation of aldehydesymtlsetic organic chemistry can be illustrated by
the following recent applications. In these examslee rhodium-mediated decarbonylation of an
aldehyde has been used in combination with a numibether reactions to achieve more than one

transformation in a single pot.

Intramolecular trapping of aryl-rhodium speciesdureed from their corresponding aldehydes have
been achieved by Kampmeier and co-workers to parfearbocyclizations (Scheme Z85.
Insertion of rhodium into the aldehydic C-H bond 2{allylbenzaldehyde 8¢) followed by
decarbonylation and intramolecular capture by tfkeree led to indane8{) in a 4:1 ratio with the

decarbonylation product.
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O
©i) 17% [RhCI(PPhy),]
DCM, rt ©i>
80%
86 87

Scheme 26Intramolecular capture of rhodium-aryl speciesradpce carbocycleS®

Tandem Oppenauer-decarbonylation reactions cachieved usingn situ generated Rh(dppgs)!
at 170 °C thereby removing a hydroxymethyl groupnmfra primary alcohol (Scheme Z75.
Applying 2% of the hydrogen transfer catalyst [Q1}]» in the presence of KOs together with
4% of thein situ generated decarbonylation catalyst afforded 73%dydd p-xylene from
2-(4-methylphenyl)ethanoBg).

2% [Cp*IrCly],, K,CO;4

OH
/@/\/ 4% RhCl3 - 3H,0, 8% dppp /@/

benzophenone, 170 °C
73%

88

Scheme 27Tandem Oppenauer-decarbonylation reaction.

Aldehydes can be used as alkene equivalents inDieés-Alder reactiorf>® Performing a
BF; « ELO catalyzed Diels-Alder reaction followed by quenghof the Lewis acid, addition of
Rh(dppp)CIl and heating to 162 °C lead to good yields oflatyexene products, which are not
available by a direct Diels-Alder reaction betwéled diene and ethylene (Scheme 28). In this way,

the carbonyl group can be used as a removable énaodhtrolling both reactivity and
regioselectivity.

1) 6% BF3 - OEt, It

i H
QK p |
| 2) 0.3% Rh(dppp),Cl

diglyme, 162 °C
81%

Scheme 28Tandem Diels-Alder — decarbonylation sequefice.
This concept of using the carbonyl group as a rahlevsteering group to enable specific chemical

reactivity has also been achieved very recentlyalpne-pot 1,4-addition of a boronic acid to the

, -unsaturated aldehyd89 followed by decarbonylation to produce enantiocsdly pure
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1,1-diarylethane90 (Scheme 295*° The one-pot reaction could be achieved with dimeri
[Rh(ept(—)-dolefin)ClL, complexes in low yield, but addition of an additmhodium(l)-catalyst

(1.5% each) to facilitate the decarbonylation wasessary to achieve a reasonable yield.

O 1) PhB(OH),, 1.5% [Rh(epi-(- )-dolefin)Cll, :

/@/\) KOH, MeOH/H,0, 50 °C ~
MeO 2) 1.5% [Rh(COD)CI];, 3.3% dppp MeO
p-cymene, 140 °C
70% (93% ee) Me_  ome

89 90 Ph

Me
Me

Me
epi-(- )-dolefin ligand

Scheme 29Sequential conjugate addition — decarbonylatiomerge’*’

Application of aldehydes as a source of carbon minigoin differentcarbonylationreactions was
first envisioned by Morimoto and co-workéfd.The fact that carbonylation reactions are usually
carried out by the same kind of transition metahlyats as the decarbonylation reaction has been
utilized in a number of rhodium-catalyzed Phausdrakd reactions employing aldehydes as the
source of carbon monoxide (Scheme #6Y* Catalytic Phauson-Khand reactions using aldehydes
as the source of carbon monoxide has also recbetiy achieved with 5% of [IrCI(CODB)hnd
10% of BINAP by using a five-fold excess of theetigide®*

PH
Ph 5% [Rh(COD)CI], 11% dppp 2

EtOC - 2 eq. 2-naphthaldehyde EtOZC% o
EtO.C N\ xylene, 130 °C EtO,C
88%

91 92

Scheme 30Phauson-Khand reaction employing 2-naphthaldehgdmebon monoxide dondt

The Pauson-Khand reaction of eny@tecan even be performed with formaldehyde as thieotar
monoxide donof** In this case, the reaction is performed in aqudorsaldehyde in the presence
of the surfactant SDS together with dppp and theemwsoluble analogue TPPTS producing the
desired produc®2 in 97% yield with 5% catalyst loading.
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3.2.5Application on carbohydrate substrates

In carbohydrate chemistry, decarbonylation has meceived much attention, and only a few
decarbonylations of fully protected sugars usingcsiometric amounts of Wilkinson’s reagent
have been reportéd>***Transition metal mediated decarbonylationunprotectedsugars was first
addressed by Kruse and Wrigitin 1978 and Kuriacose and co-workéfsn 1983. In two studies
investigating the hydrogenation pbfglucose catalyzed by RuPPh)s in DMA, it was found that
the desired reaction was inhibited by a decarboioylareaction. No carbohydrate products were
isolated, but three metal complexes were charae@ri as RuHCI(CO)(PRR,**’
RUCL(CO)(PPh)»(DMA) and cissRUCL(COL(PPh),,2*® and it was realized that-glucose had
underwent a decarbonylation reactf6hHowever, in 1988 Andrews and Klaeren reportedfitse
useful transition metal mediated decarbonylationunprotected sugafé® The reactions were
performed on a small scale (156ol) with stoichiometric amounts of Wilkinson’s gt in NMP

at 130 °C producing the corresponding lower alditdlhe following year the procedure was
extended to a range of different aldoses includiegxyaldosed\-acetylaldoses and disaccharides,
which were synthesized in 37-87% isolated vyiéfds.As with simple aldehydes, the
decarbonylation occurred with complete retentionstfreochemistry. All attempts to make the

reaction catalytic in rhodium employing Rh(dpger Rh(dppp)" were unsuccessfat?

Andrews also applied the procedure to ketoses amadf that in the case otfructose a complex
dehydration-isomerization mechanism occurred leadmintermediate 5-hydroxymethyl furfural
(93), which was decarbonylated to give furfuryl alcbtf®4) (Scheme 313°%*° As with the
aldoses, the reaction was stoichiometric in rhodeun@94 was formed in 80% GC-yield.

o OH 0 OH OH
HOCF RhCI(PPhs); e 0
s OH NMP, 130 °C L/ L
OH

D-fructose 93 94

Scheme 31Dehydration and decarbonylation@ffructose gives furfuryl alcohobg).?**2*°

Similar to O’Connor and Ma’s observations, Beck andvorkers found that the decarbonylation of
D-glucose could be achieved catalytically in thespree of additive$* Performing the reaction
with DPPA, sodium azide, urea or the bidentate phioe ligands dppe, dppb or dpph together
with 5-10% of RhCI(PP§)3; in NMP gave 30-52% HPLC-yield ab-arabinitol after 24 h at
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50-130 °C. The decarbonylations were rather slow,ia all cases full conversion was not achieved
resulting in considerable amounts of residpajlucose’! which may be difficult to remove from
D-arabinitol. Based on these results, the decarlbtioyl of aldoses is not feasible on a preparative

scale emphasizing the need for a convenient catgdg@cedure.

3.3 Previous work on the decarbonylation project in thegroup

As a part of the studies on the decarbonylationalolehydes in our groud®#"#*° Anders
Palmelund discovered that unprotectedirabinose could be decarbonylated catalyticallyh wi
preformed Rh(dppp®l in a closed vial in a microwave oven (Scheme 22jempts to generate
Rh(dppp)Cl in situfrom RhCk « 3H,0 or perform the reaction in an open system f&itéd.

1) 2% Rh(dppp),Cl OH

HO! - OH dioxane/H,0O OH

N 200°C, 2.5 h OH

HO OH 76% OH
D-arabinose erythritol

Scheme 32Rhodium(l)-catalyzed decarbonylationmfarabinose by Anders Palmelund employing microwave
heating?>?

3.4 Results and discussion

Because the evolution of a molecule of carbon ma®Rkas been found to inhibit decarbonylation
in a closed systeRt® and the application of microwave heating is lesavenient for general
synthetic use, it is desirable to be able to demaylate aldoses in an open system. As a result of
this, the initial decarbonylation experiments weeagried out in an open system. Due to Anders’
failed attempts to use the situ generated catalyst on unprotected sugaeformedRh(dppp)CI

was used for the initial experiments brglucose. (For experiments with situ generated catalysts,

see section 3.4.3).

Rh(dppp)Cl was synthesized in two steps in excellent yietthg a slightly modified literature
procedure (Scheme 3%)>%*Reduction of Rh(Ill) to Rh(l) with 2-propanol follved by exchange
of the dummy ligand COE with dppp gave Rh(dp@b)in 91% yield over two steps. The metal
complex is not sensitive to air when stored at rommmperature, but in solution at elevated
temperatures, a strict inert atmosphere is negessabtain constant catalytic activity
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COE, H,0
2—prolpEagol dppp, toluene
t, . L
RhCl, - 3H,0 r Rh(COE),Cl reflux, 1.5 h Rh(dppp),Cl
92% 99%

Scheme 33Synthesis of Rh(dppg}l from RhC} ¢ 3H,0.

3.4.1Solvent system

Not many solvents can be used in the decarbonglagaction due to the hydrophobic nature of
Rh(dppp)ClI in contrast to the hydrophilic carbohydrate drdises. In addition, a sufficiently high
boiling solvent system is required in order for teaction to proceed at a reasonable rate. Andrews
and co-workers employed NMP as the solvent forchtometric decarbonylation of sugaf$?*°

and such amide solvents are uniquely capable sbldisig both metal complexes and unprotected
carbohydrates. However, the disadvantage of usiMP Nis the difficulties associated with its
removal in the purification step. From the reswltssimple aryl and alkyl aldehyd&$,diglyme,
which might have a stabilizing effect on the pasly charged metal complex, was found to be a
suitable solvent, but since carbohydrates are alotbke in pure diglyme, a number of different

solvent systems were screened (Table 13).

Table 13.Decarbonylation ob-glucose intd-arabinitol using different solvent systems.

OH

OH
10% Rh(dppp),Cl HO
OH solvent, reflux OH . co
" 9-16 h OH
HO OH OH
D-glucose D-arabinitol
Reflux temperature Conversiorf
Entry Solvent ( OCF)) (%)
1 diglyme 162 decomposition
2 H,O 100
3 diglyme/H0 (40:1) 152 100
4 diethyleneglycolmonoethylether 202 100
5 diglyme/NMP 162 100
6 diglyme/DMA 162 100

2 Conversions are based on TLC analysio conversion was observed within 64 h.

The use of pure diglyme led to decompositionbeflucose due to poor solubility (Table 13,
entry 1). Performing the reaction in water at 1@0dgave no conversion within 64 h (entry 2),
whereas diglyme/water mixtures were found to predatiomogeneous reaction mixture. However,
diglyme and water forms an azeotrope (bp 99 °Q)ltiag in no conversion. With low amounts of
water (diglyme/water = 40:1 — 20:1), a high reatttemperature (152 °C) could be maintained
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leading to full conversion in 18 h producibearabinitol as the main product (entry 3). Howesr,
reducing the amount of water, decomposition becamiacreasing problem. A diglyme/water ratio
of 40:1 was found to be optimal on a small sca@® (hgD-glucose), but on a larger scale this led
to poor conversion due to the decreased reactiopdrature. Diethyleneglycolmonoethylether
dissolves both the metal complex and the carbolgdbat the solvent is very difficult to remove
after the reaction (entry 4). Extraction of thedurct into an aqueous phase is not possible, and due
to a high boiling point (bp 202 °C), the solvenhmat be removed by evaporation. Additionally,
glycosylation with the solvent thereby deactivatihg substrate towards decarbonylation might
take place during the harsh reaction conditionsndg8IMP (bp 202 °C) or DMA (bp 165 °C) as
co-solvents enabled full conversion without subisshrdecomposition (entries 5 and 6). The
reaction can easily be performed in pure DMA, Htlicugh it is easier to remove than NMP, the
amount of DMA should be minimized. Using a 7:1 gige/DMA ratio gave consistently good
results. Initially, the purification was performég reverse phase column chromatography eluting
with water, but residual DMA was not efficientlymmeved due to co-elution witb-arabinitol.
Other workup procedures were therefore attemptedb-8®-bulb distillation at 50-90 °C neither
removed DMA nor diglyme, but the latter could bengbetely removed as an azeotrope with water
by steam distillation. However, only traces of DMauld be removed by steam distillation for 2 h.
Instead, it was found that residual DMA could benoged effectively by normal column
chromatography eluting with DCM/MeOH{B = 65:25:4. A control experiment revealed that no

silica gel was dissolved by the polar eluent duthmgycolumn chromatography.

3.4.2Formation of 1,4-anhydr@-arabinitol

Decarbonylation ofb-glucose in refluxing diglyme/DMA with 10% of Rh(dp)xCl gave the
desired produab-arabinitol in 71% yield in 9 h. To our surpris€92 of 1,4-anhydra-arabinitol
(95) was isolated as a byproduct in addition to thardd product (Scheme 34).
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OH OH
10% Rh(dppp),Cl HO O
OH diglyme/DMA OH .
" reflux, 9 h OH o om
OH
D-arabinitol 95
D-glucose 71% 20%

Scheme 34Rhodium(l)-catalyzed decarbonylation@{glucose producel-arabinitol together with the byproduct
1,4-anhydrop-arabinitol ©5).

1,4-Anhydrob-arabinitol 95 is formed to a much larger extent than 2,5-anmpderabinitol 96
(1,4-anhydrop-lyxitol) (Scheme 35). Althougl95 was isolated in 20% yield,96 could only be
detected in trace amounts by NMR spectroscopy. Aswll see later in section 3.4.5 (Table 17),
the exclusive formation of 1,4-anhydroalditols isngral for the decarbonylation of aldoses. In
addition, only 1,4-anhydroalditols with retentiom stereochemistry at C4 are observed, which
suggests an activation of the C1 hydroxy groupfedd by displacement by the secondary alcohol
at C4 (Scheme 35, green). The formation of 2,5-drdglditols would require displacement of the
C5 hydroxy group by the secondary alcohol at Ché8w 35, red).

OH
O.
HO  OH
95
1 —oH 1,4-anhydro-
HO D-arabinitol
OH
4—0OH
OH
OH
D-arabinitol ksiz
HO OH

96
2,5-anhydro-D-arabinitol
(1,4-anhydro-D-lyxitol)

Scheme 351,4-Anhydrob-arabinitol @5) is formed exclusively (green), whereas only adraf 2,5-anhydro-
D-arabinitol ©6) can be observed (red). The formatior®6irequires activation of the C1 hydroxy group folEnhby
nucleophilic displacement by the C4 hydroxy group.

" The identity 0f95 was rigorously established by conversion intodtieesponding triacetate (see section 8.2 for
experimental details).
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To test if rhodium is responsible for the formatwinl,4-anhydroalditolsD-glucose was heated in
refluxing diglyme and DMA for 24 h without any rhodh present, and, as expected, no
anhydroarabinitols were formed. In additiamarabinitol was heated to reflux in diglyme/DMA
together with 5% of Rh(dppgl}! for 32 h, and neither 1,4- nor 2,5-anhydr@rabinitol were
formed. This clearly indicates that the formatioh 194-anhydroalditols is rather mediated by
rhodium than a result of a thermal dehydration.atidition, since no 2,5-anhydroalditols are
formed, the formation of 1,4-anhydroproducts misly occurs while rhodium is still bound to the
C1 of the alditol. We tried to avoid the formatioh95 by reducing the reaction temperature and by
adding a small amount of water to the reaction anestbut it was still formed in 20% yield. Since it
was formed in quite large amounts, it was attempaedirect the decarbonylation process towards
this product, because it might be an interestingathbuilding block for organic synthesis.
However, treatment ab-glucose with 1% of the catalyst at 162 °C for 7#ited to produce the
anhydroproduct in a reasonable yield. Insteadrabinitol and95 were isolated in less than 30%
combined vyield indicating that the degree of decositon is more pronounced for prolonged

reaction times.

3.4.3Catalyst system

After the successful decarbonylation mglucose in diglyme/DMA with preformed Rh(dpp@)
(Table 14, entry 1), other catalysts were screeasdwell. As mentioned in section 3.2.2,
rhodium(l)-complexes of BINAP and dppp were fouadée equally reactive in the decarbonylation
of simple aryl and alkyl aldehydes (Figure*%)and it was decided to test Rh(BINAE) in the
decarbonylation of sugars. Rh(BINAE) was synthesized by ligand exchange of Rh(GOEn
82% vyield, but in the decarbonylation a-glucose, it reacted considerably slower than
Rh(dppp)CI (entry 2).

Rh(COE)CI is known to decarbonylate 2-naphthalene cataiyi, but it reacts much slower than
Rh(dppp)C|.>>? Therefore, it was attempted to generate Rh(c@ph situ from Rh(COE)CI and
dppp (Table 14, entry 3). However, the decarboiomabccurred slowly and full conversion was

observed only after more than 17 h using 7.5% ysttédading.

After testing these stable Rh(l)-complexes (Table dntries 1-3), it was attempted to develop a
simple procedure to generate the catalytic speflirestly from Rh(lll). Preparation of Rh(dppgl
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in two steps from Rh@le 3H,O and dppp (Scheme 33) is not difficult, but duethe time-
consuming precipitation of the intermediate Rh(C£I)it would be more convenient to be able to

prepare the catalyst situfrom commercially available precursors.

Table 14.Decarbonylation ob-glucose using different rhodium catalysts.
OH

10% catalyst OH
o diglyme/DMA HO
HO' OH additive OH
reflux OH
HO OH OH
D-glucose D-arabinitol
Entry Catalyst Additive T('E;e Yield
1 Rh(dppp)CI - 9 71%
2 Rh(BINAP)CI - 6 <10% conversion
3 Rh(COE)CI + 2 dppp - 17 >90% conversfon
4 RhCL « 3H,0 + 2 dppp - 16 decompositfbn
5 RhCh * 3H,0 + 2 dppp 20% PhCEHO 16 trac8
6 crude Rh(dppptTlI - 2 decompositioh
7 crude Rh(dpppll 20% PhCHCHO 3 9%°

37.5% catalyst loading was us8d-Glucose dissolved in DMA was added after 20 min.

It was attempted to generate the catailyssitu by heating RhGle 3H,O, dppp and-glucose in
diglyme?*® however, the reaction mixture turned black andadium mirror could be observed.
The same result was achieved in diglyme/DMA. Altijowppp is usually responsible for reduction
of Rh(Ill) to Rh(l), it was realized thab-glucose also acts as a reducing agent resulting in
formation of Rh(0). This means thatglucose has to be addatter formation of the catalytically
active species. However, additionmfjlucose in crystalline form or dissolved in®or DMA to a
preheated solution of Rh{x 3H,0, dppp and diglyme only resulted in decomposi{idable 14,
entry 4).

In another approach, the catalyst was fornmmedsitu using 20% of phenylacetaldehyde as an
additive together with Rhgk 3H,O and dppp followed by addition ai-glucose dissolved in
DMA. In this case, traces af-arabinitol were observed (Table 14, entry 5). Mikgly not all the
Rh(lll) is reduced to Rh(l) when the catalyst ismgeatedin situ, and the presence of Rh(lll)
together withD-glucose in the reaction mixture probably leadguidher reduction to Rh(0) and

decomposition.
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Since Wilkinson’s reagent can be formed in one &t@m RhCk « 3H,0 in the presence of PPhy
reduction in ethanolic solutiof? it was anticipated that Rh(dpp@) could be prepared in the same
way. When refluxing RhGls 3H,O and dppp in a solution of 96% EtOH for 30 miroéor change
from dark red to orange could be observed indigateduction of Rh(lll) to Rh(I). Removal of
EtOH in vacuoto prevent possible sugar glycosylation gavrede Rh(dppp)Cl. The crude
Rh(dppp)Cl has been successfully used in a one-pot Diale™+ decarbonylation reaction in our
group by Esben Taarnifg® Crude Rh(dpppL! readily dissolves in cold diglyme whereas
preformed Rh(dppp)CIl is completely non-soluble in cold diglyme. In détn, subjecting
D-glucose to the crude catalyst at 162 °C leadtoptete decomposition within 2 h (Table 14,
entry 6). These observations suggest that cruddd@@pgCl might not have the same composition
as preformed Rh(dppg}l. Analysis of the crude catalyst by IR spectrgscrevealed a weak band
at 2168 cnt, which might indicate the presence of a carbonghrid?® arising from the
decarbonylation of acetaldehyde produced by oxadawf EtOH during formation of crude
Rh(dppp)Cl. Benzaldehyde, on the other hand, could readd#ydecarbonylated using crude
Rh(dppp)Cl,>*° and after the reaction, the catalyst was predgitaand analyzed by IR
spectroscopy. In this case, strong bands were wébat 2101, 1971 and 1718 ¢nindicating that
carbon monoxide and benzaldehyde are present asdbg Based on these data, the crude
Rh(dppp)CIl most likely only contains very small amountscafbonyl ligands, and the difference
in reactivity between the crude and the preformadlgsts is probably a matter of purity rather than

identity.

Using the crude Rh(dpps8)! together with 20% of phenylacetaldehyde as atitizd followed by
addition of D-glucose dissolved in DMA leads to full conversianthin 3 h giving 9% of
D-arabinitol (Table 14, entry 7). This result canlgably be improved, but it would require a lot of
work with no foreseeable success in the near fuiline preformed catalyst was therefore selected

for further optimizations.

3.4.40ptimization of the decarbonylation procedure

A series of experiments were performed to optintieeconditions as shown in Table 15. Reducing
the catalyst loading from 10 to 1% (entries 1-3uted in considerably longer reaction times and
lower yields. With 5% catalyst, 40% ofarabinitol could be isolated (entry 2), whereaghwili%

catalyst full conversion could not be achieved with6 h (entry 3).
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Table 15.Optimization of the decarbonylation procedure.

Rh(dppp)Cl OH
diglyme/DMA HO
additive OH
reflux OH
HO OH OH
D-glucose D-arabinitol
Catalyst - Time Isolated Reflux temperature
BNty oading Additive () Yield (°C)
1 10% - 9 71% 162
2 5% - 14 40% 162
3 1% - 16 <20% conversion 162
4 10% 20% dppp 16 16% 162
5 5% 10 eq. KD 18 50% 152
6 5% Ar-bubbling 13 52% 155
7 5% 15% AcOH 9 51% 162
8 5% 13% pyridine 9.5 58% 162

820% of 1,4-anhydr®-arabinitol @5) is formed as well. The amount @5 has not been determined
for the other entried.A slightly higher yield (44%) could be achieved $tgpping the reaction
before full conversion (11 h), however, this wasomvenient due to the tedious separation of
D-glucose andb-arabinitol.® The reaction was performed by bubbling a contirgitsam of argon
through the reaction mixture.

With longer reaction times decomposition becomesnareasing problem, and in order to reduce
the degree of decomposition, the evolution of carbwnoxide during the course of the reaction
was measured (Figure 4). In this way, the progoésise decarbonylation can be monitored, and the
reaction can be stopped when no more carbon moaaexidroduced. From Figure 4 it is clear that
the decarbonylation ab-glucose proceeds faster with 10% catalyst (gréteam) with 5% catalyst
(black).

During decarbonylation af-glucose, Beck and co-workers found that the aalditif dppp together
with Wilkinson’s reagent had a favorable effect gibly forming Rh(dpppC! in situ®** When
D-glucose was decarbonylated in the presence of dpdpRh(dppp)kl, only 16% ofb-arabinitol
was formed (Table 15, entry 4) showing that thes@mee of phosphines is not desirable when the
preformed catalyst is used. Addition of small ameuof water (diglyme/pEO = 40:1) (entry 5)
improved the yield ob-arabinitol, but required 18 h to reach full corsren due to a lower reflux
temperature. When argon was bubbled through theioeamixture in an attempt to remove carbon

monoxide®** 52% yield could be obtained (entry 6).
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D-Glucurono-6,3-lactone, 10% Rh(dppp)CI
A D-Xylose, 10% Rh(dppp)}Cl
o D-Glucose, 10% Rh(dppp)Cl

B D-Glucose, 5% Rh(dppp}Cl, 6% pyridine

A D-Glucose, 5% Rh(dppp)Cl

¢ D-Glucose, styrene (5 eq), 8% Rh(dppp¥l, 6% pyridine
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Figure 4. Carbon monoxide evolution during the course ofd@earbonylation. The figure shows carbon monoxide
evolution curves for decarbonylation of 2.78 mmidbae in a diglyme/DMA solution with different Rhgpp),Cl
loading and additives. At room temperature (25 #@) conversion corresponds to formation of 68 @0. See section
8.2 for further experimental details.

The reaction rate for the decarbonylation of cayldoates is much lower than for simple aldehydes.
D-Glucose requires 9 h to reach full conversion @igi% preformed Rh(dpp8)!, whereas only

3 h are needed to decarbonylate 2-naphthaldehydg 5%0in situ generated catalyst. The reaction
of sugars is limited by an unfavorable hemiaceldéfayde equilibrium (Scheme 36), and in the
case ofD-glucose, less than 0.02%of the sugar is present as the free aldehyde ireas
solution®>?*® Both acids and bases are known to catalyze therotign via the open-chain
aldehydoform?’ and small amounts of acetic acid and pyridine weerefore added to the
reaction mixture (Table 15, entries 7 and 8). Badllitives were found to decrease the reaction

time, and as a result, increased yields were odxdain

" In aqueous solution at 82 °C and pH ®©&)lucose exists as a mixture of the free aldeh@d@10%), the hydrated
aldehyde (0.022%), two furanose forms (1.29%) avalgyranose forms (98.6%) (Maple, S. R.; Allerhafd). Am.
Chem. Socl987 109, 3168).
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O

=~
OH
HO
OH
OH
OH

Scheme 36Hemiacetal — aldehyde equilibrium fdrglucose.

A series of experiments with acetic acid and pyedwere performed, and it was found that
pyridine gave slightly better results than acetitlgTable 16, compare entries 1-3 with 4-6). The
effect of added pyridine can be visualized in taedbon monoxide evolution curve (Figure 4, red).
Using an excess of pyridine resulted in a conshllgribwer yield (Table 16, entry 7). A catalyst
loading of 8 or 10% together with pyridine (6%l @ full conversion in 8 and 7.5 h, respectively
(entries 8 and 9), and it was decided to reduceakayst loading to 8% using 6% of pyridine as an
additive.

Table 16.0ptimization of the decarbonylation procedure waitid and base.

Rh(dppp),Cl OH
diglyme/DMA HO
additive OH
reflux OH
HO  OH OH
D-glucose D-arabinitol
Catalyst . Time Isolated
Entry loading Additive ) vield
1 5% 15% AcOH 9 39%
2 5% 7% AcOH 9.5 51%
3 5% 3% AcOH 9.5 39%
4 5% 13% pyridine 9.5 58%
5 5% 6% pyridine 9.5 55%
6 5% 1% pyridine 10.5 40%
7 5% 4 eq. pyridine 18 18%
8 8% 6% pyridine 8 71%
9 10% 6% pyridine 7.5 67%

3.4.5Extension of the procedure to other aldoses

Having successfully developed a catalytic decarladion procedure, it was applied on a range of
aldoses (Table 17). Of the hexosbesglucose and-mannose gave similar results (entries 1-4),
whereasD-galactose was decarbonylated in lower yield (eat-6). In addition to the desired
D-arabinitol, D-galactono-1,4-lactone@7) and 1,4-anhydr@-lyxitol 96 (2,5-anhydraa-arabinitol)

were formed as an inseparable mixture in 34% ylding decarbonylation ob-galactose
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(entry 5). The reason for oxidation Dfgalactose to produc®’ in approximately 19% yield cannot
be rationalized.D-Galactose is less soluble in DMA thamglucose andb-mannose, and
decarbonylation ob-galactose in pure DMA gave 27% ofarabinitol accompanied by significant

decomposition.

The pentoses (Table 17, entries 7-12) react sjigater than the hexoses, and the evolution of
carbon monoxide from the decarbonylationDekylose can be seen in Figure 4 (Figure 4, blue).
Although it is more soluble in DMA, the 6-deoxy sugL-rhamnose, (Table 17, entries 13-14)
requires slightly longer reaction times than thbkeothexoses. However, the desired product, 5-
deoxy+i-arabinitol, is isolated in comparable yields. Asntioned earlier in section 3.4.2,
1,4-anhydroalditols are formed as the only byprésiuc the decarbonylation reaction, and the
amount of 1,4-anhydroalditols produced from eachbaaydrate is shown in Table 17.

1,4-Anhydroalditols are formed both in the absesmo@ in the presence of pyridine.

Table 17.Application of the procedure on different aldoses.

Rh(dppp).Cl
diglyme/DMA . .
C,aldose @~—  » Cp.1 alditol  +  C,.1 1,4-anhydroalditol
reflux
a Time . Yield . Yield
Entry Aldose Method () Alditol (%) 1,4-Anhydroalditol (%)
- 1,4-anhydro-
1 D-glucose A 9 D-arabinitol 71 D-arabinitol ©5) 20
2 D-glucose B 8 D-arabinitol 71 n.d.
3 D-mannose A 9 D-arabinitol 69 n.d.
. 1,4-anhydro-
4 D-mannose B 8 D-arabinitol 72 p-arabinitol 05) 20
. 1,4-anhydro-
5 D-galactose A 9 D-arabinitol 39 D-lyxitol (96) 15°
6 D-galactose B 8 D-arabinitol 56 n.d.
7 D-arabinose A 9 erythritol 68 n.d.
8 D-arabinose B 6.5 erythritol 70 n.d.
9 D-ribose A 8 erythritol 71 n.d.
10 D-ribose B 6.5 erythritol 76 n.d.
. 1,4-anhydro-
11 D-xylose A 8 D-threitol 70 D-threitol ©8) 13
12 D-xylose B 7.5 D-threitol 74 n.d.
13 L-rhamnose A 11 =-deoxy- 66 n.d.
L-arabinitol
) 5-deoxy- 1,4-anhydro-5-deoxy-
14 L-thamnose B 10 L-arabinitol 1 L-arabinitol ©9) 1

& The experiments were performed according to timeige decarbonylation procedure A (10% Rh(dpBp)
or B (8% Rh(dppp)Cl and 6% pyridine), see section & Eormed as an inseparable 3:4 mixture with
D-galactono-1,4-lacton®7) (19%).
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Decarbonylation oN-acetylb-glucosamine required reaction times of around 16akling to 28
and 34% yield of 1l-acetylamino-1-deoryarabinitol (00) in the absence and in the presence of
pyridine, respectively (Table 18, entries 1 and Zhe slow decarbonylation oN-acetyl
D-glucosamine was also observed by Andrews and caessf*® and can be explained by
coordination to rhodium with thi-acetyl group. In addition to the desired produ@d, a complex
mixture of unidentified byproducts was formed. Bditle addition of small amounts of water and
increasing the amount of pyridine were found tofderable, however, the decarbonylation still

occurred in low yield (entries 3-4).

Table 18.Decarbonylation oN-acetylD-glucosamine to produce 1-acetylamino-1-dedxgrabinitol (LO0).

OH
NHAc
Rh(dppp),Cl HO
(0] )

HO' OH diglyme/DMA oH

Y reflux OH

HO NHAc oH

N-acetyl-D-glucosamine 100

a " Time Yield
Entry  Method Additive 0 %
! A - 16 28
2 B - 15.5 34
3 A 10 eq. HO 16 42
4 B - 14.5 4b

& The experiments were performed according to tineige
decarbonylation procedure A (10% Rh(dpsp) or B (8%
Rh(dppp)Cl and 6% pyridine), see section 8Zhe amount

of pyridine was increased to 15%.

3.4.6Decarbonylation of other substrates

Attempts to decarbonylate-glucurono-6,3-lactone101) which would produce the rare and
expensive sugar-lyxose by subsequent reduction were unsuccesStllgme 37). The lactori®1
was consumed very rapidly, and only 14% of therdd®-lyxono-1,4-lactonel02 was produced.

In addition, 5% ofL-gulono-1,4-lactonel03 (formed by reduction ofl01) was isolated as a
byproduct. The reaction mixture turns completelgckl upon heating and the development of gas
occurs very quickly (Figure 4, orange). Performthg reaction at 125 °C resulted in recovery of
72% of the starting material after 7 h, and neithedition of small amounts of water or pyridine

nor changing the substrate to fizglucuronic acid improved the yield.
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HQ 10% Rh(dppp),Cl HQ HO
m diglyme/DMA OH m»
o OH ———= 0O + 0 OH
(6) L reflux, 2.5 h (6) e} /
OH OH OH
102 103
101 14% 5%

Scheme 37Decarbonylation ob-glucurono-6,3-lactonelQ1).

Although D-fructose andL-ascorbic acid do not possess an aldehyde fundtipnéhey were
subjected to the decarbonylation conditions to ifeeteresting products could be formed from
these cheap and readily available carbohydratesné®ioned in section 3.2.5, Andrews and co-
workers reported that furfuryl alcohd@) was formed as the main product following treattran
D-fructose with Wilkinson’s reagent (Scheme 3¥y**However, treatment ai-fructose with 10%

of Rh(dppp)CI surprisingly afforded 21% of 1,4-anhydbearabinitol @5) after 5.5 h. When
L-ascorbic acid was subjected to the decarbonylatarditions at 162 °C, decomposition was a
major problem, and it was not possible to detegt@rbohydrate products. At lower temperatures
L-ascorbic acid was not consumed as rapidly, and @B#lee starting material could be recovered
after 23 h at 125 °C. No other products could bkaisd.

3.4.7Decarbonylation of unprotected cyclodextrins

To test the scope of the rhodium-catalyzed decatbbon reaction, it was attempted to
decarbonylate aldehydes derived from cyclodextrifSyclodextrins are composed of
D-glucopyranose residues connected in a ring streiciiith (1,4)-glycosidic linkage&>® The

-, - and -cyclodextrins contain six, seven and eight glucesidues, respectivefy® and their
structure can be represented by a ‘bucket’ with Higdroxy groups positioned on the outside
(Figure 5). As a result, cyclodextrins have a hpthitic surface and a hydrophobic cavity.The
latter is known to form complexes with small orgaand inorganic compounds thereby resembling

the pocket of an enzynfé®

In fact, Bols and co-workers have recently used ifresti - and -cyclodextring® as artificial
enzymes catalyzing the oxidation of anilines toratienzene€§® and benzylic alcohols to
aldehyde®? in the presence of hydrogen peroxide. The innameter varies from 5.7 to 9.5 A
when going from - to -cyclodextrin®® and by choosing different cyclodextrins as tenglane

can design artificial enzymes with different prdpes. The ability to bind organic molecules in the
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hydrophobic cavity combined with a high solubility water make cyclodextrins well suited for
biologically important applications like drug dediy or artificial enzyme&>® Due to an increasing
interest in cyclodextrins, it is important to belealto perform selective modifications on
cyclodextrins without protective group manipulasonHowever, despite their well-defined
structure, the selective modification of cyclodedris not an easy task due to the presence of a

large number of hydroxy groups.

OH
(0]
HO O 3 O/%
H HO>"Ho
e} (OH)
3 OH H
OH

OH
° -
O O
HO HO
(e}
oH HO |
(e}
OH OH (OH)14
O—_"OH ond®lo

O HO

(0]
OH

HO

b-cyclodextrin (104)

Figure 5. Two representations ofcyclodextrin (04). The primary hydroxy groups are positioned onupper part of
the ‘bucket’ (right), whereas the secondary hydrgsgups are on the bottoft.

In the following it was attempted to remove a hygmoethyl group from unprotected
-cyclodextrin (04) using an oxidation — decarbonylation sequencéd®e 38). Following the
procedure of Bieniarz and co-workéPd 104 was oxidized to the monoaldehyd85 using two
equivalents of Dess-Martin Periodinane (DMP)daDMSO. As described by Bieniaf?® the
reaction can be followed byH4 NMR spectroscopy by comparing the developing aligii a new
anomeric proton at 4.93 ppm with the remaining a@aerprotons at 4.82 ppm. A 1:6 ratio between
these signals indicates full conversion to the nadohehydel05 and depending on the quality of
the DMP reagent, the reaction requires 2-4 h anrtmperature. However, analysis of the product
by MALDI TOF MS revealed the presence of unreactéd as well as trace of the di- and tri-
aldehydes. If the reaction was performed with lgrrgaction times or with a larger excess of DMP,
considerable amounts of the di- and tri-aldehydesewformed. Using IB¥* for the oxidation
instead of DMP also led tb05 contaminated by the di- and tri-aldehydes as aelinreacted04.

The problems of obtaining a pure product in thism@e oxidation illustrates the difficulties
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associated with selective reactions on cyclodesfrihand as a result, slightly impure samples of
105were subjected to the decarbonylation conditions.

DMP or [BX DMA, reflux
OH) — " R G (OH)0
DMSO, rt ‘

104 105 OH

106

Scheme 38Attempted decarbonylation ofcyclodextrin monoaldehydd Q5). The desired product was not formed,
but instead a complex mixture presumably consisifinglycosylated and acetylateecyclodextrins106 was observed.

Using 10% of Rh(dppp¥! in pure DMA led to significant decomposition. Only approxinate
20% of the material could be isolated presumablyaasixture of glycosylated and acetylated

-cyclodextrins106. The reaction mixture turned black within 5 mimdaalmost no gas was
developed during the reaction. It was impossiblefditow the reation by TLC orH NMR
spectroscopy due to formation of product mixturés wery similar structure and polarity. Analysis
of the crude product by MALDI TOF MS showed a migtwf four major compounds separated by
162 Da, which is indicative of a glycosylation otyclodextrin with up to three glucose residues.
In addition, minor compounds corresponding to thesses of the before-mentioned glucosylated
products plus 42 and 2 x 42 Da were observed. Thsergation of (M + 42 Da) and
(M + 2 x 42 Da) indicates that acetyl groups areoiporated on the glycosylatedcyclodextrins
(see Table 34 in Appendix | for further details).

The crude product was peracetyl&fedising acetic anhydride, DMAP and pyridine, andmplex
mixture of glucosylated -cyclodextrins were obtained after flash column ochatography.
Analysis of these peracetylated products by MAL@IA MS revealed a mixture of 13 compounds
separated by 288 Da indicating peracetylatedyclodextrins containing up to 12 peracetylated
glucose residues (see Table 35 in Appendix | fah&r details). Surprisingly, in both cases the MS

data fits very well with derivatives of -cyclodextrin (04) rather than -cyclodextrin

-Cyclodextrin is completely insoluble in diglymeyttdissolves readily in DMA.
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monoaldehydel(05). This suggests thd05 may not be stable to the reaction conditions, mzh
decomposition ofL05 glucose residues or smaller fragments might loeéd, which glycosylate
the more stabl@é04. The observation of acetyl groups in ttrade product can only be rationalized
by decomposition of the solvent DMA during the téat leading to acetylation. Based on these

results, it was decided not to attempt further demaylations on cyclodextrins.

3.4.8Hydroacylation of alkenes

Intramolecular hydroacylation of 4-alkendl87 to produce cyclopentanon&88 can be catalyzed
by rhodium(l)-complexes (Scheme 38j.The procedure has been limited to the synthesfwef
membered rings due to competing decarbonylationglwreduces the yield of the hydroacylation
product?®’ This was experienced by Gable and B&habtaining a moderate yield of the desired
cyclohexanone in a rhodium-catalyzed intramolectigdroacylation of a carbohydrate-derived
5-alkenal. On the other hand, Kampmeier and co-erstk utilized the competing decarbonylation
to convert the 5-alkenal 2-allylbenzaldehy®®)(into indane 87) rather than the corresponding

cyclohexanone produced by hydroacylation (see Setgh

(e} o
) cat. Rh(I)L, )L
107 108

Scheme 39Rhodium(l)-catalyzed intramolecular hydroacylatf6t?®’

Recently, several research groups have attempteéxtend the method tantermolecular
hydroacylation of alkenes. However, this has prodéficult, and it can only be achieved by
addition of amines to generate an imine with tiielydein situ,?®° or when either the aldehyd&

or the alken&! possess a functional group capable of chelatinghealium thereby preventing
decarbonylation. Although several examples of hgdytation of alkenes have been reported
recently, there is no precedence for direct hydragion with carbohydrates in the literature. The
presence of several hydroxy groups might enableoteidrates to react as chelating aldehydes, and
it was therefore attempted to hydroacylate styrandh D-glucose using Rh(dppg)l. The
formation of a carbon-carbon bond at the anomesidar by direct hydroacylation would thereby

constitute a new route to chain elongated carbatgdr
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When D-glucose was subjected to Rh(dpyaH)in the presence of five equivalents of styreme,
coupling productl09 could be isolated within 23 h. Instead of hydrdatgn, decarbonylation
occurred to give 45% db-arabinitol and 28% of 1,4-anhydmarabinitol ©5) (Scheme 40). The
development of carbon monoxide during decarborgifatf D-glucose in the presence of styrene
can be seen in Figure 4 (purple). The formatiothefusual decarbonylation products indicated that
direct hydroacylation of alkenes with carbohydratesuld require considerable experimentation

with the reaction conditions, and as a resulthiydroacylation was not pursued further.

8% Rh(dppp)Cl OH

OH 6% pyridine
diglyme/DMA
Qo - reflux, 23 h Q
HO! OH + /\© X HO!
--------------- - / OH
nd  oH HO  ©OH

D-glucose
\ OH OH
HO O
OH +
OH

HO OH
OH
D-arabinitol 95
45% 28%

Scheme 40Attempted intermolecular hydroacylation of styravith D-glucose.

3.4.9Synthesis af-threose by chain shortening Dfglucose

L-Threose is often employed as a chirab@ilding block in synthesi&?’4?"°but it is not available
from nature. By using two consecutive chain shangmeactions, it is possible to synthesize
L-threose in a few steps from-glucose by employing the rhodium-catalyzed decaylation
reaction as the key step (Scheme 41Jhreose can be formed by decarbonylation of aeptetl

D-xylo-dialdosel10, which is readily available from diactoneglucdgd by periodate cleavage.

fo) O
O-oH e >< L 0 0
/ f— Q f— o e —_—> HO" OH
HO  OH )( )( 4
Ho  © HO O HO  OH
L-threose 110 111 D-glucose

Scheme 41Retrosynthetic analysis ofthreose.
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Diisopropylidene protectet-glucose 111, which is readily available fronb-glucose in 96%
yield *"”
procedure developed by Wu and $/(Scheme 42). Unfortunately, only 42-50% yieldla could

be achieved using 1.5-3 equivalents ofi®4 in dry ether at 25-40 °C. Instead, the terminal

was selectively deprotected and oxidatively cleausing HIOg following the one-pot

isopropylidene protective group afL1 was removed to producEl? in quantitative yield using
aqueous acetic acid.Subsequent sodium periodate clea¥agave the one carbon atom shortened
aldehydel10in 91% vyield. The aldehydElO crystallizes as the diméd4 (Scheme 43), but slowly

equilibrates to the monom#&f.0in aqueous solution.

OH
Q I2 acetone, rt >< AcOH, H,0, rt
HO" OH .,
/! 100%
HO OH 96%"""
D-glucose
ether, rt
50%
HO o
NalO4 H,O
. (o) 4,712 [ 2% Rh(dppp).Cl
HO' 10 MeOH, 0 °C 050 diglyme, 162 °C
HG "o)( 91% HG "o)( 86%
112 110
oL o ONroH
AcOH, H,0, 100 °C /
>/_\/., ‘OH
HO O)( 99% HO
113 L-threose

74% overall yield

Scheme 42Synthesis of -threose fronD-glucose by employing the rhodium(l)-catalyzed dboaylation reaction as
the key step.

The decarbonylation 0£10 with Rh(dppp)Cl proceeded smoothly in 86% vyield using only 2%
catalyst loading (Scheme 42). Attempts to useirir@tu generated catalyst were unsuccessful and
led to decomposition of the carbohydrate and pretipn of the catalyst. In contrast to unprotected
monosaccharides, thglo-pentodialdosd 10is not in equilibrium with cyclic hemiacetals, atie
addition of pyridine is unnecessary. In additidme partially protected 10 is readily soluble in

organic solvents and the reaction can be perfoimedre diglyme.
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1\

o //( OH
(e}
e ~ o
A0 o 0
> (@) -
HO O/x(/ o) ,f,/

110 114

Scheme 43The aldehydd 10crystallizes as the diméi4, but slowly equilibrates to the mononfk0in solution.

Final deprotection of 13 using aqueous acetic atitlaffordedL-threose in an overall yield of 74%
for the five-step sequence framglucose. The current synthesisLethreose employing rhodium-
catalyzed decarbonylation is the shortest and imgstyielding route ta -threose fronD-glucose

to date. Synthesis af-threose fronD-glucose can also be accomplished by employinglkexy
radical fragmentation of a nitrate ester developgdSuaréz and co-workers as the key step (see
section 2.1.3), however in this casethreose is produced in lower yield than in thespre
synthesis?®

3.5 Concluding remarks

A catalytic procedure for decarbonylation of unpatéd carbohydrates using Rh(dpgp)has been
developed (Scheme 44). In contrast to simple arglakyl aldehydes, the aldehyde functionality of
unprotected carbohydrates is masked as a hemiawakahg it less available. Prolonged heating at
162 °C is therefore required for the reaction teuocand decomposition of the carbohydrate
substrate becomes an increasing problem. Howelreraddition of small amounts of pyridine
facilitates mutarotation making the aldehyde fummlity more available. As a result, slightly
shorter reaction times and lower catalyst loadiags possible in the presence of pyridine. The
procedure has successfully been used to converanger of different aldoses into their
corresponding shortened alditols in 70-75% vyielsh &ddition to the desired alditols,

1,4-anhydroalditols are also formed as byproducti20% yield.

R OH
B t. Rh(dppp),Cl oH

HO on & Rn(dppp), OH
diglyme/DMA OH

HO  OH R

Scheme 44Rhodium-catalyzed decarbonylation of aldoses.
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Requiring only catalytic amounts of expensive rlnbogdicomplexes, the developed decarbonylation
procedure is a major improvement compared to thevipusly reported stoichiometric
decarbonylation using Wilkinson’s reagéfit>>* Application of the rhodium-catalyzed
decarbonylation as the key step in a short andieffi synthesis of-threose fromb-glucose
illustrates that the catalytic decarbonylation d¢ibaes a general procedure for shortening
unprotected and protected carbohydrates by on@wcatom.

3.6 Outlook

In an industrial view, carbohydrates are a renesvablirce of energy, and as a result, considerable
effort has recently been invested in the conversfdsiomass into hydrogefi:?>2>%"*#%roduction

of hydrogen can be performed by steam reformingsofars like glucose, sorbitol and
glycerol?>?328 and since alditols are more easily converted imgdrogen than aldosés,the
decarbonylation might become useful in combinatith steam reforming. Furthermore,
ruthenium-mediated dehydrogenation of secondamhals to produce ketones and hydrogen has
recently been reportéd'?®?and based on these results, further developmeheadecarbonylation
reaction in combination with such dehydrogenatiatalysts might enable direct degradation of
sugars into hydrogen and carbon monoxide. In thae ccarbohydrates might even be used for
asymmetric hydrogenation of double bonds, since ditho(l)-species are well-known
hydrogenation catalystS8® At present the efficiency of the rhodium-catalyzitarbonylation of
carbohydrates is not sufficient to enable suchiegipbns, but it might become relevant once more

potent decarbonylation catalysts are developed.
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4 Synthesis of calystegine Aby chain elongation ofb-glucose

4.1 The calystegine alkaloids

The calystegine alkaloids are a family of naturalbcurring iminosugar mimetié&® They were
isolated fromCalystegia sepiunin 19882%* and the first structure elucidations were repoited
19902%>%% Since then a total of 14 different calysteginesehbeen isolated from various plants

(Scheme 453%’

OH R on OH OH OH
HO NH NH HO NH HO \PNH
HO HO oH R
R HO -
R R
AsR=R'=H AsR=R'=H Ag A;R=H
Bi:R=H,R = OH By R=OH,R =H B, R=OH
By R=0OH,R'=H C,R=R'=OH
Ci:R=R'=OH
OH
OH OH NH, oH Me
\PNH HO NH HO
HO HO
_OH HO
HO R
Bs N, N-Methyl B,: R = H

N-Methyl C;: R = OH

Scheme 45Naturally occurring calystegine alkaloitfé.

The calystegines all share a polyhydroxylated, dicynortropane ring system possessing a tertiary
hydroxy group as part of an interesting bridgehaahoketal functionality. They are divided into
four groups according to the number of hydroxy gourhe A calystegines contain three hydroxy
groups, whereas four and five hydroxy groups aesgmt in the B and C calystegines, respectively.
The bridgehead hydroxy group has been exchangédawiamino group in calysteging,Nvhich is

the only discovered calystegine with an aminal fiomality.*®”

Many of the calystegine alkaloids have been founble potent glycosidase inhibit6¥$2**making
them interesting pharmaceutical lead compoundscesfyein relation to cancer, viral infection and
diabetes?® Calystegine Ais a moderately potent inhibitor of various glyidases. CalysteginesA
inhibits pig kidney trehalaseCaldocellum saccharolyticum-glucosidase, almond-glucosidase

and green coffee beangalactosidase witk; values of 5.3, 12, 20 and 201, respectively®®2%*
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Due to scarcity of calystegines from natural sosiredficient chemical syntheses are necessary in
order to establish their full potential as drugdidates>’

The synthetic efforts towards the calystegine alkisl were pioneered by Lallemand and co-
workers in the early 1990°8>2% put since then several syntheses have been rdpd@fethe
naturally occurring calystegines only,&®?%° A, 3% B, 297:298,:301-306g 304.3065 54 B 30430 haye heen
made by chemical synthesis, but also a number @bgoes have been synthesized and tested for

glycosidase activity>>%"1

OH
Q OH
NH
3 st HO!.. H,, Pd/C HO
o,
NH3+C|" HO NHCbz
115 rac-116 rac-117

Scheme 46The synthesis of racemic calysteging(A17) by Lallemand and co-workef&>

The first synthesis of calysteging £L17) was reported in 1992 by Lallemand and co-worleers
gave racemicll?7 in nine steps from the hydrochloride of 4-amindoliexanol {15 (Scheme
46)2% In 1995 Johnson and Bis synthesized both enantioofecalystegine A(117) in 18 and 20
steps respectively from cycloheptatrierel® (Scheme 473%° However, the identity of each
enantiomer was not established, and as a resaltaltholute configuration of naturally occurring
calystegine A is still not known, although it is believed to éxh the same configuration as

naturally occurring calystegine;lBsee Scheme 45 abové&).

OH NaOH, D,O OH

HO NH - HCI pH > 11 HO NH
HO E—— HO
decomposition

119 117

17 or 19 steps
- 5 +

118
NaOH, D,O

NH - HCI o1t NH
HO OH et HO OH
HO decomposition HO
120 ent-117

Scheme 47Synthesis of both enantiomers of calystegiggl47) by Johnson and BfS° Due to decomposition of the
product in the final step, the absolute configuraibf each enantiomer was not determined.
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In addition, the synthesis by Johnson and Bis vafopnedvia the hydrochloride of calystegine
A3 (119 and120), and upon conversion into the natural produchgistrong base (pH > 11), the
compound could not be recovered, and only NMR detie reported (Scheme 47§.As a result, it
is still necessary to establish a short and rediayhthesis of calystegine; Aor further biological

evaluation.

The objective of this project is therefore to apglye fragmentation-allylation-metathesis
methodology developed by our group to the synthelisalystegine A This methodology might
provide the shortest synthetic route to enantiocadyi pure calystegine Awhich would enable the
absolute configuration of calysteging # be determined. In addition to this, the aimhaf project

is also to determine the stability of calystegingrbasic solution.

4.2 Synthesis of natural products by chain elongationfo -iodoglycosides

As mentioned earlier (section 2.2.5), a variatidrthe chain elongation of carbohydrates is the
reductive elimination (fragmentation) of a methyliodoglycoside followed by a one-, two- or
three-carbon elongation of the carbohydrate chaineither olefination (CHhly), vinylation or
allylation, respectively>® This sequence gives an -diene, which is conveniently set up for ring-
closing olefin metathesi$to produce carbocycles. The strategy has sucdgssen used by our
group to synthesize a number of natural producysiophellitol®* 7-deoxy pancratistatit’
conduritolst3*3*3inositols’ and quercitof$® as well as the calystegines, B; and B,.3%*3%
Other research groups have also used this methpgdtosynthesize natural produé¥se.g. the

recent synthesis of calystegine By Csuk’s laborator§°

allylation

|
o) Zn mediated Q or N ing-closi
( OMe  fragmentation { /N ] RNH, and allylation o/ metathesis RO
n ( o B n _
RO " OR
RO ' OR rd OHNHR RO OHINR,
30 31 121 122
Scheme 48Formation of carbocycles fromriodoglycosides.
The synthetic methodology is well described in literature’®13°*3¢and the overall strategy will

only be discussed briefly (Scheme 48). The keyssiaplude the conversion of a protected or
unprotected methyl -iodoglycoside 80) into an unsaturated aldehyddl by Vasella
fragmentatiof?>*?*®employing zinc as the metal of choice. Other nsdi&é indium and manganese
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have also been found to facilitate the reductivieniehtion, however, the use of indium is
limited 13¢31431831%9nd manganese requires a co-catalyst/oxitfafhe subsequent Barbier type
allylation of the aldehyd@&1 or the corresponding imine can either be condueted one-pot
fragmentation-allylation with zinc, or by allylatioof the aldehyde or imine with other metals like
indium or magnesiunt*3%31431%The resulting diend@21 can subsequently be subjected to ring-
closing olefin metathesi$'*® to produce a carbocycl@22 which can be used for further

manipulations.

4.3 Retrosynthetic analysis of calystegine A

Retrosynthetically (Scheme 49), the bicyclic amitak of calystegine Ais expected to be formed
by cyclization of aminoketond23 during hydrogenolysis similar to the racemic swsik of
calystegine Aby Lallemand and co-workers (see the conversiohléfto 117 in Scheme 46). The
aminoketone123 may be formed by hydroboration and oxidation ofsatably protected
cycloheptend 24, which is available from the corresponding dié2& by ring-closing metathesis.
The required diend&25 can be produced from the protectedodoglucopyranosidd26 by zinc-
mediated fragmentation and allylation. Removalhe secondary alcohol in the 2-position of the

D-glucopyranoside can either be performed befowter the fragmentation-allylation sequence.

ot ] PGO.
HO NH PGO:..
HO p— — e—
Pco” YT “NPG
PGO NPG, R 2
117 123 124
[
A\ OH
/" Zn Q
PGO. PGO HO Q
- PGO - Po
PGO" T 'NPG, PGO 5pg OH *OH
R
125 126 D-glucose

+

BnNH, BT

Scheme 49Retrosynthetic analysis of calysteging A
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4.4 Previous work on the calystegine project in the grap
The current project is based on previous work @ndhlystegine alkaloids in our group. Philip R.
Skaanderup’s synthesis of calysteging i® shown in Scheme 58**° whereas the previous

synthetic efforts towards calysteging By Charlotte B. Pipper are summarized in Schem&’51

1
OH ' i) Zn, TMSCI, ))) N /7
o 1) I,, PPhs, imidazole o i) BnNHy, BnOr..
HO 2) CCI3C(NH)OBn, TfOH BnO iii) allyloromide 6
HO BnO _ > BnO b NHBn
HO 62% BnO 85% 5Bn
OMe OMe (6R/6S = 5/1)
127 128 129
0
1) BH; - THF , OH
1) CbzCl, KHCO3 BnO:. ther)1 NaOH, H,0,  BnOw. 1) Hp, PA(OH), HO NH
2) Grubbs' 2" gen. cat. 2) DMP iy HCI HO
BnO" I "NBn T BnO® :  'NBn HO
75% OBn ébz 81% (3:1 ratio) OBn ‘Cbz 90%
130 131

Scheme 50Synthesis of calystegine,®131) by Philip R. Skaanderui3®3%

In Philip’s synthesis of calystegine ,,B iodination and benzyl protection of methyl
-D-glucopyranosidé 27 furnished the protected methyl 5-deoxy-5-iodo-glucopyranosidel28
for the key tandem sequence involving zinc-mediatexhmentation, imine formation and
allylation. The dienel29 was isolated in good diastereoselectivity (5:1)famor of the desired
(6R)-isomer. Noteworthy, the stereochemistry couldusther improved if the imine allylation was
carried out as a separate step replacing zinc widlgnesium (16:1) or indium (1:0). After
protection of the amine, ring-closing metathesid awidation, the final deprotection-cyclization
step was performed by hydrogenolysisl80 using Pearlman’s catalyst in acidic THF/water iieeg

the natural product31in excellent yieldf®®

In Charlotte’s synthetic efforts towards calystegifs, she was following the same strategy as
Philip, but using different protecting groups irder to selectively deoxygenateglucose in the
2-position after performing the fragmentation-alybn reaction (Scheme 51, pathway A). Methyl
-D-glucopyranoside 127) was therefore selectively trityl- and PMB-proesgttin the 6- and
2-positions, respectively, which after benzylatienabled selective transformations at these

postitions. The removal of the trityl group and imation to givel33 was followed by the zinc-
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mediated fragmentation and subsequent imine alylaaffording134 in excellent yield and good
diastereoselectivity (5.3:1) in accordance withliplsi observations during the calysteging B

synthesis.
OoTr OH
o) a, b
— HO HO 0
HO 62% HO
PMBO HO
OMe OMe
132 127
A . 1
[ i) Zn, TMSCI, ))) \ / 1
ii) BANH,, MS BnO:.. i) (Im),CS ,
c.d Bno/&' iii) allylbromide  BnO":- e fg ii) AIBN, BugSnH  ©n©" Q
BnO - 6 — 7 O PR
8% PMBO [\ 90% BnO” Y “Nmpn 92 BOsZ NN 23% BnO NBn
(6R/BS = 5.3/1) OPMB Cbz Cbz
133 134 135 136
steps
B Ly
1) NaH, CS, | ¥
ot then Mel o
h, (o] steps
_g» B“O/m 2) AIBN, BusSnH BRO Br?a(%o p’
48% BnO HO 8% BnO 64% ....... - 117
OMe OMe
137 139

Scheme 51Synthetic efforts towards calysteging 317) by Charlotte B. Pippef? Reagents: a) TrCl, pyridine, b)
Bu,SnO, BuNI, PMBCI, ¢) NaH, ByNI, BnBr then HSQ,, d) |, PPh, imidazole, €) CbzCIl, KHC{f) Grubbs’ 2
gen. cat., g) DDQ, h) NaH, BNI, BnBr, i) H,SO,.

However, after Cbz-protection, ring-closing metateeand removal of the PMB-group, Charlotte
encountered unexpected problems regarding the gudstremoval of the C5 secondary alcohol of
135. After numerous attempts to deoxygenBs® including hydride displacement of a triflate and
several variations of the Barton-McCombie radicabxygenatiori**>3* the desired cycloheptene
136 could be isolated in only 23% yield over the tweps. Charlotte therefore decided to try the
deoxygenation ofb-glucopyranosidel37 in the 2-positionbefore the fragmentation-allylation
sequence (Scheme 51, pathway B). The standardrBsit€ombie radical deoxygenation worked
well on this substrate producing the desired 2-glebxglucose derivativel38 which was
transformed into the -iodoglucopyranosidé39 for fragmentation and allylatioff? At this point,

the project was handed over to the author of tiesis.
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4.5 Results and discussion

4.5.1Initial strategy towards calysteging A

Initially, the work was directed towards removal tbe C2 hydroxy group ob-glucosebefore
fragmentation and allylation (Scheme 51, pathway®arting from the trityl- and PMB-protected
methyl -D-glucopyranosidd.32, the C3 and C4 hydroxy groups were benzyl prot&tten good
yield followed by removal of the @-PMB-group with DDQ to givd.37in excellent yield applying
standard conditiori&® (Scheme 52).

oTr oTr oTr
o NaH, BnBr o DDQ CS,, NaH, THF
HO Bu,NI, DMF BnO DCM/H,0 BnO Q then Mel
HO — BnO — BnO -
PMBO vte 82% PMBO L\ 97% Ho | 89%
132 140 137

OoTr |

0 AIBN, BugSnH H,SO I, PPhy 0
220,
B"Eﬁ% _ toluene  BnO MeOH  Bno |m|dazo|e THF B%Oo
o) BnO BnO n

A OMe 86% OMe 93% 93% OMe

141 138 142 139

Scheme 52Synthesis of the protected 2-deoxy-6-iodoglucopgsiatel39for zinc-mediated fragmentation.

The Barton-McCombie radical deoxygenaffdnusing NaH, imidazole and G%roduced the
intermediate methyl xanthaté4l in 89% vyield, and the following AIBN-initiated B8nH
reduction ofl41to 138 occurred in 86% yield. The removal of the tritybgp using sulfuric acid in
methanol and the introduction of iodine occurre@xaellent yield producing the protected methyl
2,6-dideoxy-6-iodo--D-glucopyranosidel 39 for the fragmentation-allylation sequence. Notably
the more sensitive glycosidic linkage in the 2-deghucosidel38 was not affected by the reaction

conditions used for removal of the trityl group.

4.5.2Fragmentation-imine formation-allylation

Subjectingl39 and freshly activated zif to sonication at 40 °C in THF resulted in fragnaéioh

to produce the desired aldehyii43 (Table 19). Addition of benzylamine to trag3 as the imine
144 followed by drowise addition of allyloromide gamediastereomeric mixture of the two dienes
145 and 146 in 94% vyield (Table 19, entry 1). In contrast tbilip and Charlotte’s results
employing the 29-Bn and the 29-PMB substituted imined47 and 148 (Table 19, entries 2
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and 3), almost no stereoselectivity was observed145and146 were formed in a 4,6-syn/4,6-anti
(6R/6S) ratio of 1:1.13 favoring the undesired 4,6-ambquct146 (Table 19, entry 1). The identity
of each diastereomer was later established by @egiion and ring-closing metathesis followed

by comparison with material synthesiagd strategy A (see section 4.5.7 below).

Table 19.Zinc-mediated tandem fragmentation-allylation seqge

OBn NHBn
1 IS 4,6-syn
AN 56syn
OBn R (6R)
[ 145: R = H
129: R = OBn
Q zn, ) oen g o8n jen Zn, ) 134: R = OPMB
BnO TMSCI W BnNH, W allyloromide
BnO - o T Do - +
R THF OBn R OBn R
OMe OBn NHBn
139:R=H 143:R=H 144:R=H LIS 4,6-anti
128: R =0Bn 147: R = OBn 7Y s N 56-an
133: R = OPMB 148: R = OPMB OBn R (6S)
146: R =H
Yield Selectivit
Entry R o y
(%) (6R/6S)
1 H 94 1:1.13
2% OBn 85 5:1
3% OPMB 90 53:1
Diastereomer ratios were determined iy NMR
spectroscopy.

It was attempted to improve the selectivity of Hilylation by varying the metal and the reaction
conditions (Table 20). The fragmentation 189 was performed with zinc metal in THF under
sonication followed by addition of benzylamine tap aldehydd 43 as iminel44. Zinc salts were
removed by filtration followed by evaporation ofettsolvent, and the crude imirfet4 was
subsequently redissolved in different solvents alhdated with allyloromide and the metals zinc,

indium and magnesium.

Both indium and magnesium are known to allylatechglation to -alkoxy substituents:®306:3%0
and in such cases a non-polar solvent might imptbeedegree of chelation of the metal in the
transition state thereby enhancing the stereosétgctiike-wise addition of excess metal saltsain
polar solvent can be used to inhibit the organolietgpecies from coordinating to- or -alkoxy
substituents thereby reversing the stereochemtistrfiavoring non-coordinating pathwa3<.Both

a polar (THF) and a non-polar solvent (toluene/DEMt:1) were therefore used, however, no
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significant improvement of the diastereoselectivitgs observed, although indium and magnesium
seem to be slightly more selective towards the sinelé 4,6-anti isomet46than zinc (Table 20).

Table 20.Imine allylation with different metals.
QBn NHBn

! N}/‘s\/\ 4,6-syn

(6R)
| 1) Celite filtration OBn
o zn,))) QBn ? BNnNH, OBn "\‘B” removal of solvent 145
BnO ™sCl |~ A~ aAmS o~ A | 2M)) alyibromide

BnO H : +
OBn OBn solvent

THF
OMe 0Bn NHBn
1% 4,6-anti
N X
139 143 144 M= 20, In, Mg T (65)
146
Metal Yield Selectivity (6R/6S) Selectivity (6R/6S)
(%) THF Tol/DCM = 4:1
Zinc 85 1:1.13 1:1.27
Indium 73 1:1.38 1:1.44
Magnesium 71 1:1.33 1:1.38

Diastereomer ratios were determined iy NMR spectroscopy.

Initial 1:1 diastereoselectivities for organometalladdition to aldehydes have previously
successfully been improved in our group by varratid solvent polarity, additives such as metal
salts as well as the identity of the metal countett***” But with no indication of success after

these initial variations of metal and solvent (EaB0), it was decided to abandon this strategy.

4.5.3Stereochemical considerations

Usually the Felkin-Anh mod&®**°and Cram’s chelate mod&! are used to predict thefacial
selectivity of nucleophilic addition to-alkoxy aldehydes. By analogy these models can ladéso
used for -substituted imine3>° and by applying these models to the allylatiortihef 20-Bn and
the 20-PMB protected imine447 and148 (Table 19, entries 2 and 3), the 5,6-anti prodvmild

be expected under non-chelating conditions (th&if-@inh model, Scheme 53a), whereas the
5,6-syn isomer would be produced under chelatiartrob (Cram’s chelate model, Scheme 53b).
Good diastereoselectivities (5,6-syn/5,6-anti =),5vthich may be explained by chelation, were
observed by Philip and Charlotte with the 2-alkexypstrated447 and148 (Table 19 , entries 2 and
3).
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a) Felkin-Anh TS

BnO
=___ NBn OBn NHBn
: R 5,6-anti
BnG OR | — M/\ (6S)
7 H OBn OR
OBn I‘\IBn
~ : z b) Cram's chelate TS
OBn OR
S zn
147: R=Bn BnO o\ OBn NHBn
148 R = PMB s BNOR LA 56y
\/g_dﬁﬁ Y N N e
AN OBn OR
BnO || H\
129: R =Bn
134: R = PMB

Scheme 53Predominant transition states during allylation @flkoxy iminesl47 and148 according to a) the Felkin-
Anh modet®®*'%and b) Cram’s chelate modét.

With -alkoxy aldehydes and imines lacking aralkoxy substituent, the Felkin-Anh and Cram
chelate models can no longer be used. Sualkoxy aldehydes are known to preferentially affor
the anti products regardless of chelating or naglating conditions (Scheme 54a and b), however,
product mixtures with low selectivity are most oftebserved******'The anti relationship between
the -alkoxy substituent and the newly formed sterecaerdan either be rationalized by

chelatiort'%3!

(Scheme 54a) or by minimizing steric and elec#tistinteractions with the-alkyl
and -alkoxy substituents as depicted for the 2-gemmine 144 in Scheme 54b in a transition state

model proposed by Evans and co-worKérs.

a) Chelation control

H‘// \
= I‘\BD—IZH
z N’
/ o H Bn \
OBn NBn OBn NHBn _
R | 1M 4’6-antl
v 6S
7Y b) TS suggested by Evans 6Bn5 6S)

OBn \
NBn /
=z
144 H:i ;H QH 146
H OBn OBNn

Scheme 54Predominant transition states during allylation -@flkoxy imine144 a) under chelation controf**'and
b) as recently suggested by Evans and co-worRers.
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As shown in Table 19 (entry 1), the 2-deoxy substt&89, gave a 4,6-syn/4,6-anti ratio of 1:1.13
when zinc was used for the allylation. With indiamd magnesium, which are known to react by
chelation'®3%®33%the 4 6-anti isomell46 was obtained as the major product in slightly kigh
diastereoselectivity than with zinc (Table 20).hsligh the general trend in reactivity from Table
20 is consistent with the reported models for asgtnicinduction in -alkoxy aldehydes (Scheme
54)3411933the stereoselectivity is poor, and the 4,6-syn thed4,6-anti isomer$45 and 146 are

formed in almost equal amounts.

Evans and co-workers recently reported that nutidiopattack on , -bisalkoxy aldehydes under
non-chelating conditions is more complex than wdsat be explained by the Felkin-Anh motfel.
, -Anti bisalkoxy aldehydes seem to give good diasiselectivities favoring an anti relationship
between the -alkoxy substituent and the newly formed stereaaenthereas for, -syn bisalkoxy
aldehydes, which are less selective, it is dificalpredict whether the anti or the syn produdt wi
dominate®™ These trends suggested by Evans are in accordaititeprevious results from our
group in the synthesis of calysteging, B; and B, whereD-glucose and-galactose derived
imines (, -syn configuration) gave lower stereoselectivitiban the corresponding-mannose
derived imine (, -anti configurationf°® As a consequence of these recent observatioiss nitt
completely clear, whether the observed 5:1 5,65@rdnti ratio for allylation of the 2-alkoxy
substituted imined47 and 148 (Table 19, entries 2 and 3) is a result of chehatr a complex

relationship between the nature of the alkoxy stuesits and the organometallic reagent.

4.5.4Formation of diastereomeric carbocycles

The completion of pathway B with both isomé#b and146 required Cbz-protection of the amine
followed by ring-closing metathesis using Grubbd® Zjeneration catalyst (Scheme 55).
Protection of the amine is necessary because wgbeot amines are known to coordinate to
ruthenium thereby hampering the ring-closing meisith reaction®** The Chz-protective group
was chosen since it is readily removed by hydrotienan the final steff>® With the introduction

of the Cbz-group, a broadening of the peaks in Bbthand **C NMR spectroscopy could be
observed due to the presence of rotamers theretmplmating analysis by NMR spectroscopy.
Protection of the diastereomeric amirdgd and146 with CbzCl to producd49 and150 occurred

in 91 and 93% vyield, respectively, and the subseigtieg-closing metatheses both gave 97% yield
of 136and151, respectively.
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\ / \ / . BnO:..
BnO... CbzCl, KHCO, BnO.. Grubbs' 2™
DCM/H,0 gen. cat.,, DCM R
R —_— R - BnO X
BnO

R R

145:R=NHBn,R'=H 91% 149: R =NBnCbz, R'=H 97% 136: R = NBnCbz, R'=H
146: R =H, R'= NHBn 93% 150: R = H, R" = NBnCbz 97% 151: R =H, R"=NBnCbz

Scheme 55Formation of seven-membered carbocydi@é and151from the diastereomeric nonadierigk and146.

The conversion of the diastereomeric nonadidd&sand150into the corresponding cycloheptenes
136 and151 enabled direct comparison with the cyclohept®&Bé synthesized by pathway A (see
section 4.5.7 below), thereby determining the idgnof each diastereomer. The lack of
stereocontrol in the fragmentation-allylation setpee produced the desired nonadidd® as the
minor isomer in less than 50% yield in the key stmpd this disfavors pathway B as a synthetic
route to calystegine A As a result, the synthetic efforts towards calgste A were focused on
optimization of the low-yielding Barton-McCombie ale/genation of the 5-hydroxy-cycloheptene
135(Scheme 51, pathway A).

4.5.5Revised strategy towards calystegine A

Since the difficult deoxygenation df35is late in the synthesis, it was necessary toyaaut the
first steps on a large scale (20-30 grams). Theg furbtected intermediat&40 was deprotected at
the 6-position using sulfuric acid in MeOH/toluefadlowed by iodination with iodine, PRland
imidazole in THF in 98 and 93% yield, respectivélycheme 56). This gave access to the

2,3,40-protected methyl 6-deoxy-6-iodeb-glucopyranosidd 33 for the fragmentation-allylation

sequence.
OoTr OH I i) Zn, TMSCI, THF, )))
o H,SO, MeOH o I, PPh3 o ii) BANH,, MS
BnO toluene BnO imidazole, THF  BnO iii) allylbromide
BnO - BnO - . BnO o
PMBO Sme 98% PMBO e 93% OMe 85%
(6R/6S = 5.3/1)
140 152 133
1
BnO > { ChzCl, KHCOs > { Grubbs' 2 BnO pDDQ  BnO
‘. nO:.. nO:.. .
] DCM/H,0 gen. cat.,, DCM DCMIH,0
BnO” Y “NHBn  92% BnO” Y “NBn 98% BnO” T "NBn  ggop BnO i NBn
OPMB PMBO Cbz PMBO Cbz Cbz
134 153 154 135

Scheme 56Synthesis of cyclohepterd85via pathway A.
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Applying the conditions previously used on thifOZRMB protected substrat233 gave two
diastereomeric dienes in 85% vyield in a 5.3:1 régimring the desired B-isomerl34 (Scheme
56). This result was in accordance with Philip &itarlotte’s observations (Table 19, entries 2
and 3), and the stereochemical outcome was latefiraed by completing the synthesis of

calystegine A (see section 4.5.7).

The major (R)-isomer 134 was subsequently Cbz-protected affording the désitienel53 for
ring-closing metathesis. The dieh®3was successfully cyclized with 5% of Grubb&® generation

catalyst®

in DCM to produce the seven-membered carbocydieeson of calystegine Ain
almost quantitative yield. Subsequent deproteabiothe PMB-protected secondary alcolié¥ to

give 1350ccurred in 88% yield.

4.5.6Deoxygenation
Due to the previous difficulties with the deoxygeom, a number of different deoxygenation
strategies were considered. Barton-McCombie dematigns?**?® are usually performed by

reduction with BgSnH, but also other hydrogen sources likP&>3*

and a range of different silyl
hydrides including (MgSi)sSiH**® and PhSiH,**® have been developed primarily due to lower
toxicity. Displacement of leaving groups like suldes with hydrides was also considered.
Mesylates and tosylates of primary alcohols cadilg®e displaced by various hydride reagents,
but with secondary substrates, the reaction ofééindue to competing attack on sulfur thereby
regenerating the starting alcofidi:**® This problem can be avoided using,RBH,, which is a
useful reagent for the reduction of triflates of@edary alcohold3® However, since Charlotte had
no success with such triflate displacements, the ¢tlassical Barton-McCombie deoxygenation
variations using 1,1'-thiocarbodiimidazdfé or CS** together with BgSnH and AIBN were

attempted (Scheme 57).

" The desired (B)-isomer134is the 5,6-syn product according to the nomenudatd Table 19.
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BnO:..
Q AIBN (0.4 eq.) BnO:..
BusSnH (4 eq.)

BnO H ’\\an
O  Cbz toluene, reflux BnO NBn
Sa\ 3h Cbz
R
155: R = imidazolyl 27% 136
156: R = SMe 43%

Scheme 57Initial Barton-McCombie radical deoxygenation. Tthecarbonyl derivativel(55or 156) (40 mg) was
degassed and heated to reflux in toluene. To theio was added a mixture of AIBN and fnH in toluene over a
period of 30 min.

Of the available thiocarbonyl derivatives, meth@nihates are known to be the most reactive
species with respect to the deoxygenation ¥tepnd indeed the methyl xanthat&6 gave an
encouraging yield of 43% in the initial deoxygenatiexperiments. Based on this result, it was
decided to optimize the deoxygenation using thehgietanthate approach. However, having
decided to use the G®rotocol, the formation of methyl xanthal®&6 proved difficult, because a
bicyclic side-productl57 was formed as the major product in 62% yield ustfigequivalents of
CS as depicted in Table 21 (entry 1). The side-prod&@ results from intramolecular attack of
the alkoxy anion on the carbonyl functionality b&tCbz-group instead of intermolecular attack on
CS.

Table 21.Formation of methyl xanthatEs6.

CSz) NaH ,
BnO:.. imidazole Bno:. BnO:.
THF, rt +
BnO BnO" T NBn
o\<

Bn0” Y “NBn = NBn

= then Mel O Chz
Ot Coz A o)
SMe
135 156 157
Entry NaH CS, Yield of 156 Yield of 157
(eq.) (eq.) (%) (%)
1 3 20 22 62
2 3 200 64 26
3 3 500 66 19
4 3 1000 39 34
5 5 500 72 16
6 4 1000 78 13

The reactions were performed by dropwise additiothe alcoholl35 dissolved
in THF/CS to a suspension of NaH and imidazole in.CSlo THF was used.

Increasing the amount of @& 200 equivalents gave the desired methyl xaetté as the major
product in 64% vyield (Table 21, entry 2). Only agist improvement was observed using
500 equivalents of GSand performing the reaction neat resulted in @asicterably lower yield
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(entries 3 and 4). Changing the amount of NaH ftbrae to five equivalents was found to have a
favorable effect (entry 5), and combining this fimglwith an even larger excess of %000 eq.),
gavel56in 78% yield (entry 6).

Thorough degassing of both the reaction mixture @nedreagents to exclude oxygen is of vital
importance in order to prevent side reactions ighlyi functionalized substrates during the
deoxygenation steff! The thiocarbonyl derivative is usually added taefluxing solution of
BusSnH in toluene to ensure an excess ofSiH compared to the thiocarbonyl derivatit&3?

and in contrast to the earliest reported radicakggenations?*>%°

a catalytic amount of AIBN is
often used to increase the reaction rate and repioitity.*****?In addition, it seems advantageous
to add the thiocarbonyl derivative together withBAIl to a refluxing solution of BiSnH to
maintain a constant amount of radicals throughbetreaction. Taking the above parameters into

consideration, an initial screening of the reactionditions was performed according to Table 22.

Table 22.Deoxygenation of methyl xanthat®6— screening of conditions.

BnO:..
AIBN, BusSnH B”O“Q

BnO Y NBn toluene, reflux
o & —_— BnO NBn
S%\ ‘ ébZ
SMe
156 136
Conversiorf
Entry AIBN BuaSnH Conditions after 90 min
(eq.) (eq.) 0
(%)
1 0 3 ~40
2 0.2 3 156 was added to BSnH and AIBN ~75
3 0.2 3 AIBN andl56 were added to B$nH >95
4 0.2 1.5 AIBN andl56were added to B$nH ~90
The deoxygenations were performed by dropwise maddf 156 (100 mg) in toluene to freshly

distilled Bu;SnH in refluxing toluené: Conversions are based on TLC analysis.

As can be seen from Table 22, the highest convessithin 90 min was achieved by addia§6
together with AIBN (0.2 eq.) to a refluxing solutiof BusSnH (3 eq.) in toluene (entry 3). Notably,
when no AIBN is used (entry 1), the conversion ischnlower than in the presence of AIBN. This
illustrates that AIBN efficiently generates radssabnd in order for the deoxygenation to occur
without AIBN, a much longer reaction time is recpair
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Choosing the conditions described in Table 22,yeBfrthe reaction was scaled up and optimized

with respect to reaction time as can be seen iteTz®below.

Table 23.Deoxygenation of methyl xanthat®6— optimization of conditions.

Entry AIBN BusSnH Scale Time Yield of 136
(eq.) (eq.) (mg) (min) (%)
12 0.4 4 40 180 43
2 0.2 3 100 90 56
3 0.2 3 200 60 74
4 0.2 3 500 50 72

The deoxygenations were performed by dropwise madif 156 and AIBN
in toluene to BSnH in refluxing tolueng:. Bu;SnH and AIBN in toluene
were added dropwise to a refluxing solutiorl&6in toluene.

Increasing the scale and at the same time redubmgeaction time gave a gratifying 74% yield
(Table 23, entry 3) in the light of previous failattempts to optimize this reaction. From Table 23
it is also obvious that radical reactions are gemsto the scale. On a small scale it is moredift

to produce a sufficient amount of radicals for teaction to proceed, and small scale reactions

therefore constitute a higher risk of failure.

4.5.7Calystegine Aend game

The completion of the deoxygenation sequence pextlucaterial to establish the identity of the
two cycloheptene$36 and151 synthesizedia strategy B, and as mentioned previously, the minor
isomer 136 from strategy B was identical in all respects e tycloheptend 36 produced by

strategy A.

Having successfully optimized the Barton-McCombaelical deoxygenation o35 we looked
forward towards the end game of the calystegigieyiithesis. The next step was the hydroboration-
oxidation sequené® (Scheme 58), which was performed with borane-THRmex followed by
oxidation with alkaline hydrogen peroxide to produen isomeric mixture of four alcohols. The
crude alcohols were directly oxidized using DMPptoduce a 2:1 mixture of the isomeric ketones
158 and159in 76% yield. The selectivity in the hydroboratiams a bit lower than the 3:1 ratio

observed by Philip in the similar calysteginesgstent ® but the desired isomer was still favored.
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1) BH - THF, then OH
BnO:. NaOH, H,0, H,0  Bno Hz, PO(OH), HO NH
2) DMP, DCM HO
BnO NB
BnO BN . " THF/H,0: 81%
Cbz 76% (2 steps) Cbz dioxane/H,0: 84%
136 2:1 ratio 158 2 117
+
o
BnO:..

BnO NBn
Cbz
159

Scheme 58Synthesis of calystegine;A117).

The final deprotection and cyclization to the biay@aminoketal was performed by hydrogenation
using Pearlman’s catalyst followed by acidificatiaith hydrochloric acid to facilitate the ring
closure as developed by Phifis.Initially, THF/H,O was used as the solvent, but after leaving the
reaction mixture for a prolonged time (36 h) undmsidic conditions, small amounts of
1,4-butanediol resulting from unexpected ring opgndf THF could be observed. The diol was
difficult to remove from the natural product by ®edex LH-20 column chromatograpfy,and it
was found that by performing the reaction in die¥&h0O, the side-reaction could be avoided. In
addition, dioxane/kD gave a slight improvement of the yield from 818#% as compared to
THF/H,O. However, these differences are subtle on susmal scale and are probably within

experimental error.

(0]

OH _Me
N
—_— —_— oligomers

NHMe
160 161

Scheme 59Aminoketal — aminoketone equilibrium of physopenevil 60).3*

Physoperuvine160), which represents the general nortropane skeletwists as an equilibrium
mixture between its bicyclic aminoketdb0 and the corresponding aminocycloheptandgé
(Scheme 59 Even though the naturally occurring calystegines faund exclusively in their
bicyclic form in nature, it is reasonable to assuthat the calystegine alkaloids also exist in
equilibria between their aminoketal and aminoket@rens in which the number and position of

oxygenated substituents are decisive for the pwsitf the equilibriunt’>?°® The formation of
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oligomers of certain unnatural calysteginga the monocyclic aminoketone as experienced by
Lallemand and co-workers under acidic conditféhi§®was therefore a concern prior to the final
deprotection-cyclization step producing calystegiae This concern was amplified by difficulties
producing calystegine #from its hydrochloric salts as experienced by donnand Bi§®° (Scheme
47) and by Philip’s observation that epimers of Bs and B, were not well-defined compound$.
However, despite those concerns, calystegin&vds formed in good yield in accordance with the
data reported for the natural prodéf&tOur work-up proceduf€® utilized ion exchange resin IRA
400 OH thereby avoiding the problems associated withhfgrochloric salt of the natural product,
and it is therefore a major improvement to the pdure by Johnson and BfS.

NHCbz

NHCbz

. AcO OH
Amano P-30 lipase steps
isopropenyl acetate ) 5 —_— both enantiomers of
HO OH —mmm 163: or ! — calystegine Ag
50 °C, 91% NHCbz
162
HO OAc

Scheme 60The desymmetrization step in the synthesis of tadyse A by Johnson and Bis was performed
enzymatically, but the absolute configuration & firoduced acetaf63was not established’?%°

The structure of calystegine;Avas reported in 1998°?®*®however, no specific rotation was given
in the literature until 1995. At that time Asanadato-workers reporteda]p —17.3%° Even though
calystegine A had already been synthesized twice; racemic byem@nd and co-workers in
1997% (Scheme 46) and both enantiomers by Johnson asdnBL995%° (Scheme 47), the
absolute configuration has remained unknown umtiv.nSince both enantiomers of calysteging A
synthesized by Johnson and Bis were produced byneatic acetylation of a single hydroxy group
in the prochiral diol162 the absolute configuration of the resulting ateef®63 could not be
determined (Scheme 60). As a result of this, deatity of each enantiomer of calystegingwas

not established leaving the absolute configuratioalystegine A unknown?®"2%

With the current synthesis of calysteging ffom D-glucose, the absolute configuration can finally
be determined. The specific rotation was measwdd]& —13.6, which is in accordance with the

value reported by Asano and co-work&fsand as expected, the absolute configuration afraby

occurring calystegine Aresembles that of calystegine. B
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4.5.8Isomerization of calystegine; o As

Drager has previously suggested that calystegin@ 27) might be involved in the biosynthesis of
calystegine A (166) by a base-mediated isomerizatioia 164 and 165 as depicted in Scheme
612%" Calystegine A has been isolated frofyoscyamus nigét° andLycium chinensé® and in
both cases together with calysteging®X It is therefore reasonable to suspect that cajirsteAs
might be derived from calysteginesz Ay simple isomerization. Based on the instability
calystegine Aobserved by Johnson and BiSjt was therefore decided to investigate the stgbil

of calystegine Ain basic solution with focus on possible isomdi@ato calystegine A

Q HO, HO

OH
HO NH HO'.. base (0] HN OH
HO —_— HO
117 164 165 166
oligomers

Scheme 61Proposed base-mediated isomerization of calyste&ir@17) to A (166).2%

Base-mediated isomerization of sugars is most giefiormed with bases like KOH, Ca(QH)
EtsN or pyridine?® Usually, isomerization and anomerization of cagabhtes is achieved under
slightly basic condition&® and refluxing pyridine is frequently us&8:*** However, also stronger
alkaline media like agueous KOH at pH > 11 has bsadied in detail and facilitates a range of
isomerization$*® Since the isomerization of carbohydrates is dependn pH?® both a weak
(pyridineds) and a strong (Ca(Ob)) base were chosen for the attempted isomerizabion
calystegine Ato calystegine A(Table 24).

Initially, calystegine A was dissolved in pyridinds and left at room temperature for 14 days to
investigate its stability in weak base (Table 2dire 1). Surprisingly, no conversion could be
observed neither by TLC ndH NMR, and calystegine Acould be recovered in >80% yield.

Calystegine Awas even stable in pyridirdg-at 100 °C for up to 24 h, after which slow degteaa

was indicated by TLC analysis (entries 2-4).
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Table 24.Attempted base-mediated isomerization of calystegin(117) to As (166).

Temperature

Entry Base e Time Observations
1 pyridineds 25 14 days No conversion. Recoverylaf
2 pyridineds 100 1h No conversion. Recoveryldf7
3 pyridineds 100 4h No conversion. Recoveryldf7
4 pyridineds 100 24 h No conversion. Recoveryldf7?
5° 1M ag. Ca(OH) 25 14 days  Slow degradatibhore than one spbt
6° 1M ag. Ca(OH) 100 1h Residue df17
7° 1M ag. Ca(OH) 100 4 h Trace of17. More than one spbt
8° 1M aqg. Ca(OH) 100 24 h More than one sPot

2 Slow degradatior?. The reaction mixtures were inhomogeneous andrstiwas applied® Slow
broadening of the peaks 1H NMR when the reaction was performed isCD® After workup TLC
analysis revealed more than one spp0(13 for the most intense new spot), a complexyeb
mixture was observed B} NMR, and no calystegines&ould be isolated. TLCs were eluted with
1-propanol/AcOH/HO = 4:1:1 R 0.42 for calystegine 4.

In stronger base however, calysteging gxoved to be less stable. When calysteginewas
dissolved in IM aqueous Ca(OH)pH >12) at room temperature, slow degradation elzserved
accompanied by development of a weak spot with @lenk: than calystegine A(Table 24, entry
5). Performing the same reaction inm1Ca(OH) in D,O resulted in broadening followed by slow
disappearance of the signals'th NMR spectroscopy. The broadening of the signaf4i NMR
spectroscopy can either be explained by a beginemigierization of the stereocenters or by
deuterium exchange with the solvent due to thelfilgasic conditions. In addition, it may also be a
result of partial oligomerizatioff>*®which would give a less well-defined spectrum.ehfétirring

for 14 days at room temperature (entry 5), no ¢afyae A could be recovered just as experienced
by Johnson and Bis treating calystegingwith 2 M NaOH in 30.2*® Heating calystegine Ato
100 °C in the presence of M aqueous Ca(OH)revealed almost complete degradation of
calystegine A within 4 h (entries 6-8). However, a new spot dobé seen by TLC analysis, but
after workup and Sephadex LH-20 column chromatdgya@m complex product mixture was
observed byH NMR spectroscopy.

In summary, calysteginesAs stable to weak base even at elevated tempesatout it is quickly
degraded under strong alkaline conditions. Furtbbeemon the basis of the failed attempts to
isomerize calystegine 40 As under several different conditions, it is reasd@dab conclude that
calystegine A is in fact an individual natural product and nastja base-mediated isomerization

product of calystegine fas speculated by Drag@.
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4.6 Concluding remarks

Enantiomerically pure calystegine; Aas been synthesized by elongation of the carbam cof
commercially available methyl -D-glucopyranoside 127) by two different routes. By
deoxygenatingd-glucose in the 2-position before the key zinc-ratzli tandem fragmentation-
allylation, almost no diastereoselectivity was ated in the allylation reaction, and calysteging A
was produced in 14 steps and 5.3% overall yielan®eal of the secondary C2-hydroxy group of
D-glucoseatfter the fragmentation-allylation sequence gave risé.486 yield of calystegine An
14 steps. However, combined with the work perforntsd Charlotte B. Pippef? we have
developed a 13 step synthesis of calysteginen8.3% overall yield. To close this project, tino
parallel routes to calysteging; £.17) developed in the group are shown in their entinetScheme
62.

The current work constitutes the shortest synthalsenantiomerically pure calystegineg £ date
and proves the absolute configuration of naturatigurring calystegine A Calystegine Ais stable
in weak base, but is quickly degraded in strongeblisvas not possible to isomerize calystegige A
to As, which indicates that calysteging & a natural product itself in contrast to an isoization

product of calystegine A
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Scheme 620verview of the two routes to calysteging (A17) developed by our group. Reagents and condit@ns:
TrCl, pyridine, 90 °C, b) B4snO, BuNI, PMBCI, MeCN, reflux, c) NaH, BjNI, BnBr, DMF, 0 °C rt, d) DDQ,
DCM, H,0O, rt, ) NaH, Cg imidazole, THF, rt, then Mel, f) BBnH, AIBN, toluene, reflux, g) }$0;, MeOH, HO,
rt, h) I, PPh, imidazole, THF, 40 °C, i) Zn, TMSCI, ))), THF, 4G, then BnNH, then allylbromide, j) CbzCl,
KHCOs;, DCM, H,0, 0°C r1t, k) 5% Grubbs’ i gen. cat.,, DCM, rt, I) B§ THF, -40 °C rt, then NaOH, EO,,
H,0, rt, m) DMP, DCM, rt, n) K Pd(OH)Y/C, dioxane, HO, rt, then HCI, o) NaH, BiNI, BnBr, DMF, 0 °C rt, then
H,SO,, MeOH, HO, rt.
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5 Synthesis of gabosine A by chain elongation bfribose

5.1 The gabosines

The gabosines are a family of polyhydroxylated oaylcles possessing a
cyclohexanone/cyclohexenone skeleton (Figure 63y TMere first isolated in 1974 as secondary
metabolites fromStreptomycestrains. Since then a total of 14 different gabesihave been
isolated®*®3*° The gabosines do not possess any significant giidb activity, but Thiericke and

co-workers found that many of the gabosines exhibiak DNA binding propertie¥?

0 0 o} o} o)
Ho,, Me HO,, Me  HO R Ho\éﬁR Ho\ij,lvle
HO HO HO HO" ™ HO™

OH OH OH OH OH

A B

C:R=0H D: R = OAc F
N:R=H E:R=O0OH
o} o o) o
HO. Ho,,,it\V Ho:ij:OH HO. Me
K R K OH
HO' HO" ™Y HO Me HO
OH OH OH
G:R = OAc J L o
H:R=H
I:R=0OH

Figure 6. Naturally occurring gabosines. The structure ofogitie K is at present unknown since the initialgposed

structuré®® turned out to be wrong*

The biosynthesis of the gabosines occuis a pentose phosphate pathway by cyclization of
sedoheptulose 7-phosphate by an aldol condensafi@hemical syntheses have been reported for
gabOSineS &’53,354 B,351'354 C,355_360 D,354 E,354'356 G,361 |,361,362 N363 and 03.63,364 GabOSine A has
been synthesized by Banwell and co-workers in 23@&hd Shinada and co-workers in 2023
The shortest synthesis was provided by Banwell ssicg gabosine A in six steps from
cis-1,2-dihydroxycatecholl68 (Scheme 63), which is available in a single stgpebzymatic

dihydroxylation of iodobenzer&?
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OH
OH OH 1) OsO,4, NMO =

H TBDPSCI = 2) 2,2-dimethoxy-  TBDPSO,, -~ I

HOMQ/' imidazole TBDPSOI'.Q/' propane, p-TsOH ,Q/
97% 83% o
A(O

168 169

O (0]

1) FeCl3, MeMgClI
(cocl), TBDPSO,,, I 2) HCl then HO,,
DMSO, Et;N (Me,N)3S* F,SiMes”
o HO
90% ,Avo 80% OH
1

70 171

Scheme 63Synthesis of gabosine A71) by Banwell and co-workers?

Selective silyl protection of a single hydroxy gpowof 168 followed by dihydroxylation and
isopropylidene protection affordetb9, which was subsequently oxidized to cyclohexenbne
Displacement of the iodide by a methyl group angdradiction gave gabosine A7) in 58%
overall yield from168 The synthesis by Shinada and co-workers, on therdand, required
12 steps from (-)-quinic acidl{2 affording gabosine A in approximately 8% overgield
(Scheme 64343

OH (0]

CO,H
HO,, 2 MeO, o, MeO, o, HO,,
' OH 4 steps j ‘ SPh 4 steps j ' 4 steps :
- iy - > iy . —_—
HO Meo® O Meo® O ‘OMOM HO
OH OTBDMS OTBDMS OH
172 171

Scheme 64Synthesis of gabosine A1) by Shinada and co-worket¥:3%°

None of the above mentioned syntheses take adwantdgthe convenient stereochemical
configuration of abundant carbohydrates, and the @i the current project is to apply the well-
established fragmentation-allylation-metathesis ho@blogy (section 4.2) to the synthesis of

gabosine A fronb-ribose.
5.2 Retrosynthetic analysis of gabosine A

The synthetic strategy towards gabosine A is vamnylar to the synthesis of calysteging,Aand the

retrosynthesis of gabosine A is shown in Schemelb. cyclohexenone skeleton can be accessed
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by ring-closing metathesis of dierlerd The required diend74 could be provided by chain
elongation of a suitably protectediodoribofuranosidel75 by zinc-mediated fragmentation and
allylation}*>*3®By employingD-ribose as the starting material, two of the steeeters in gabosine
A are conveniently set from chiral pool, and theatetgy enables preparation of both gabosine A

and its epimer, gabosine N.

Br/W/\OBz

\ Zn +
HO" O —— PGO" OBz — | HO
A o OPG o
< OH

Ho“(' OH PGO  OH

171: S S iz

173 R 174 PGO OPG HO OH
175 D-ribose

Scheme 65Retrosynthetic analysis of gabosinesl&1) and N (73).

5.3 Previous work on the gabosine project in the group

Several people from the group have been workingtt@n synthesis of the gabosines. Mette
Fanefjord successfully completed the synthesis atfogine N°® whereas Flemming Gundorph
Hansen prepared small amounts of gabosifi&’ Ahe work towards gabosine A and N performed

by Mette and Flemming is summarized in Schem&&&2

3S/3R=2:1

“Vogve , 27 V) d
I Grubbs' 2"
Br ~ OBz - e o 4 steps 39% e
/ﬁ/\ \/O\ OBz gen. cat. (@) OBz P (0} HO O
Sz SV —_— N N
) \/\O OH EE—— HO  ©OH
o_ O OH 97%

177:35,4S
176 . 178 3R/4S 181 173

X i) Tf,O, pyridine
if) NaNO,

41%

N\ 1
e OB 3 steps 6%
\/o\ - zZ O\--<:§OBZ —p> HO\-<:§:O
o "on 7T = -
\/\0 OH HO OH

179: 35,4R
180: 3R 4R 182 17

85%

Scheme 66Synthesis of gabosine N73) by Mette Fanefjortf®3**®and synthetic efforts towards gabosinel&1) by
Flemming Gundorph Hansen and Mette Faneffofd®®

91



Rune Nygaard Monrad — Ph.D. Thesis

The initial strategy was to use the known methyB-Q;isopropylidene-5-deoxy-5-iodo-
-D-ribofuranosidel 76°* as a common intermediate. The iodid&6 is available fronp-ribose in
two steps in 77% vyield® and metal-mediated fragmentation-allylation wouydcbduce the
diastereomeric @- and (&R)-dienes {77-180 conveniently set up for the synthesis of both
gabosines A and N. However, zinc-mediated fragntiemallylation only produced the
diastereomeric @-dienes 177 and 178 and after several failed attempts to synthesiz t
(4R)-dienes179 and 180 for gabosine A by zinc and indium mediated aligiaf®’ it was decided
to invert the C4 secondary alcoholX81 instead. However, this proved difficult and in &b to

this, the following steps occurred in very low yiéeaving the synthesis of gabosine A unfinished.

5.4 Results and discussion

5.4.1Stereochemical considerations

The synthesis of gabosine N by Mette Fanefjord pexformed with the major 84S)-isomerl77
from the allylation as shown in Scheme 67. Theestelemistry at C4 was rigorously established

by completing the synthesis, but the configuratb3 has not been unambiguously established.

1

\ 5 steps
o é“OBz - HO" (0]
\/\O\; “OH HO'  oH

177 173

Scheme 67Mette’s synthesis of gabosine N employed only tlagom(3S,49)-isomer177.3

In order to determine the absolute configuratiorihef allylation producii77 at C3 (Scheme 67),
the diol 183 derived from the major isomet77 was subjected to 2,2-dimethoxypropane and

catalytic amounts of CSA at room temperature (S&hé8).

2,2-dimethoxy-
propane, CSA
o “'"OH rt, 40 min o e}
\/\o\ bH 73% \/\d ,o/\/

183 184

Scheme 68.

92



Chapter 5 Synthesis of gabosine A by chain eloogaifD-ribose

The diol 183 reacted smoothly to produce the diisopropylideeevdtive 184 in 73% yield within
40 min, and this indicates @s relationship between the hydroxy groups in questidowever,
since aransfused bicyclic system is not impossible (espegiatit when the six-membered ring is
slightly flattened by the double bond), the reattiof the minor isomed 78 was also investigated
(Scheme 69).

1 Grubbs' 2™

\ gen. cat.,, DCM NaOMe
MeOH
o 0Bz — = o OBz
S 74% R 86%
O “0H O ©H

178 185

2,2-dimethoxy-

propane, CSA
o OH 1, 3h o o]
\/\O\\ OH 29% \/\o“ "o/\/

186 187

Scheme 69.

After ring-closing metathesis 0178 (which will be discussed in section 5.4.2 below)da
deprotection, thérans diol 186 was subjected to 2,2-dimethoxypropane and CSA eUmentical
conditions as with theisisomerl83 no conversion was observed, and only after 3rigus larger
excess of 2,2-dimethoxypropane, any conversion aghseved. The diisopropylidene protected
compound187 could be isolated in 29% yield together with 35%cuareacted starting material.
Although these data strongly support the proposagschemical configuration§C NMR data for
the acetal carbons were compared for the two digytidene compounds. According to Buchanan
and co-worker¥? cis fused isopropylidene acetals have a slightly loaleemical shift tharrans
fused isopropylidene acetalsThe cis fused substraté84 showed acetat’C chemical shifts of
110.4 and 110.3, whereas tinans fused derivativel87 showed acetaC chemical shifts of 111.2
and 109.9 for the two isopropylidene groups. Togettihe reactivities of the two isomeric didi33

and 186 with 2,2-dimethoxypropane and th NMR data of the corresponding diisopropylidene

~ Isopropylidene acetals which aris fused to a pyranoid or cyclohexane rings are tepdo have &’C chemical shift
of 108.1-111.4 ppm for the acetal carbon, whetieass fused isopropylidene acetals hd¥@ chemical shifts of 111.8-
112.3 ppm for the acetal carbon. (Buchanan, J.Bdgar, A. R.; Rawson, D. |.; Shahidi, P.; Wightma, H.
Carbohydr. Res1982 100, 75).

93



Rune Nygaard Monrad — Ph.D. Thesis

derivativesl84 and187 provide evidence for the proposed stereochemiistiiye allylation reaction
(Scheme 66).

The obtained 9)-configuration at C4 can be rationalized by thékiieAnh modet®*'°(Scheme

70), and it is in accordance with previous obseowstin a similar allylation in the synthesis of

conduritol D¥'® In contrast to allylation of, -syn bisalkoxy imined47 and148in the synthesis of

calystegine A (see section 4.5.2 and 4.5.3), the stereocherigwlome from allylation of the
, -anti bisalkoxy aldehydel88 (generated by zinc-mediated fragmentation 1G%6) can be

explained by the Felkin-Anh model although the teas were performed under identical

conditions.
Felkin-Anh TS
1
Q  OoH \
\ OJ&\ \ 4
:\__/:O \—%/O . \/ < . o .

ot o oz
O)<O 7H ‘ \/\O 4OH
188 4,5-anti, (4S) 177:3S

178: 3R

Scheme 70The observed stereochemical outcome in the albfiadf aldehydd 88 can be rationalized by the Felkin-
Anh model[-%°11°

The observation that the -anti bisalkoxy acetonid&88reacts according to the Felkin-Anh model
and produces the 4,5-antiSdproduct (77 and178) is in accordance with recent results from the
Evans group, which suggest that acetonide protecgtelisalkoxy aldehydes predominantly afford
anti relationships between thealkoxy substituent and the newly formed sterecaemtespective
of the configuration of the-alkoxy substituent> The decreased conformational flexibility of the
isopropylidene protected aldehyd88 decreases steric and electrostatic interactionseagt the

-substituent and the incoming nucleophile, and tii@cial stereoselectivity can thus be predicted
by the Felkin-Anh model.

5.4.2Ring-closing metathesis

As shown in Scheme 69, ring-closing metathesid & using Grubbs’ % generation catalyst
occurred in 74% yield. Earlier, Mette only obtainedmaximum of 47% vyield for ring-closing
metathesis 0fl78 using P(CHOH); at 40 °C for 24 h to quench the catafjStAlthough

372

P(CH,OH); has been reported to remove ruthenium byproddfitseatly,”’ the product may not
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be stable to these conditions. Instead, it wasdatat by purifying the product directly by flash
column chromatography, a considerably higher yald85 could be achieved. The 74% vyield for
the ring-closing metathesis ©78is in contrast to Mette’s nearly quantitative glieff 97% for the
diastereomeric dient77.3®® Generally, ring-closing metathesis of 2,2-disubgtid alkenes occur in
slightly lower yield than monosubstituted alkefi€ut since both substrat&g7 and178 contain

a disubstituted double bond, an explanation foir ttiéferent reactivity could not be rationalized.
However, significant differences in the reactivinf diastereomeric dienes in ring-closing
metathesis reactions have previously been obsémvibe literatur€®>"#3"and it can therefore be
concluded that the reactivity of dienes in ringsitg metathesis is highly dependant on the nature

and the configuration of the substituents.

5.4.3Synthesis of gabosine A

In order to synthesize gabosine A, the unprotetigttoxy group ofl81 needs to be inverted.
Usually the Mitsunobu reactidff would be employed to invert secondary alcohols,ithis case
the substrate is probably too sterically hindeged instead triflic anhydride in pyridine followed
by treatment with sodium nitrit€ in DMF was used (Table 25, entry 1). Triflates banformed in
almost quantitative yield, whereas the displacem®ntnitrite may often be accompanied by
significant decomposition or byproduct formatioadeng to moderate overall yieldS. In this case,
182 was isolated in 52% vyield froi81, and competing E2 elimination of the triflet89 might be
responsible for the moderate yield. No single bgipat could be identified, since a complex

mixture of byproducts was observedyNMR spectroscopy.

In Table 25, the observed 52% vyield 182 is compared with Mette and Flemming’s previous
attempts to invert the secondary alcohol18fl (entries 2-5Y°7*°® From these results it seems
important to keep the reaction time of the nitnatediated triflate displacement low to prevent

decomposition and side reactions.

" In this case the catalyst was removed by treatmithtactivated carbon. (Cho, J. H.; Kim, B. ®Irg. Lett.2003 5,
531).
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Table 25.Inversion of the secondary alcoholi#1

Tf,0

ridine, DCM

o wosz PN - o -10Bz NaNO,, DMF o +10Bz
0°C,15h R 25 9

\/\O OH \/\O oTf ®) OH

181 189 182

Entry Base Tf,O NaNO, Time Yield of 182

(eq) (eq) (h) (%0)
1 pyridine 15 4 5.5 52
2 pyridine 1.4 4 16 33
3 pyridine 5 10 16 41
4 EgN 2 5 16 13
5 pyridine 1.4 7 16 40

Entries 2-5 were performed by Mette and Flemnifig>®
& NaNG,/DMF was replaced by BNNO,/toluene.

Completion of the synthesis of gabosine A was a@teby protective group manipulations and
allylic oxidation as shown in Scheme 71. Direcylal oxidation with DDQ, PDC or Mn@in the
presence of an unprotected homoallylic alcohol pesviously been found to occur in low
yield 3**®%7and a protective group for the homoallylic alcobbll82 is therefore necessary. The
tetrahydropyranyl (THP) grodff was chosen since it can be removed together Withatetonide
under acidic conditions. However, analysis by NMPearoscopy was complicated by the

introduction of the THP group, since the additiosteireocenter affords two diastereomers.

DHP, PPTS NaOMe
o 10Bz DCM o OBz  MeOH o OH
\/\ 85% \/\ 90% \/\

o OH 9) OTHP o OTHP
182 190 191
PDC <:§: <:§:
DCM o 0 AcOH, H,0 HO" o
86% \/\o‘" oTHP 96% HO' Yon
192 171

Scheme 71Synthesis of gabosine AT1).

The THP group was introduced in 85% yield, and sghent deprotection df90 under Zémplen
conditions®® afforded191 in 90% vyield. Oxidation of the allylic alcohd91 with PDC and final
deprotection ofl92 with acetic acid afforded gabosine A with analgtidata in accordance with the

natural product?*®3°>3
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5.5 Concluding remarks

To conclude the gabosine project, gabosinelR3(and A (71) have been synthesized from
D-ribose in eight and nine steps, respectively togretwith Mette Fanefjord and Flemming
Gundorph Hansen (Scheme 72). The key steps in yhtheses are the chain elongation of
2,3-0-isopropylidene-5-deoxy-5-iodo-D-ribofuranoside 176 by zinc-mediated fragmentation-

allylation and subsequent ring-closing olefin me¢ais to producel81 Due to unsuccessful

attempts to control the stereochemical outcomehefdilylation reaction, an additional step was
required to invert the homoallylic alcohol @81 to obtain182 for the synthesis of gabosine A.
Gabosine N was prepared in 16.5% vyield, whereassgad A was synthesized in 13.9% overall

yield from D-ribose. The work has very recently been publisineBuropean Journal of Organic

Chemistry
S.IR=21
|
o OMe \ } .
& . o foBz
Sz 85% o 97%
< ° o
176 177
g
o “‘ORl [ > o “‘ORl
52%
O OR, 0 OR,
181:R; =Bz, Ry = H 182: R, =Bz, R, = H
¢, 75% C ¢, 85% (
193: R, =Bz, R, = THP 190: R, = Bz, R, = THP
d, 83% ( d, 90% (

194: R; =H, R, = THP 191: R; = H, R, = THP

e e
71% 86%

wes

R,0 sz

Rlo\ v (e}

R0 OR,

195: Rl, Rl = Mezc, R2 =THP 192: Rl, Rl = M62C, RZ =THP
reew ( r,96% (

173:R; =R, = H 171: R, =R, =H
Scheme 720verview of the syntheses of gabosinelM3) and A (L71) from our group. Reagents and conditions: a)
Zn,))), THF, HO, 40 °C, thenH)-BrCH,C(CHs;)=CHOBz, b) 10% Grubbs™3gen. cat., DCM, 40 °C, c) DHP, PPTS,
DCM, rt, d) NaOMe, MeOH, rt, e) PDC, DCM, rt, f) 8¢, H,O, 40 °C, g) T{O, pyridine, DCM, -20 °C rt, then
NaNGQ,, DMF, rt.
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The present synthesis of gabosine A cannot compittethe synthesis developed by Banwell and
co-workers®™ but together with the synthesis of calysteging(¢hapter 4) and previous reports
from our group:>639430831431%¢ jllystrates that carbocyclic natural producte @asily available

from carbohydrates by chain elongation and subsequyelization.
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6 Interaction between plasma protein and acyl gluawnide drug metabolites

This part of the thesis describes the work cargatlduring a six months stay at the Chemistry
Research Laboratory at University of Oxford. Theeagch was performed under the supervision of
professor Benjamin G. Dauvis in collaboration wite tyroup of professor Andrew V. Stachulski at
University of Liverpool. The project involves theetabolism of nonsteroidal anti-inflammatory
drugs (NSAIDs) with particular focus on their acglucuronide (AG) metabolites and the

interaction of these with human plasma protein.

6.1 Introduction

The NSAIDs are among the most widely used drugsthen market, and include drugs like
acetylsalicylic acid, ibuprofen and diclofenac. himmans, the NSAIDs function by inhibiting
cyclooxygenase 1 and 2, which are enzymes resgerfsibthe production of prostaglandins from
arachidonic acid. Whenever the body is ‘threatergda trauma, an infection or introduction of a
foreign object, the synthesis of prostaglandirgtimulated. The liberation of prostaglandins induce
pain, inflammation and fever, and the inhibition ayfclooxygenase 1 and 2 by NSAIDs lead to

analgesic, anti-inflammatory and fever reducingef$'**

The metabolism of relatively non-polar drugs lik&eADs primarily takes place in the liver,
whereas polar drugs, on the other hand, are excretihe kidney. Non-polar drugs are metabolized
by phase | and Il reactions in the liver to inceediseir water solubility and enable subsequent
urinary excretionvia the kidney (Figure 7%*'* The phase | reactions include oxidation,
hydroxylation, dealkylation, deamination and hyglstd to make the drug more polar. Some drugs
can be excreted after phase | metabolism, but ndangs including the NSAIDs require further
conjugation in phase Il metabolism to be excre@uoke of the most important phase Il reactions is
glucuronidation, in which UDP-glucuronosyltransfega coupled-glucuronic acid to the drud.
Other phase Il reactions include sulfonation angpting of the drug to glutathione. As a result of
increased water solubility, the metabolites aregparted to the kidney or the gallbladder and

excreted in urine or faeces, respectivVély*
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Phase | metabolism

- oxidation

- hydroxylation

' - dealkylation
transport ' - deamination
to liver ' - hydrolysis

R—H - RRH —————— = R-OH —
| Cytochrom P450 Phase Il metabolism
monooxygenase conjugation primarily
with glucuronic acid,
but also with sulfates
or glutathione

Drug in
blood serum

OH

0
HO Q
HO O-R

OH
RO-conjugate
Liver

transport to
the intestine

excretion with faeces

transport to
the kidney
excretion with urine

Figure 7. Phase | and Il drug metabolism in the liv&}

Phase | metabolites are often more reactive andb®ayore toxic than their parent drugs, whereas
the phase Il metabolites are generally inactivBhe NSAIDs are extensively metabolized to their
1- -O-acyl glucuronides (AGs)” but in contrast to the unreactive glucuronidesalebhol and
phenolic drugs 96), the glucuronides of carboxylate drug®T) are highly reactive metabolites
(Scheme 735%° The increased reactivity of the AGS7 as compared to their parent drugs enables
reaction with nucleophiles, and such processes tievpotential to covalently modify endogenous
macromolecules like proteins or DNA (Scheme 73bydddlysis to reform the parent drug and
transacylation to produc&98 occur by direct displacement of glucuronic acid &tyack of
nucleophiles. Acyl migration producing 2-, 3- oi4AGs (e.g.199), on the other hand, leads to
various N-glycosylation adducts such 290°%" 1- -O-Acyl glucuronides are stable to acid, but
under basic or neutral conditions, migration occtarsproduce 2-, 3- or ®-AGs3¥%33 After
migration, the acyl group is less prone to hydnslys transacylation, and stable 2-, 3- dDAGs

can be isolatet? Both the transacylation and the glycosylation paiys are capable of covalently
modifying hepatic and plasma proteinsvivo, however, the resulting modified proteiri98 and

200 have not been fully characteriz&d.
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a)
OH

o) stable ether linkage
HO Q (
HO O—Drug
HO

196

b)
OH

e} labile ester bond )
o) ( o) Transacylation
HO
HO O% + Protein E——

HO Drug
197
Acyl
migration
OH
(¢} .
HO o) Glycosylation
O _O + Protein
Y HO OH
Drug

199

HO

Drug

(e}
Protein—Lys__ N)K

H Drug
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OH

O
(o]
o) N/LysfProtein
H

HO
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Scheme 73Reactivity of glucuronides. a) Glucuronides of &loband phenolic drugd 96) are stable, whereas
b) glucuronides of carboxylate drud®{) may react directly with proteinga transacylation, or by initial acyl
migration to produce 2-, 3- or@-acyl glucuronides such 499 (only shown for the 3 position), which can
subsequently modifiy proteins Nrglycosylation. Evidence for the glycosylation pa#ty has been made by trapping

experiments with a reducing agent like sodium cy@nohydride’

381
€

Around 25% of all drugs withdrawn due to severddibx are carboxylic acid containing drutfs;

387 and one of the mechanisms underlying the obseiwedity of NSAIDs is believed to be the

AG-derived covalent modification of endogenous eimg (Scheme 738§ Such protein

modification might be associated with immune resgsnand cellular dysfunction, and acyl

glucuronides constitute a major concern in drugdaliery and developmerit-*#-Evidence for

AG-induced toxicity is still lacking’®83893%pt it has been shown that reversible binding of

other compounds (like diazepam or warfarin) to iplagrotein is severely altered, when plasma

protein is modified by AGE™

AGs can be synthesized chemically in a number ofsw&lassical approaches mainly rely on the

coupling of fully protected glucuronic acids, whiene typically produced in several steps from

glucosé®***or levoglucosan*>*to carboxylic acids under Mitsunobu conditidA&>*® In 1997

Juteau and co-workers found tha©Oe&allyl-D-glucuronate Z01) could be conveniently coupled to

carboxylic acids under Mitsunobu conditions withamty other protective groups (Scheme %3),

however this strategy suffers from pocer-selectivity.38?”400
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O—/: o_/:
o RCO,H o
PPh; DIAD
HO Q 77 . HO ° o R
HO AN he HO
HO oH 20-40% b-anomer HO Tg

Scheme 74Synthesis of AGs under Mitsunobu conditidis.

Very recently Stachulski and co-workers reportesklective acylation strategy, which exclusively
produces acyl glucuronides as theianomers. In a three-step procedure HATU and NM&uesed

to couple partially protected glucuronic aci2l32 to carboxylic acids to produce the desired AGs
203in good yield (Scheme 75§-4%

RCO,H
base PG-Br HO HATU NMM HO deprotectlon
43 82%

OH OH OH OH

D-glucuronic acid 202 203 204
PG = allyl, Bn or PMB

Scheme 75Synthesis of 1-O-acyl glucuronides by selective acylation of allygnzyl orp-methoxybenzyl protected
glucuronic acid2024°*4%2

1- -O-Acyl glucuronides211-216 derived fromp-bromobenzoic aci@05 ponalrestaP06 and four
ibuprofen analogueg07-210 (Figure 8) were available in small quantities frahe Stachulski
group in Liverpoolvia the above mentioned acylation strategy (Schemep?Bjomobenzoic acid
(205 resembles a model NSAID, whereas ponalre2@6) (is a known aldose reductase inhibitor,
which has been used in the treatment of diatétég® In contrast to R)- and ©-ibuprofen
(208and 209, which are used as an NSAID worldwide, ibufen2@7] was withdrawn from the
U.K. market in 1968 due to hepatotoxicify.
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R
Br N7
|
u
Br F o
Drug: 205 206 207: Ry =R, =H
(R=0OH) 208: R;=H, R, =CHj3
209: Rl = CH3, RZ =H
210: R; =R, = CHy
Acyl glucuronide: 211 212 213: Ry =R, =H
(R =GlcA) 214:R;=H, R, = CH,
215: Ry = CH3, R, =H
OH 216:R; = R, = CHj
° (6]
GlcA= HO
HO O\r‘f
HO

Figure 8. Available AGs 211-216) of carboxylate drugs and analogu28%210) from the Stachulski group.

As a result of the potential toxicity of acyl gluonides, the assessment of the degree of protein
modification by NSAID-derived acyl glucuronides isiportant in both drug monitoring and
development. The objective of the present projsctoi investigate, if such drug-derived acyl

glucuronide metabolites modify plasma protein uraterditions encountered in therapy.

6.2 Results and discussion

6.2.1Purification of HSA

With plasma concentrations in the range of 30-3Q glman serum albumin (HSA) is the most
abundant protein in blood plasrifa*®®It is monomeric and consists of 585 amino acids/ioith

59 are lysine8®*! HSA has a molecular mass of 66438 Da and thesiprig held together by
17 disulfides'®®*2 The protein is produced in the liver, and it hesesal different roles such as
buffering of pH and transport of various compouirdblood plasma®** In addition to transport of
drugs and other compounds in serum, HSA has bgmnteel to participate in drug transport into
the brain across the blood-brain barfé*'*It has also shown esterase activity and has hmerdf

to convert acetyl salicylic acid into salicylic dethereby increasing the activity of the dfty.
The first objective of the project was to obtainAl&s a single protein species. Albumin isolated

from humans contains several post-translationalifisations of which glycosylation (lysines 199,
281, 439 and 525)°**®oxidation of Cys34 by binding to NO or a free @jse, as well as loss of
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Asp-Ala from the N-terminus and loss of Leu frone tB-terminus are the most comnfhMS
analysis of commercial HSA isolated from humansead®d an approximately 1:1 mixture of
unmodified HSA and Cys34-cysteine modified HS/Separation of these by preparative HPLC
proved very difficult. Some purification could behgeved, but it was very dependant on the
amount of protein injected, and in most cases nmdigation was obtained. Instead, purification of
the protein was achieved by reduction of the Cysateine disulfide bond with 1,4-dithiothreitol
(DTT).*94° The disulfides were reduced by treatment of consiaeHSA with 13mm DTT at

pH 8. Excess reducing agent and free cysteine vaam®ved by size-exclusion chromatography,
and the protein was refold&din atmospheric air in the presence of @2DTT. Refolding to a
different secondary structure than the native H3#icture is not believed to occtff This
purification process gave a single protein specgggaminated with trace amounts of glycosylated
and acetylated HSA. Attempts to perform the dislelfreduction on a large scale (500 mg) resulted
in denaturation and precipitation of the proteind aonly 5% of the reduced protein could be
recovered. As a result, the DTT reduction was paréal batch-wise on a smaller scale (50-100 mg)
to minimize denaturation of the disulfide-reducedtgin. Concentration of the protein solution was
either achieved using Vivaspin or Amicon filtratiobhe latter method gave the best results, since
protein material was lost by adhesion to the Vivagitter. When Amicon filtration was employed,

more than 95% of the protein material could be veoed.

6.2.2Methods for modification of lysines

The reactivity of acyl glucuronides is expectedb®between an activated ester and an anhydride,
and they are expected to react with amino grougdgsirie residues by transacylation. Because of
low availability of the acyl glucuronide211-216 model studies with other lysine modifying

reagents were performed.

Several different techniques for modification adilye residues exist. Some of the most widely used
protein glycosylation methods are the direct resrechmination of an aldehyde and a lysine amino
group with sodium cyanoborohydrid®, and the reaction of 2-imino-2-methoxyethyl
thioglycosides (IME reagent&17) with lysine amino group&? The sequential attack of a primary
amine and a lysine residue on diethyl squifafé*as well as the reaction between a lysine amino

group and acyl azidéé> mixed anhydride$® or activated esters liks-hydroxysuccinimide esters

* Protein solutions were analyzed by LC/MS and/orlMATOF MS (see section 9.2 for experimental dejail
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(NHS esters218),**" are all well-established methods for protein miodifon. Most of the above
mentioned methods are applicable to protein glyedisym as well as modification with non-
carbohydrate substrates, but they are all unseée@nd the lysine residues are more or less
randomly modified. To be able to obtain uniformlydified protein species, the development of
site-selective protein modification techniques (mharelying on the presence of a single cysteine
residue) has received increasing interest in regemts. 243

Acyl glucuronides 204) are expected to react with lysine residues mo@controlledmanner, and
the non-selective IME reagen®l7 and NHS ester218 were therefore chosen as model
compounds to get a feel for the biochemical tealmggbefore incubating the acyl glucuronides
with HSA (Figure 9).

oM OH o o
Q §/o NH (4 P
HO -
Hg&/o\fo R/\/A/S\)ko’we R'/\\<N O R

R O

204 217 218

Figure 9. General structures of acyl glucuronid284) and model compound217and218).

6.2.3Madification of HSA with IME reagents

The IME reagents2(17) were developed by Lee and co-workér§**more than 20 years ago. Since
then IME reagents have been widely used to cougiars to protein§?***and the Davis group
have shown their selectivity for lysine side chaimssmaller peptidé¥' and used them for virus

% and drug delivery*

modificatiorf
It was chosen to synthesize thegalactose (Gal-) antll-acetylb-glucosamine (GIcNAc-) IME
reagent223 and 229, since Gal- and GIcNAc-modified proteins (the dattvhen converted into
LacNACc) are suitable starting materials for enzymsialylation. Following the route developed by
Stowell and Leé® Gal- and GIcNAc-IME reagent23 and 229 were synthesized in five steps
according to Scheme 76 and Scheme 77, respectively.
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HOOH AcOOAC AcOOAC

Ac,0 HBr, AcOH
Q pyridine 0 DCM Q
HO AcO OAc AcO
HO ™OH 100% AcO 100% AcO
Br
D-galactose 219 220
AcOOAC CICH,CN
thiourea o K,CO3, Na,S,05 AcOOAC
acetone acetone/H,0 o)
AcO S _NH, _—
97% AcO Y 87% AcO S._CN
NH2+ Br- AcO
221 222
HOOH HOOH
NaOMe
MeoH & oy %O@
S +
HO A% OMe HO ™S S._CN
223 224
57% 43%

Scheme 76Synthesis of Gal-IMEZ23) following the procedure developed by Stowell e ***

Peracetylation ob-galactose, introduction of bromine at the anom@oasition and subsequent
displacement of bromine by thiourea proceeded tekent yield to give221 Attachment of the
cyanomethyl group occurred in 87% vyield, and thalfdeprotection 0222 and nucleophilic attack
by methoxide on the nitrile gave a 4:3 mixture o&l-BME (223 and the corresponding
deacetylated cyano-compouBd4. Gal-IME 223 was thereby synthesized in 48% overall yield, and

the mixture o223and224 was used directly for the coupling reactions WtBA.

Similarly, GIcNAc-IME 229 was synthesized in 19% overall yield (Scheme Tk bromination
of peracetylatedN-acetylb-glucosamine 225 only occurred in 47% vyield, which is probably due
to loss of material during the workup, and a direne-step acetylation and chlorination using
acetylchloride might therefore be a more conven@pproach. Displacement of bromine and
introduction of the cyanomethyl group proceededand yield, and GIcNAc-IMER229 was formed

as a 5:3 mixture with the corresponding deacetglay@no-compound30.
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OH OAc OAc
o Ac,0 HBr, AcOH
HO pyridine AcO Q DCM AcO Q
HO . AcO AcO
AcNH "OH 100% AcNH *OAc 47% AcNH
Br
N-acetyl-
D-glucosamine 225 226
OAc CICH,CN
thiourea o K5CO3, Na,S,05 OAc
acetone AcO acetone/H,O o
_ AcO S NH, - ~ s~ AcO
88% AcNH W 71% AcO S._CN
NH," Br - AcNH
227 228
OH OH
NaOMe
_— HO S + HO S CN

AcNH OMe AcNH 7
229 230
63% 37%

Scheme 77Synthesis of GIcNAc-IMEZ29) following the procedure developed by Stowell aee 3

When IME reagents are used for protein modificatioydrolysis by water is a competing side
reaction, and the choice of pH is important to dvbydrolysis of the coupling reagent. With
smaller peptides, it was found that IME reagents rapst reactive at pH > and in order to

remain close to physiological pH, HSA was incubatéth the Gal- and GIcNAc-IME reagents
223and229at pH 9 (Table 26).

Table 26.Modification of HSA with Gal- and GIcNAc-IME reages23and229.

OH PBS buffer OH
/\/&/ NH C e pH 9, 16 h, 25 °C o NH
R S\)kOMe R/\/A/s\)LN/Lys HSA
H n
Eq. per Ciysine Average number of modifications
lysine (mM) Gal-IME GIcNAc-IME

1 4 26.0 15.9
25 4 37.4 26.4

5 4 43.0 35.1

16 4 48.9 44.9

25 4 49.4 46.7

16 29 50.3 47.5

As can be seen in Figure 10, the degree of modiicancreases rapidly with the number of
equivalents of IME reagent per lysine residue, 451%0 lysines can easily be glycosylated by using
a 16-25 fold excess of the IME reagent. Howevethvwmore than 45-50 modified lysines, the
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conversion cannot be further improved by increadimg number of equivalents or the lysine
concentration. The protein is probably very crowdadd the remaining lysine side chains are

therefore less reactive due to decreased surfaskalnity.

Effect of equivalents of IME reagent

60

50

ol o
0 4,‘/-/

20

—e— Gal-IME

—&— GIcNAc-IME
10

number of lysines modified

0 5 10 15 20 25 30

equivalents/lysine

Figure 10.Degree of HSA-modification with Gal- and GIcNAc-IMagent223and229at pH 9 by varying the
number of equivalents (see Table 26 for furtheaitit

After modification of HSA with the Gal-IME reageB23 it was attempted to sialylate the modified
protein by the use of various enzymes. Glycoprsteontaining a terminal sialic acid residue as
well as polysialylated cell surfaces are found @vesal mammals including humati$**® The
protein bound, linear(2,8)-polysialic acid polymer has been found touperegulated in leukemia
and breast cancer ceff§, and polysialylated cells are receiving increasttdngéion as potential
markers in cancer diagnosti®8:**' As a result of this, the synthesis and structimaéstigation of

polysialylated surfaces is an important researeh.ar

Gal-modified HSA231(76.4 kDa, 42.5 galactose units on average) wasbated with CMP-sialic
acid and (2,3)-SiaT*? at 37 °C, but even though additional reagents veeled, almost no
conversion to232 (approximately 5%) was achieved within 48 h (Sceer8). The same result
(<10% conversion) was obtained with two other $aigg enzymes, Cstll antirypanosoma cruzi
(T. cruz) transsialidasé&***** (2,3)-SiaT and Cstll employ CMP-sialic acid as tftycosyl donor,

whereasT. cruzitranssialidase transfers sialic acid from one pmote another. Sialic acid is

thereby transferred to the desired carbohydraten ffetuin, which is a protein covered with
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tetrasaccharides in which sialic acid is the teahiesidue'** The activity of both (2,3)-SiaT and

T. cruzitranssialidase was confirmed by simple sialylatiohdi- and tetrasaccharides in solution.

OH
HOOH sialic acid donor HO co,H HOOH
enzyme, 37 °C 2
0 NH N H\ o o 0 NH
NG
HO S\)LN/Lys HSA N\ AC s\)kH,Lys nHSA

Ho H 425 HO HO HO

231 232

Scheme 78Attempted enzymatic sialylation of Gal-modified H281 The enzymes(2,3)-SiaT and Cstll were used
together with CMP-sialic acid, where&@scruzitranssialidase employed the protein fetuin as e @cid donor. Less
than 10% conversion was achieved in each case.

(2,3)-SiaT and other sialyl transferases are ugudtibited by the liberation of CMP, and alkaline
phosphatadé’ can therefore be added to the reaction mixtureléave CMP to phosphate and
cytidine thereby pushing the reaction forward. Aligh no alkaline phosphatase was used in these
enzymatic reactions, this is not the reason forféiiled sialylations since the enzymes are usually
not inhibited until a reasonable concentration MMFCis achieved. Because all three enzymes
usually transfer sialic acid to LacNAc (as opposed-galactose), the low conversion might
instead be explained by a high degree of subsseeificity. It may also simply be a matter of
steric effects since the glycosyl acceptor is niteable and available when it is bound to HSA as
thedisaccharideLacNAcC.

OH
o) NH UDP-galactose HOQH & o
HO b(1,4)-GalT, 37 °C 0 o NH
HO S\)k ~LysT—HSA HO HO S\)k -Lys7—HSA
AcNH N - N
H 16% conversion HO AcNH
475 H n
233 234

Scheme 79Attempted enzymatic synthesis of LacNAc-modifiedAfBom GlcNAc-modified HSA. Only 16%
conversion could be achieved.

Instead of coupling sialic acid t-galactose, it was attempted to synthesize LacNAdified
HSA 234 by attachingbd-galactose to GIcNAc-modified HS&33 (79.5 kDa, 47.9N-acetytD-
glucosamine units on average) by usirff),4)-GalT*** as shown in Scheme 79. The reaction was
very slow, and addition of more(1,4)-GalT as well as alkaline phosphatase to prewDP

~ The activity assays of (2,3)-SiaT, cruzitranssialidase and1,4)-GalT (the latter will be discussed below) aver
performed by Wei-Chun Liu, Sarah Allman and Sungi'YAong, respectively.
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inhibiting the galactosyltransferase did not imgrdke conversion, and only 16% conversion could
be achieved within 48 h. The enzymatic synthesikamiNAc-modified HSA234 and subsequent
sialylation would have been attempted more thorbydbut due to lack of time, the focus was

concentrated on the acyl glucuronide incubatiorsclvwill be discussed in section 6.2.5.

6.2.4Modification of HSA with NHS esters
N-Hydroxysuccinimide activated esters (NHS est@ds)) are well-known to react with primary

amines to produce amides with liberation vhydroxysuccinimidé?®

NHS esters react readily
with lysine residues in peptid@5**®and proteiné?’ and they constitute a simple and convenient
way to form amides in aqueous solution at physickigpH. The reactivity of NHS esters is
expected to be similar to acyl glucuronides (tragkdion), and the NHS esters are therefore
believed to be a better AG model system than thie ibagents217). p-Bromobenzoic acid205
was chosen as a model NSAID, godbromobenzoic acid NHS est2B86 was synthesized by a
DCC coupling*®**° betweenN-hydroxysuccinimide 235 and205 in both DCM (81%) and DMF
(94%) (Scheme 80). In DCM, column chromatographys wequired to remove the byproduct,

dicyclohexylurea, whereas in DMF it could readily femoved by filtration.

¢ 9 0
T DCC
N-OH + HO/U\©\ _DMF,25°C | N-O
R R
o Br 0 Br

235:R=H 205 236:R=H 94%
237: R = SO3Na 238: R=SO3Na 92%

Scheme 80Synthesis of NHS esters by DCC coupling.

Initial incubation of HSA with 50 equivalents @86 per lysine showed that only a few lysines
could be modified (Table 27, entries 1-5). As ogabt the IME reagents, a slightly acidic pH is
optimal for NHS esters (Figure 11a). Hydrolysid\¥S esters is more facile under neutral or basic
conditions, and as a result, no protein modificattould be obtained at pH 9. In order to mimic
physiological conditions (pH 7.4) and still get @asonable degree of protein modification, pH 6

was chosen for the remaining experiments.
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Table 27.Modification of HSA with236 at 5.0mM lysine concentration.

0
QNO)@ +  HSA PBS buffer HSA Lys/u\©\
0 Br 16h Br
236 n
Eq. per Temperature Average number
Entry lysine pH (°C) of modifications
1 50 9 25 0
2 50 7.4 25 2.6
3 50 6 25 4.3
4 50 5 25 6.5
5 50 4 25 5.5
6 0.02 6 25 0.6
7 1 6 25 2.0
8 16 6 25 3.3
9 1 6 37 3.0
10 16 6 37 4.3
11 50 6 37 10.7
a) Effect of pH b) Effect of equivalents
7
. 6
6
E i /_\ 3 5 ]
5 3 3
g g
% * ¢ g‘ 2
E 1 E 4
= 2 o ; ; ; ; ; ‘
0 ‘ ‘ \ ! 0 10 20 30 40 50 60
3 4 5 6 7 8 9 10

equivalents/lysine

Figure 11.Degree of HSA-modification witB36 by varying a) the pH and b) the number of equivisl¢see Table 27
for further details).

As depicted in Figure 11b, the conversion doesmptove significantly by increasing the number
of equivalents. The low conversion might be a rrestilow solubility of 236 in aqueous solution,
and to improve the solubility, 10-20% of DMSO, MeGid DMF were used as co-solvents.
However, HSA only tolerates small amounts of orgasvlvents and precipitation of the protein
was observed. Instead, it was decided to synthesimere water soluble coupling reagent thereby
mimicking the high polarity of the acyl glucurongland at the same time avoiding the use of co-
solvents. The sulfonated NHS esg38 was therefore synthesized by a DCC couffihin 92%
yield (Scheme 80).
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Due to a greater solubility in aqueous solutior, shifonated NHS est@88is more reactive than

236, and a high degree of modification can be achieviga relatively few equivalents (Table 28).

The degree of modification increases almost lieaith increasing equivalents (Figure 12a),

whereas a much smaller effect can be seen whemygahge lysine concentration (Figure 12b).

40
35
30
25
20
15
10

5

0

number of lysines modified

Table 28.Modification of HSA with238at pH 6.

o

O
QNO)K@ + hsA PBS buffer
Nao;s” W Br 6h

238

(0]
HSA Lys)K@\
Br
n

Entry Eq. per Ciysine Temperature Average number
lysine (mM) (°C) of modifications
1 0.02 5 25 14
2 0.17 5 25 7.7
3 0.51 5 25 22.0
4 1 5 25 33.4
5 50 5 25 precipitation
6 0.17 1 25 6.6
7 0.17 4 25 7.1
8 0.17 9 25 8.2
9 0.17 27 25 9.3
10 0.17 5 37 7.5

a) Effect of equivalents

/

/

~

pd

pod

number of lysines modified

N

0 10 20 30 40 50

equivalents/protein

60 70

10 4

/,/—’—/—_’

b) Effect of lysine concentration

5 10 15 20 25 30

concentration of lysine (mM)

Figure 12.Degree of HSA-modification witB38at pH 6 by varying a) the number of equivalemd b) the lysine
concentrations (see Table 28 for further details).

With more than one equivalent @38 per lysine (Table 28, entry 5), the modified protei

precipitates out during the reaction presumablg essult of the increasing number of hydrophobic

" Note, the X-axis in Figure 12a has a different timn in Figure 11b.
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aromatic groups on the surface. The degree of iprot@dification with236 and 238 seems to
increase slightly when the temperature is increds®d 25 to 37 °C, however, the results are not
unambiguous (compare Table 27, entries 7 and ®d818, 3 and 11 and Table 28, entries 2 and
10).

To map the sites of modification, the modified H8&As digested with trypsin and the resulting
tryptic peptides were analyzed by LC-coupled MS/Mfalysis. Two lysines (Lys137 and Lys212)

could be identified as selective sites for modifima with 236 (see Appendix Il for further details).

6.2.5Incubation of HSA with acyl glucuronides

After the successful reaction of HSA with the solited NHS este?238 using a relatively low
number of equivalents, the six drug-derived acylcgtonides211-216 (Figure 8) were incubated
with HSA. The incubations of AGs with HSA were pmrhed at 37 °C in phosphate buffered saline
at pH 7.4, and the concentration of HSA was chdedpe within the level of albumin in human
serum (33 g/Lf®” AGs are generally thought to be rapidly excretedt substantial plasma
concentrations, sometimes exceeding their parar, dare often foun&%*** In order to mimic
conditions encountered in therapy, an AG conceantradf 0.5 mM resembling the peak plasma
concentration of drug achieved in chronic cystirdsis patients treated with ibuprofen was USéd.
In addition, high-concentration experiments usin@rbv of AG were also performed. The results
of the incubations of acyl glucuronid2$1-216 with HSA are shown in Table 29 (see Scheme 73b

for a generalized reaction scheme).

In the case of the acyl glucuronide pbromobenzoic acid2(L1), a N-glycosylation adduct was
observed (together with unmodified HSA) at both &8 5.0mM of AG in 58 and 59% conversion,
respectively (Table 29, entries 1 and 2ncubation ofb-glucuronic acid with HSA as a control
experiment gave no conversion under identical dmmd. Although HSA isnot modified by
D-glucuronic acid alone, acyl glucuronides are sidfitly activated to cause extensive protein
modification as shown in Table 29.

" The observed mass of the glycosylation addu@tldfand HSA (found 66798, expected 66797) caunldrinciple be
a result of double transacylation (expected 6688djyvever, this is very unlikely since no adductsresponding to
single or triple transacylation could be observed.
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Previously, evidence for the formation of sidtglycosylation adducts from proteins and AGs have
only been achieved by trapping the adducts witkeducing agent like sodium cyanoborohydride
(reduction of the formed iminé§>3°-*>3or at very high concentrations of the AG comparethe
protein3834°345Ag 3 result, this is the first time a stable gldation adduct has been isolaiad
vitro under conditions encountered in therapy. The faonaf stable glycosylation adducts in the
absence of a reducing agent was surprising, butigieconversion even at Ohiv clearly indicates
that irreversible glycosylation of endogenous praecan occur during treatment with AG

metabolizing drugs.

Table 29.Selectivity and conversion after incubation of H&#h AGs.

Selectivity

Entry AG Concer;;ratlon (Transacylation/ Con\é/ersmn
(mh) Glycosylation) (%)
1 211 0.5 <5:95 58
2 211 5.0 <5:95 59
3 212 0.5 55:45 4
4 212 5.0 72:28 24
S) 213 0.5 60:40 16
6 213 5.0 61:39 44
7 214 0.5 64:36 5
8 214 5.0 63:37 23
9 215 0.5 44:56 9
10 215 5.0 55:45 24
11 216 0.5 - 0
12 216 5.0 34:66 8

Incubation of HSA (33 g/L) with AG211-216for 16 h at 37 °C
and pH 7.4. Selectivities between the transacyladiod glycosylation products
and conversions (% modified HSA) are based on ped#hts in respective
deconvoluted mass spectra.

As mentioned earlier, the acyl group of 2-, 3- eD-4cyl glucuronides is less prone to direct
hydrolysis or displacement by nucleophiles as veasll further migration due to the lack of a
neighboring electron withdrawing ring oxygéfi.Since the migration is catalyzed more readily by
base than acid, it was attempted to perform thabation of211 with HSA at pH 6 to observe

whether the acyl migration pathway was suppressatb As expected, the glycosylation was in
fact inhibited, and no glycosylation occurred, hgere no transacylation occurred either

(0% conversion).
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AG Transacylation Glycosylation

Found (Da) Expected (Da) Found (Da) Expected (Da)
213 66610 66612 66787 66788
214 66627 66626 66802 66802
215 66625 66626 66801 66802
216 66635 66640 66813 66816

Figure 13.Mass spectra (LC/MS) of HSA (33 g/L) incubated wifihprofen analoquezl3-216at 5.0mM for 16 h at
37 °C and pH 7.4. Unmodified HSA is the major peedill cases (found 66440, 66442, 66439 and 66439 D
expected 66438 Da).
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With the acyl glucuronide of ponalrest&1@), only 5.0mm AG concentration (Table 29, entry 4)
led to formation of adducts (24% conversion). Iis tbase both transacylation and glycosylation
could be observed in a 72:28 ratio. The ibuprofeal@ues (entries 5-12) also gave mixtures of
transacylation and glycosylation adductand the degree of modification can be visualizethe

combined mass spectrumz2if3-216(Figure 13).

Ibufenac, R)- and §-ibuprofen AGs 213-215) are reasonably reactive with conversions of &4, 2
and 24% respectively, whereas the dimethyl analdji@ (only 8% conversion) is much less
reactive (Table 29, entries 6, 8, 10 and 12). Iditeah to the individual transacylation and
glycosylation adducts, small amounts of dual adsl(jmtoduced by simultaneous transacylation and
glycosylation) could be observed @12-215 The type (transacylation or glycosylation) arté sf
modification was further analyzed by tryptic digéstowed by MS/MS analysis (Table 30).

In the case of incubation of HSA with ibufenac &3 seven different lysines were found to be
modified (Table 30). As expected from the data in Table 29, both treylation (lysines 195,
436, 525 and 534) and glycosylation (lysines 138, 205, 525) were observed. (For a sequence
map of HSA, see Figure 14 in Appendix II). Lys52Z5the only residue, which exhibits both
transacylation and glycosylation reactivity. Theldkeactivity of this residue is in accordance with
previously reported results, stating that Lys52®ne of the major non-enzymatic glycosylation
sites of HSA responsible for approximately 33% ofer@ll non-enzymatic glycosylatiom
vivo. %47 In order to investigate the correlation betweendification sites and accessibility,
relative solvent accessibilities for each individamino acid residue were calculated using the
computer program Nacce&8. However, a direct correlation between AG-modifizatsite and
calculated accessibility could not be found. (Féh@ough discussion of surface accessibilities and

site of modification, see Appendix II).

" The observed mass of theglycosylation adduct of ibufenac AZL3 (observed 66787, expected 66788) canld
principle be a result of double transacylation (expected86% However, the observed dual reactivity of the
structurally similar ponalrestat A&L2 (72:28 ratio) as well as the presencdath transacylation anil-glycosylation
adducts in the MS/MS analysis of tryptic peptidesrf ibufenac-modified HSA (see Table 30) rendensbi®
transacylation in place of glycosylation extremehjikely.

 Data for tryptic peptides of HSA modified wifti1and212 can be found in Appendix III.
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Table 30.Tryptic peptides of HSA modified with ibufenac A3

Retention m/z m/z . Modified e

. : X Residues Sequence : Modification

time (min) predicted observed lysine
33.49 704.1 704.1 137 - 144 K(+)YLYEIAR K-137 Glycosylation
24.36 921.8 921.4 191 -197 ASKLAH)QR K-195 Transacylation
27.80 621.6 621.6 198 — 205 KI+)CASLQK K-199 Glycosylation
27.80 621.6 621.6 198 — 205 LKCASKQ®+) K-205 Glycosylation
24.16 450.5 451.2 433 - 439 V&E)CCK K-436 Transacylation
22.07 652.7 651.4 525 - 534 K(+)QTALVELVK K-525 Transacylation
18.86 740.7 741.1 525 - 534 K(+)QTALVELVK K-525 Glycosylation
22.07 652.7 651.4 525 - 534 KQTALVEIR+) K-534 Transacylation

Modified protein was hydrolyzed with trypsin folled by LC-coupled MS/MS analysis. The amino acid
sequence of HSA was derived from the RCSB protata Bank: DOI 10.2210/pdb1bm0/pttbResidues are
numbered for this sequence of 585 amino acids.

Based on the results in Table 29, it can be corcutat in all cases excgpibromobenzoic acid
AG 211, the amount of adduct formed is considerably lotien unmodified HSA indicating a
much lower reactivity olkyl as compared taryl AGs. Furthermore, both the nature and extent of
protein modification with alkyl AGs are highly depant on the degree ofsubstitution. When the
-substitution is varied from unsubstitutéd 2 and213) through monosubstitute@14 and215) to
disubstituted AGs216), the preference for formation of transacylatioidacts slowly changes to a
preference for glycosylation. This is in fact ait@ observation, because a higher degree of
-substitution constitutes an increased steric lance disfavoring direct displacement following
the transacylation pathway. Acyl migration, on tb#her hand, is not affected by increased
-substitution to the same extent, and glycosylasidducts are therefore predominantly formed for
highly -substituted AGs like the dimethyl analogR&6 (Table 29, entry 12). In addition to the
different type of reactivity (transacylation or gbsylation), alkyl AGs with no -substitution are
more reactive than mono- and disubstituted alkysA&hd AGs of drugs withoutsubstitution are
therefore more likely to modify endogenous protemsivo than AGs of -substituted drugs. The
observed reactivity of alkyl AGs with respect tesubstitution is also reflected in their half-lives
Half-lives of less than 1 h for unsubstituted (zpimac 0.45 h, diclofenac 0.51 h), 1-4 h for
monosubstituted §-naproxen 1.8 h,§-ibuprofen 3.3 h) and from 7 to more than 40 h for
disubstituted (clofibric acid 7.3 h, gemfibril 44 hlkyl AGs have previously been fourftt. As
indicated by short half-lives (probenecid 0.40 ifipdisal 0.67 h** and supported by the reactivity
of 211, aryl AGs are very reactive with respect to protein rficdiion, but they seem to be too
hindered for transacylation to occur, and glycasytaadducts are therefore formed exclusively.
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6.3 Concluding remarks

In the present study, HSA has initially been madifby the well-known IME reagent2243 and
229 and NHS esters286 and 238. The dependency of pH, the number of equivalentthe
coupling reagent, the lysine concentration andtémeperature has been determined for the NHS
esters. The techniques have been used to incubate-acyl glucuronide®11-216 with HSA to
investigate the reactivity of phase Il metabolitdSNSAIDs with respect to potential modification
of plasma protein in humans. For the first timéhas been found that aryl 2©-acyl glucuronides
form stable glycosylation adducts with HSA at cdiatis encountered in therapy. In contrast to aryl
AGs, alkyl AGs, which are slightly less reactive, exhibit bdthnsacylation and glycosylation
reactivity. A rationalization of AG-reactivity bagen structure has been established, and this may
become a useful tool for development of new carboxgcid containing drugs as well as in
monitoring and assessment of potential toxicityeafsting drugs. The increased reactivity of
ibufenac AG213 compared toR)- and §)-ibuprofen AG214 and215due to the lacking-methyl
substituent is striking, when keeping in mind thepatotoxicity led to withdrawal of ibufena20({)
from the U.K. market 40 years ago am}-(and §-ibuprofen @08 and209 are still extensively
used. The current work strongly supports that A@4sed modification of plasma protein during
treatment with carboxylic acid containing drugdikely to take place thereby potentially initiating
adverse drug reactions.
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7 General concluding remarks

The importance of carbohydrates in glycobiologychsal building blocks in organic chemistry,
and as renewable resources cannot be over-empthasibe investigation of their roles in
biological processes and the development of newhsyic methodologies, which can be applied to
carbohydrates are therefore key research areasrfderstanding and utilizing nature’s most
abundant biomolecules in chemistry, biology and ioied. The present research has dealt with
different areas of carbohydrate chemistry mainiguing on the development and application of

transition metal mediated transformations for strartg and extending the carbohydrate chain.

A new rhodium-catalyzed procedure for shorteningratected aldoses by one carbon atom has
been developed. Aldoses are decarbonylated todbeiesponding shortened alditols by employing
Rh(dppp)Cl as the catalyst. The developed catalytic decgilation reaction is an improvement of
a previously reported stoichiometric procedure, @ndonstitutes an interesting alternative to
classical methods for shortening unprotected carh@ites. The general applicability of the
procedure has been illustrated by a concise systledsthe unnatural sugar-threose in 74%
overall yield in five steps fromd-glucose. At present, the method is limited to a&ly and more
challenging substrates like uronic acid lactones @amprotected cyclodextrins led to disappointing
results. Initially, the rhodium-catalyzed decarblatipn of carbohydrates was envisioned to be
potentially relevant to the production of hydrogemm renewable resources, but the catalyst is not

yet efficient enough for such applications.

Carbocyclic natural products often possess integesbiological activities, which make them
potential pharmaceutical lead compounds. A zinciated fragmentation-allylation sequence has
been used to elongateglucose andd-ribose by three carbon atoms, and by subsequegt ri
closing metathesis, they have been converted hmacaérbocyclic natural products calysteging A
and gabosine A. The synthesis of the glycosidakibitor calystegine A constitutes the shortest
enantioselective route to the natural product, iafidnly establishes the absolute configuration of
naturally occurring calysteginesAThe synthetic route to gabosine A representditsiesynthesis
from a carbohydrate precursor. Together with prnevieyntheses of carbocyclic natural products
developed in the group, the present syntheseslydtegine A and gabosine A illustrate that such

compounds are conveniently synthesized from cartir@tgs.
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During an external stay at University of Oxforde tmetabolism of NSAIDs has been investigated.
Carboxylate drugs like NSAIDs are extensively metialed to 1--O-acyl glucuronides, and it has
been found that such metabolites are highly reactind may lead to potentially toxic protein
adducts in man. By incubation of human serum albumiih acyl glucuronides of several ibuprofen
analogues, it has been found that transacylatidngiytosylation adducts are formed. The product
ratios and the degree of protein modification carrdtionalized by the degree ofsubstitution in
the acyl group, and this information may provideseful tool in the monitoring, interpretation and

assessment of the potential toxicity of existingboaylic acid containing drugs.
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8 Experimental work performed at DTU

8.1 General experimental methods

Diglyme, DMA and pyridine were distilled before ugCM was dried by distillation from CaH
while MeOH and DMF were dried over 4 A moleculaevss. All reagents were obtained from
commercial sources and used without further puwiin. All sonications were performed in a
Branson 1210 sonic bath. For reproducibility, satians were performed in flat-bottomed conical

flasks using 2% liquid detergent in water as baguliai™°

Reactions were monitored by TLC using
aluminum plates precoated with 0.25 mm silica gel@mpounds were visualized by dipping in a
solution of (NH)sM07024 * 4H,O (25 g/L) and Ce(S£» (10 g/L) in 10% aqueous,BO, followed

by heating. Flash column chromatography was peddrmn silica gel 60 (particle size 0.035 —
0.070 mm). Machery-Nagel Silica gel 6@s@particle size 0.055 — 0.105 mm) was used fornsa/e
phase column chromatography. NMR spectra were dedoon a Varian Mercury 300 instrument.
Chemical shifts d) are given in ppm employing residual solvent peaksinternal references
according to literatur&’ High resolution mass spectra were recorded ab#partment of Physics
and Chemistry, University of Southern Denmark. Mamalyses were performed at the
Mikroanalytisches Laboratorium at Universitat Wi€ptical rotations were measured on a Perkin-
Elmer 241 polarimeter while IR spectra were recdrde a Bruker Alpha FT-IR spectrometer. IR

absorptions are given in émMelting points are uncorrected.

8.2 Compounds referred to in chapter 3

Rhodium(l)bis(cyclooctene)chloride

Following a literature procedufé? degassed solutions of 2-propanol (50 mLYQH12 mL) and
cyclooctene (8.6 mL, 67 mmol) were added to RRGAH,O (2.52 g, 9.55 mmol) under an argon
atmosphere. The suspension was stirred at roomeratgpe for 20 min and then left without
stirring for 15 days under an argon atmosphere.r&betion mixture was filtered, and the crystals
were washed with EtOH (150 mL) and driéd vacuoto give orange-red crystals (2.95 g).
Additional crystals (0.19 g) could be obtained hyttier crystallization of the remaining liquids
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followed by filtration, washing with EtOH and drgrin vacuo This gave Rh(COELI (3.14 g,
92%) as orange-red crystals. IR (KBr): 3448, 33,7, 2920, 2845, 1465, 1448, 1355, 952, 899.

Rhodium(I)bis(1,3-diphenylphosphinopropane)chloride

Following a modified literature procedu® a suspension of Rh(COE) (2.95 g, 8.2 mmol) and
dppp (7.80 g, 18.9 mmol) in freshly distilled tohee(150 mL) was thoroughly degassed under high
vacuum and then stirred under an argon atmospheedlax for 1.5 h. The solution was cooled to
room temperature, and the reaction mixture wasrétl. The solids were washed with toluene (150
mL) and driedin vacuoto give Rh(dpppfCl! (7.83 g, 99%) as yellow crystals. IR (KBr): 3410
3047, 2909, 2848, 1477, 1433, 1095, 743, 700, 652.

Rhodium(I)bis(BINAP)chloride

A suspension of Rh(COEJI (108 mg, 0.30 mmol) anec-BINAP (467 mg, 0.75 mmol) in freshly
distilled toluene (10 mL) was thoroughly degasseden high vacuum and then stirred under a
nitrogen atmosphere at reflux for 1 h. The solutiwas cooled to room temperature, and the
reaction mixture was filtered. The solids were vemkkvith toluene (20 mL) and dried vacuoto
give Rh(BINAP)CI (343 mg, 82%) as pale, brown crystals. IR (KB%47, 3050, 1481, 1434,
1116, 818, 740, 695.

General procedures for decarbonylation of unprotead aldoses

General decarbonylation procedurA: To the aldose (400-650 mg, 2.78 mmol) were added
Rh(dppp)Cl (267 mg, 0.28 mmol), DMA (3 mL) and diglyme (20QL). The mixture was
thoroughly degassed under high vacuum and theredtat reflux (162 °C) under a nitrogen
atmosphere until TLC showed full conversion to tdeeresponding alditol (8-16 h). The solution
was cooled to room temperature followed by addiodiH,O (50 mL). The mixture was washed
with DCM (4 x 50 mL) and the combined organic plsasere extracted with @ (2 x 10 mL).
The combined aqueous phases were concentratedv@mdsidue co-concentrated with EtOH. The
resulting residue was purified by either flash eotuchromatography (DCM/MeOHAD = 4:1:0 —

65:25:4) or reverse phase column chromatograpbh®)H
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General decarbonylation procedul8: To the aldose (400-650 mg, 2.78 mmol) were added
Rh(dppp)CI (214 mg, 0.22 mmol), DMA (3 mL), diglyme (20 mind freshly distilled pyridine
(14.5nL, 0.18 mmol). The mixture was thoroughly degasseder high vacuum and then stirred at
reflux (162 °C) under a nitrogen atmosphere urtiCBhowed full conversion to the corresponding
alditol (6-15 h). The solution was cooled to rooemperature and the product was isolated as
described in general decarbonylation procedure A.

General procedure for measurement of CO evolutianflask containing aldose (2.78 mmol),
Rh(dppp)CI (0.14 — 0.28 mmol), pyridine (0 — 0.14 mmol)glgme (20 mL) and DMA (3 mL)
was equipped with a condenser connected to a buiitd with water. The bottom of the burette
was further connected to a water reservoir witargd surface area. A three-way valve was placed
between the condenser and the burette enablingiatiac and purge with nitrogen. The reaction
mixture was thoroughly degassed and then stirragfatx (162 °C) in a preheated oil bath. The
measurement of developing carbon monoxide wasestd% min after the reaction flask was placed
in the oil bath. The amount of carbon monoxide pomdl was measured as the amount of water
depleted from the burette. At room temperature®(@5 full conversion of the aldose corresponds to

formation of 68 mL of carbon monoxide.

Attempted decarbonylation ofD-glucose usingn situ generated Rh(dppp)Cl

Following the literature procedure for decarboriglatof simple aldehydes® a mixture of RhGle
3H,O (15 mg, 0.06 mmol), dppp (47-59 mg, 0.12-0.15 mmadiglyme (10 mL) and
phenylacetaldehyde (14., 0.12 mmol) was thoroughly degassed under higluwan and heated to
reflux (162 °C). The solution quickly turned yellamd homogeneous. A degassed solutiob-of
glucose (100 mg, 0.56 mmol) in DMA (1 mL) was addedhe reaction mixture after 20 min at
reflux. The color of the reaction mixture slowlyastged from yellow-orange to black. The reaction

was followed by TLC analysis but only tracesbeérabinitol were formed within 16 h.

Decarbonylation of D-glucose usingcrude Rh(dppp).Cl1%2°

RhCk ¢ 3H,O (73 mg, 0.28 mmol), dppp (229 mg, 0.56 mmol) BEtOH (96 % ag., 12 mL) were
mixed, and the solution was thoroughly degassecmuhdyh vacuum and then stirred at reflux
under a nitrogen atmosphere for 30 min. The reachoxture was cooled to room temperature and
the solvent was removed under high vacuum to g yellow-orange crystals. IR (KBr): 3448,
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