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Chapter 1

1 Glycopeptides and glycoproteins

Glycoproteins are fundamental to many importanidgizal processes including fertilisation,
immune defence, viral replication, parasitic infext cell growth, celcell adhesion, degradation
of blood clots, inflammation and protein foldingalsility and solubility* The carbohydrate
moiety of a glycoprotein may participate directhyrecognition events, but it may also modify
the properties of the protein. The large size ef¢arbohydrates is probably the most significant
factor in modifying the properties of the protetoswhich they are attached. Glycoproteins and
glycolipids are major components of the outer sigfaf mammalian cells. Oligosaccharide
structures change dramatically during developmamd, it has been shown that specific sets of
oligosaccharides are expressed at distinct stahdsferentiation. Furthermore, alterations in
cell surface oligosaccharides are associated wathiows pathological conditions including
malignant transformation.

At each glycosylation site on a protein, there loara sebf glycosylated structures. This has led
to the concept of a glycoprotein being defined agtaof glycoforms which all have the same
amino acids but differ in the sequence or positbthe attached sugars. It is the populations in
this set of glycoforms that change under a vaétyonditions such as disease.

There is no single function for oligosaccharidesrh@ps their major function is to serve as
recognition markers. Additionally, oligosaccharidean modify the intrinsic properties of
proteins to which they are attached by altering stability, protease resistance, or quaternary
structure. The large size of oligosaccharides mbywathem to cover functionally important
areas of proteins, to modulate the interactionglgéoconjugates with other molecules, and to
affect the rate of processes which involve confaional changes. Glycosylation is highly
sensitive to alterations in cellular function, afmhormal glycosylation is diagnostic of a number
of disease states including rheumatoid arthritid eancer. The control of glycosylation by the
cell affords, in principle, a means of putting tbe@me recognition markers on quite different
proteins without having to code the informationoirthe DNA of that protein. Site-specific
glycosylation of a protein also suggests that tBesBucture of the protein plays a role in
determining the extent and type of its own glycatgh.

More than 50 % of proteins in humans are glycosgaflso less complex species such bacteria
as E. coli have this modification machinery. In mammals, Hazcharide residues found in
proteins are covalently linked to the protein bamkd eitherN- (via asparagine) orO-

glycosidically {ia serine, threonine, tyrosine or hydroxylysine).
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1.1 N-Linked glycoproteins

To be glycosylated, an asparagine residue must foarh of the tripeptide Asn-Xaa-Ser/Thr
(where Xaa is any amino acid other than prolinkhoagh the presence of this sequon is not in

itself sufficient to ensure glycosylation.
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Figure 1. Classification ofN-linked oligosaccharides

Some rules have emerged with respect to the facmdrieh control the attachment of
oligosaccharides to potential glycosylation sited the subsequent enzymatic modifications of
the glycan chains. While the potential oligosacid®arprocessing pathways available to a
nascent protein are dictated by the cell in whids expressed, its final glycosylation pattern is
also the result of constraints imposed by the 30catre of the individual protein.

All N-linked glycans contain the pentasaccharide daé-(Mano1-3)-Mar31-4-GIcCNACB31-4-
GIcNAc as a common core. On the basis of the strecand the location of glycan residues
added to the trimannosyl cor&l-linked oligosaccharides can be classified intor fouain
subgroupg. high mannose-type (a), complex-type (b), hybridety (c), and poly-
acetyllactosamine-type (d) (Figure 1). High manrgype glycans (a) contain onty-mannosyl
residues attached to the trimannosyl core. Comles- glycans (b) contain no mannose
residues other than those in the trimannosyl dowe have branches witN-acetylglucosamine
residues at their reducing termini attached toctve. The number of branches normally ranges
from two (biantennary) to four (tetraantennary)t &yentaantennary structure has been reported
in hen ovomuvoid® While various monosaccharides can be found iratitennae, the presence
or absence of fucose and a bisecting GIcNAc resau¢he core contributes to the enormous
structural variation of complex-type glycans. Thegbiid-type N-glycans (c) have the
characteristic features of both complex-type amgh mhannose-type glycans. The fourth group is
the polyN-acetyllactosaminé-glycans containing repeating units of (EB4-GIcNAJ31-3-)

attached to the core. These repeats are not nebessaformly distributed on the different
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antennae and the lactosamine repeat may also behec PolyN-acetyllactosamine extensions
are most frequently found in tetraantennary glycans

Although the same glycosylation machinery is avdéao all the proteins which are translated
in a particular cell and use the secretory pathwayas been estimated that between 10 % and
30 % of potential glycosylation sites are not odedfl Moreover site analysis has shown that
the distribution of different classes Nflinked oligosaccharide structures is frequentlgcsiic

for each site on a protein. The 3D structure of ithgividual protein clearly has a role in
determining the type and extent of its glycosylatid number of mechanisms may be involved.
These include the following:

1) The position of the glycosylation site in th@tein.N-Linked sites at the exposed turnsef
pleated sheets, which are sometimes close to pra¢sidues, are normally occupied while those
near the C-terminus are more often vacant.

2) Access to the glycosylation site on the develgpdligosaccharide. This may be sterically
hindered by the local protein structure or by prot®lding which may compete with the
initiation of N-glycosylation.

3) Interaction of the developing oligosaccharidéhvihe protein surface. This may result in a
glycan conformation which may alter the accessibiio specific glycosyltransferases or
glycosidases.

4) Interaction of the glycosyl enzymes with thetpho structure. This can lead to site-specific
processing.

5) Glycosylation at one site in a multiglycosylaggatein. This may sterically hinder events at a
second site on the same molecule.

6) The interaction of protein subunits to form olgers. This may prevent glycosylation or
restrict the glycoforms at individual sites.

1.2 Biosynthesis of N-linked glycoproteins

Many enzymes and proteins are involved in the posttational modification of proteins. Their
effects often fundamentally alter protein functidhosttranslational modifications create a
dynamic combinatorial library of properties thaheapidly respond to systemic stimuli, starting
from one basic protein scaffoldN-linked protein glycosylation is the most widespreand

complex posttranslational modification of secretgmgoteins in eukaryotes. The dynamic

complexity of these modifications is often diffitdb elucidate in the laboratory. Working out
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the role of each protein component (sometimes weinor but important) requires abundant
sources and extensive purification. Furthermorecdntinue to precisely exploit the power of
proteins in therapeutics requires the creation wke pprotein drugs (most today are sold as
mixtures). A better understanding of the mecharbgmvhich modifications are formed coupled
with methods for creating artificial posttranslat@ modification mimics may provide a solution
to both of these problems. Chemical probes andbitung of glycoprocessing enzymes are

especially useful in this context.

Aberrant glycosylation occurs in essentially ajpeég of experimental and human cancers, as has
been observed for over 40 years, and many glycepilbpes constitute tumour-associated
antigens. A long-standing debate is whether aberrant glyledioy is a result or a cause of
cancer. Many recent studies indicate that someotfall, aberrant glycosylation is a result of
initial oncogenic transformation, as well as a kegnt in induction of invasion and metastasis.
Glycosylation promoting or inhibiting tumour celhvasion and metastasis is of crucial
importance in current cancer research. Glycosylatigpears to be considered “in the shade” of
more popular topics such as oncogenes and antienesg apoptosis, angiogenesis, growth
factor receptors, integrin and caderin functiom,,atespite the fact that aberrant glycosylation

profoundly affects all of these processes.

1.3 N-Linked glycopeptides with different linkage

It is now well appreciated that the modification mbteins with carbohydrates plays a very
important role in many biological events. For ex#mnpthe carbohydrate moieties of
glycoproteins can be involved in cell-cell commuation, immune response, cell adhesion,
intracellular targeting, protease resistance, ammynother processésThe carbohydrates can
also impact several physicochemical propertiesrofgins including hydration, hydrophilicity,
and conformational stabilify. Additionally, because N-linked glycosylation occurs
cotranslationally during biosynthesis on the ribosg the attachment of the carbohydrates may
affect the protein folding pathway. Detailed stsdief the impact of carbohydrates on
glycoprotein structure have been limited due to fllegibility of the carbohydrates, which
complicates crystallographic analyses.

Imperiali and co-workers have recently demonstrée®MR and Molecular Dynamics studies
that the stereochemistry of the carbohydrate-peptithkage has critical and unique
conformational effects on the glycopeptide strueflifhe twoN-linked glycopeptide#\ andB

shown in Figure 2 were employed for these confoionat studies.
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CH CH o-N-linked

AcHN AcHN Q
NH
WJ\G]}/ -Thr-Trp-AlaNH,
© HN. Pro-Thr-1le-OrnAc
OH OH -N-linked
O C 0
HQ B
HC ﬁo NH

Gly-Thr-Trp-AlaNH,
Pro-Thr-1le-OrnAc

AcHN AcHN O HN

Figure 2. Structure of glycopeptides andB °

The NMR studies revealed that the stereochemidtrihe anomeric center of thi-linked
carbohydrate dramatically affects the backbone aromhtion of the glycopeptide, and, indeed,
only the3-linked glycopeptide adopts a compg@eturn conformation, while the conformation of

the a-glycopeptide is more similar to that of the unglsglated peptide, featuring an Asx-turn

structure (Figure 3).

AN
R

HN N H R

% \<FO ) Q

HN O HN  C

X .-~ z, Q----" -HN 0)

NH 9% g6 N—% wd, ¥ 1y
Q ( H HO N~
1)

CR Asx turn Type I B-turn

Figure 3. Structure of Asx and Typef3-turn

The conformational consequences of the stereoclgmed the anomeric center in the
carbohydrate-peptide linkage reported, provide alaler information for the design of
neoglycopeptides and glycopeptide mimetics that beayseful as therapeutic agents.

Nephritogenoside (structure represented in Figyrasda glycopeptide isolated as a minor

component in the basement membrane of normal asinfdlis substance is able to induce
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glomerulonephritis in homologous animals. The mlptiportion is directly anda-N-
glycosidically bound to the trisaccharide portioBlqol-6-GIg31-6-Glaal-Asn) via the N-
terminal amino acid Asn. Nephritogenoside repres#m first and so far only example, among

natural compounds, of a carbohydrate-peptide liaksaying a direa-N-glycosidic linkage™

R = -NH-P-L-F-G-I-A-G-E-D-G-P-T-G-P-S-G-I-V-G-Q-OH

Figure 4. The structure of nephritogenoside

1.4 Neo-glycoconjugates and glycopeptide mimics

The data described so far show how glycoproteimsgiycolipids play a central role in human
health and diseasbl-Glycosyl amides are currently under intense seyudis potential effectors
of carbohydrate-binding proteifs. Their mimetics therefore, are interesting candislato
develop drugs and biological probes, useful toifgldhe biological roles of these molecules. A
major synthetic effort is under way to synthesiaecalled “neo-glycoconjugates” where a sugar
ring is connected through a N atom to a carbonnghaften to a natural amino acid, using an
unnatural linkage.

For instance, Dondoni and co-workers have introdudg2,3-triazolo-linked conjugates,
exemplified by the structures shown in Figure %)&-D-oligomannoses (triazolomannoses,
Figure 5)***3The choice of mannose as the sugar fragment getbkgomers was suggested by
their potential use as mimetics of the manno-okgokaride family members which constitute

the essential substructure of mycobacteria lipayigc

10
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Figure 5. Structures of triazolomannoses synthesized bptreloni group?® *3

High stability can be foreseen for these oligonesing to the resistance of anomeric carbon-
carbon bond and triazole ring toward chemical amymatic degradatiotf. On the other hand,
triazole rings can participate in hydrogen bondarmg dipole interactions, thereby favoring
molecular recognition process and improving soltybilin particular these features were
designed as inhibitors dlycobacterium tuberculosill-wall biosynthesis.

Glycosyl ureas are found in nature as structurélafrglycocinnamoylspermidine antibiotiés.

' They have been used as std¥i{tnked-glycopeptide mimic¥’ for the synthesis of polyvalent
glycoconjugate® and for the development of antidiabetic agents amdinoglycoside
antibiotics™® ?° However, only a few methods for the synthesis gtasyl ureas have been
reportedt® 2% 23 24 23nd in particular, the stereoselective synthesis-gfycosyl ureas (Figure

6) is still limited®: 214:26.27

CBn CBn
B%OO/EC% B%OO/EC{ B%oo/g(%
n
T Bno H T Bno H BnO H

NH\H/N\Ph NH \H/N\/Ph NH\”/N\/\

a o) a

Figure 6. a-glycosyl ureas described from our laboratogf.(26

11
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As seen above, naturdl-linked glycopeptides are almost invarialylinked® hence, it is
plausible that the unnatural;linked isomers may be stable to hydrolytic enzyraed may be
used for in vivo applications. For these reasoesesselective synthesis of neo-glycoconjugates
in the “unnaturala N-linked configuration is of great interest as a nweaf designing
glycopeptide mimics with altered metabolic stapilind virtually unexplored physico-chemical
properties. Our laboratory has been actively expiothe synthesis and biological applications
of such unnatural glycoconjugate.

A small group ofa-fucosyl amides (structure represented in Figurbake been tested for their
affinity for the carbohydrate recognition domainRE) of DC-SIGN ?® and for the PA-II
lectin®® DC-SIGN is a dendritic cell receptor with mannaesel fucose specificities, which has
been implicated in the onset of HIV infection. lasvbrought to the attention of the scientific
community by the group of van Kooyk, who reporthdttHIV-1 targets DC-SIGN but escapes
degradation in lytic compartments, and thus uses BE€ a Trojan horse to invade the host
organisnt? After this discovery, it was shown by several greuthat many pathogens are
recognized by DC-SIGN; this indicates that thigifecould participate in some way during the
corresponding infection proce¥sFurthermore, as the detailed molecular mechanismshich
this receptor operates are not known, effective utaadrs of DC-SIGN are needed to help
clarify the different biological processes in whitltan be involved. Compouml in Figure 7
was the first reported fucose-based glycomimeticenteract with DC-SIGN with an affinity
similar to that of the natural DC-SIGN fucose-bakgand, the Lewis-x trisaccharid@.

PA-II lectin is a fucose selective lectin frddseudomonas aerugingsavolved in the formation
and stabilization of microbial biofilnt€. This soluble bacterial lectin binds with an uralsu
strong micromolar affinity td.-fucose in a tight binding site which requires t@e’* ions>?
Compounds$-F in Figure 7 were found to bind to the lectin ile thicromolar rang&’

Collectively the compounds shown in Figure 7 cduasgi proof of principle that a-glycosyl
amides can perform as effective mimics wfucosides also in high affinity, tight binding

proteins such as PA-II lectin.

12
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% 0 ) 0
0 0
HOl N HOlh N
HN H H

OH \ /
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N HOMe N HNAC ©
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Figure 7. Small library ofa-fucosyl amides with affinity for DC-SIGN CRD\] *®or for PA-II
lectin B-F) %

1.5 Traceless Staudinger ligation of glycosyl azides. ster eoselective synthesis of

glycosyl amides

The most widely employed method for the synthesiglycosyl amides is the condensation of
protected or unprotected glycosylamiffés®with carboxylic acid derivatives. Several examples
of the reduction of glycosyl azides by catalyticdlggenation followed by acylation of the
resulting glycosylamines have been reporfed’ *®Because glycosylamines rapidly equilibrate
to the most stabl@-anomer, all the approaches that make use of &blamine intermediates
afford 3-glycosyl amides. An alternative methodology attésrtp avoid anomeric equilibration

by reducing glycosyl azides in the presence ofairyg agents® 441 4243

13
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The group of Gyodrgydeak investigated in detail gtereochemical course of the reduction-
acylation of glycosyl azides by the Staudinger tieac™ to establish whether- andp-glycosyl
amides can be derived in a stereoselective fagtoomthe corresponding azid&s.

The Staudinger reduction of glycosyl azides affoatsa-ylide intermediates (also called
iminophosphoranes; Scheme 1), which can be trappgdacylating agents to give
configurationally stable acylamino phosphonium ssdhat, in turn, yield the corresponding
amides upon quenching. However, like glycosylamirte Staudinger's aza-ylides are also
subject to anomeric isomerization, which is biaseudard the3-anomers. Thus, the synthesis of
B-glycosyl amides can be easily achieved in thisc@ss, but in most cases, anomerization

remains a significant problem during the synthe$is-glycosyl amides.

Q PR’ Q ke
— 3 — q 0 ©
— — V
PGQ wﬁ —" PGO wﬁ == poomlN-$p,
N, N_®
N, © PRy
a-glycosyl azide iminophosghorane
RCOX |k,
©
—O H,0 o GorR X
-~ NHCGR = ©)
PGO / PGQ gt N~
R';PO
amide acyliminophosphonium salt

Scheme 1. Mechanism of the Staudinger reduction-acylatiothefglycosyl azides

Only a handful of methods have been reported tora@féi-glycosyl amides, most of which
require two steps and have been described forieeimumber of substratés*” %8

Two main synthetic approaches are available for diuethesis ofa-glycosyl amides, one,
reported by DeShong and coworKérstarts froma or B-glucopyranosyl azideg and 2 by
treatment with PRSin refluxing 1,2-dichloroethane gave oxazol®éScheme 2). Formation of
oxazoline3 from either azides can be explained by the mechanismrshioScheme 1 involving
a/B anomerization of the intermediate iminophosphorarad5.*® *° Oxazoline formation from
4 cannot occur due to strain in the resulting prodaccordingly, epimerization followed by

cyclization gives exclusivelg-oxazoline3.

14
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Acylation of oxazoline3 (formed in situ) with a thiopyridyl ester in theegence of CuGR2H,O

gave exclusively tha-glucopyranosyl amid6 in a highly stereoselective process (Scheme 3).

AcC R\)J\SP
AcO Q Y AXOO
AT CuCl,2H,0 y
_N
Me
— 3 p—

Sceme 3. Coupling reaction of glucopyranosyl isoxazolthe

The second method, developed primarily by our gr8(js based on the traceless Staudinger

ligation of glycosyl azides, using functionalizekogphine® (Figure 4) described originally by

Bertozzi® and Kiessling?

15



Chapter 1

The traceless Staudinger ligation of azides empéoggtaudinger-like protocol, such as the one
described in Scheme 1, but the phosphines usedhaddied to include an acylating agent,
which in9 is a phenolic ester. Thus, in principle, the reacallows for reduction of the starting
azide and fast intramolecular trapping of the réidacintermediates, resulting in the direct
formation of an amide link. We have shown thatmany instances this prevents epimerization
and allows retention of configuration at the andmearbon?’

In 2006 our laboratory reported that the tracelgtsmudinger ligation ofD-benzyla-glucosyl
azide 8 with diphenylphosphanyl-phenyl este®sin polar aprotic solvents yields-glucosyl
amides with good yields and selectivity (Schemeath A). The phosphines employed, which
are stable to air, allow the fast intramoleculapping of the reduction intermediates affording
direct formation of the amide link and preventingpmerisation. However, the process depends
critically on the nature of the sugar protectingups: the same phosphines react with t€xa-
acetyla-glucosyl azide? in non-stereoconservative fashion and aff@dlucosyl amides
(Scheme 4, path B). The dependence of the ligaiereochemistry on the nature of the sugar
protecting group appeared to be related to therelesvithdrawing effect of the acetat®'s>*
which may reduce the rate of the acylation stepfandr the anomerization. This effect enforces
the use of benzyl ethers as protecting groupsersgtmthesis ofi-glycosyl azides. The method
could be applied t®-benzyl glycosyl azides in the fuco, gluco, and gaaeries to afford the
correspondingu-glycosyl amides with good yields and stereoselds for a range of acyl
chains, how many alkyl and alkenyl groups, botledinand branched, and amino acids with
various functional group$’®

More recently, we have developed a protocol fartlmn of unprotected andp glucosyl azides
with the same phosphineés (Scheme 4, path A). We were able to identify coadg that
allowed a clean and stereoconservative reactiatdar in good to moderate yields, affordimg

or B glucosylamides depending on the configuration h& starting azid® Ligation of the
unprotectedx- andp-glucosyl azide§ and10 was particularly remarkable because in both case
it occurred stereoconservatively and allowed sinmptdation from the phosphane oxide by-

product by water extraction.

16
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Scheme 4. Traceless Staudinger ligation of glycosyl azidethvianctionalized phosphir@

The overall picture emerging from previous studoes the traceless Staudinger ligation of
glycosyl azides are summarized in Schem@-glycosyl azides can be transformed into the
corresponding amides with retention of configunatiorespective of the nature of the hydroxyl
protecting group R (Figure 4, eq 3, R = Bn, Ac, 8 the contrary, the ligation of-glycosyl
azides depends critically on the nature of R: bee#tyers and free hydroxyl groups allow the
reaction to occur with retention of configuratiohigure 4, eq 1), whereas acetates enforce
inversion of configuration at the anomeric cented dormation of the correspondifigamide
(Figure 4, eq 2).

Phosphines9 are air stable reagents that can be easily sya#ttbsand purified by flash
chromatography, which gives a significant advantager other ligation reagents, and their
application in the stereoselective synthesis ofgtyl amides should be particularly useful.

The process described, however, left various syictpeoblems unresolved. The reactivityaf
glycosyl azides was uniformely low, and the coraggpng amides were obtained generally in
modest yields. Moreover, the yields of the ligat@ppeared to depend critically also on the

nature of the acyl group to be transferred and vgpeially disappointing for the transfer of

17
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amino acids tax-azides. Thus, in order to further explore the tigdg and stereoselectivity of
ligation in the synthesis af-glycosyl amides, different acyl phosphines wermpgred, trying to

vary the basicity of the P atom and the naturdefghenyl ester leaving group.

1.6 Aim of thework and plan of thethesis

Our efforts have been initially directed to addmegshe issues mentioned above in order to
develop more general methods for the stereoseteligjation of unprotected glycosyl azides and
to improve the yields of the more difficult ligatiseactions.

The first two chapters of the thesis are dedicttetescribe the synthesis of the starting material
used, i.e. the glycosyl azides (Chapter 2) anduhetionalized phosphines (Chapter 3).

Initial results were achieved by screening a sditéérent phosphines and using as a common
substraten-glucosyl azider. The methods and results are described in ChaptEneke studies
allowed to select appropriate reagents and reactowitions which led to consistently good
yields and stereoselectivity in the ligationof and-glycosyl azides and aminoacids (Chapter
5).

Side-reactions encountered during these initiablistu drew our attention to a previously
unknown class of compounds, represented by glyanbsyl amides. In Chapter 6 we describe
how these molecules can be selectively synthesimddeport preliminary data concerning their
biological activity as antibacterial agents.

Finally in Chapter 7 we recapitulate the main medta and stereochemical information
collected throughout these studies and use itradtate a comprehensive mechanistic picture of
the traceless Staudinger ligation of unprotectgdagyl azides.
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Chapter 2

In order to develop a stereoselective Staudingetibn for the synthesis of-glycosyl amides,

it was decided to employ the procedure based orethection-acylation of the corresponding
glycosyl azides. Our methods to achieve a sterecset synthesis ofi-glycosyl amides are
described in Chapters 4-6. Before that, the steteosve procedures employed for the synthesis

of a-glycosyl azides are described in the followingtiess.

2.1 Stereosdlective synthesis of a-glycosyl azides

Generally, 1,2rans glycosyl azides can be synthesised using trimsillgyazide. Trimethylsilyl
azide is an excellent azide donor and enablestdimversion, under Lewis acid catalysis, of
acylated (mainly acetylated) monosaccharides. Tigh Btereoselectivity observed in these
reactions is due to intermediate formation of aggtoum ions whose ring opening by the azide
reactant yields 1,B-ans products [B-azide for glucosyl and galactosyl derivatives andzide
for mannosyl derivatives)2-acetamido-3,4,6-t®-acetyl glucosamine represents an exception
because no reaction occurs treating the acetatetriethylsilyl azide. In this case, the 1,2-
trans azide is synthesised starting from the correspmnatichloride.?

1,2<cis Azides of peracetylated substrates must be prdplayeS2 nucleophilic substitution
from the correspondin@-halides®

Monosaccharides acylated at position C1 and bearingn-participating group in position C2
mainly give 1,2eis azides upon reaction with trimethylsilyl azide and.ewis acid-catalysed
conditions. In this cas&/[3 mixtures are obtained (as in the case of t@H@enzyl-glucose and
galactose) because the azido group can act asiadegroup”

Recently, one procedure has been developed foromigepot transformation of unprotected

monosaccharides into peracetylafiedlycosyl azides under phase-transfer catalysiglitions,

" This effect was observed during our attempt tdtsssise the 2,3,4,6-tetacetyla-glucosyl azide from the
corresponding-DISAL (methyl dinitrosalicylate, 2-hydroxy-3,5-dinitrobenzoate) donor. Eitlusing sodium azide
with tetrabutylammonium iodide or tetrabutylammaniwazide in CHCl,, B to a equilibration was observed in
during the reaction: the 2,4-dinitro phenoxide ist@nger nucleophile than the azide and the epsatern of the

starting material occurred without formation of twresponding azide.

OAc NO —_— OAc NO OAc
0 : 3 0] : 0
AcO AcO AcO
%C&/O %cﬁ/o *AcO NO-
OAc CH:Cl;. 1t OAc AcO)) ‘
NO. NO.

NO;
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in the presence of HBr/AcOH (30%), sodium azide eatchbutylammonium hydrogen sulphate
(Scheme 3.

In 2009 Shoda and coworkers showed the direct sgighof various glycosyl azidaga an
intermolecular nucleophilic attack of the azide imm the anomeric center of an unprotected
sugarl?2 mediated by 2-chloro-1,3 dimethylimidazolinium atidle in aqueous solution (Scheme
1)°

Cl cr
H3C\;])\N -CH;

CH OH
Roﬁ/m{ Nan: RC ﬁ/m
HO Base, Water HC

HX HX
12

Scheme 1. Direct synthesis of glycosyl azides by using DCM

The reactions proceed through a reactive internediarmed by preferential attack of the
anomeric hydroxyl group towards 2-chloro-1,3 dinyéthidazolinium chloride, based on the
fact that the pKvalues of hemiacetal anomeric hydroxy groups awehrlower than those of
other hydroxy groups and water.

Several methods for the direct azidation of unmtet carbohydrates have been reported in the
literature, for example using P#RaNs’ or under Mitsunobu conditioffsput both these

methodologies presented low stereoselectivity eratiomeric carbon.

2.2 1,2-trans-per-O-Acetyl glycopyranosyl azides

2.2.1 Glucose, Fucose and Galactose

The perO-acetylf3-glucosyl, fucosyl and galactosyl azid&sl3 and14 were synthesised by
treating the pef-acetylated sugarks, 16 and17 with trimethylsilyl azide and tin tetrachloride
employing the general procedure described by Pa&eheme 2J.3
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16 R'=H, CAc 13 R'=H, CAc
OA(C]AC TMSN3 SnCl4 OA%AC
Me 0 OAc Me fo) Ns
CH,Cly, 1.1., 24 h
17 14

90%
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QAc

QAc
+ OAc
Me Q

N
18 3

10%

Scheme 2. Stereoselective synthesis of g@mcetylB-glycosyl azide®, 13and14 3

Alternatively 2,3,4,6-tetr&®-acetylf3-galactosyl azidd3 has also been prepared directly from

the free sugat9 with a one-pot phase-transfer methodology (Sch@)fie

CH OA OA
HO o Ac,Q (stoichio.) AcQ o ¢ NaN;, Bu,NHsQ,  AcC o ¢
229% HBr/AcCH NaHCQOj; sat. N
HO e _ AcC ’ AcQO 3
HO 0°Ctor.t. AcC Ry CH,Cl,, 1-2 hrt. AcO
19 20 13

one-pot reaction

Scheme 3. Stereoselective synthesis of 2,3,4,6-t@racetylf-galactosyl azidd3 *

Use of a stoichiometric quantity of acetic anhydrid the presence of HBr/AcOH (30%) gives

per-O-acetylated galactosyl bromid®; subsequent azidolysis of the acetyl-bromgalactose

formed in situ was carried out by treatment withdism azide and tetrabutylammonium

hydrogen sulphate under phase-transfer catalysidittons in CHCI, at to room temperature

and afforded 2,3,4,6-teti@-acetyl-galactosyl azidel3 in excellent yield without further

purification.
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2.2.2 Glucosamine

The (-azide of the peracetylated glucosam#iecannot be synthesised by simple treatment of

the
corresponding anomeric acetate with trimethylsilgide and tin tetrachloride as in the case of

tetraO-acetylglucose.

Thus, thep-azide was prepared from the correspondinghloride 22 with sodium azide and
tetrabutylammonium hydrogensulfate in &Hp and saturated NaHGO The a-chloride22 was
previously obtained from commercigdtacetylglucosamine hydrochloride in a one-pot pdoce
which employs acetyl chloride and a catalytic amairdry MeOH (Scheme 4).

CH
CH,COCI OAC NaN,, Bu;NHSO, OAc
Q Q C
HO OH AcO AcC N
HO dry MeCH AcO CHACly, sat. NaHCO; ¢ ’
NHHCL TV AcHN(y 2t st Rantbs AcHN
.., 7 days rt., 1h

23 22 21

Scheme 4. Stereoselective synthesis 3,4,6@xiacetyl -2N-acetyl-2-deoxyB-D-glucopyranosyl
azide21 % °

Nitz and co-worke” showed (Scheme 5) that unproteciedcetylglucosamine condensed with
p-toluenesulfonylhydrazine giveN'-glucosyltoluenesulfohydrazides (GSHs), which che
activated with tetrabutylamoniumchloride, lutidiaed then transformed to glucosyl azit#by

treatment with Nag\

AcHN CH 1) TBAC, Lutidine CH
CH;CQOOCH cat.
3 a4 0 H 0520 DMF HO C N
+ HO N7 HC 3
H 2) NaN:

Hzo AcHN

H,N. one-pot
2 N \©\ GSHs (one-pot] 42
y=92 % y=73%

Scheme 5. Formation of glycosyl azidé2
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2.2.3 Arabinopyranose and Ribopyranose

Treatments of commercial available freearabinopyranos€4 and D-ribofuranose25 with
excess of acetic anhydride and pyridine at roonptature for 24 h afforded the conversion of

the free sugar into the corresponding 1,2,3,5-@tecetylf-L-arabinopyranose6 ** and

711, 12

1,2,3,5-tetra@-acetyl3-D-ribopyranose as the predominant products (Scheme 6).

OH OAc
0 Ac,0, Pyridine 0
HO OH AcO OAc
OH rt,24h OAc
24 26
HO H oH Ac,0, Pyridine o
~OH
AcO OAc
HO OH r.t., 24 h OAc OAc
25 27

Scheme 6. Synthesis of 1,2,3,5-tet@-acetyl3-L-arabinopyranosg6 * and 1,2,3,5-tetr&®-

acetylf3-D-ribopyranose7 2

The corresponding 1,2ans glycosyl azides were prepared following the prazedf Paulsef.
3 Treating 1,2,3,5-tetr®-acetylf-L-arabinopyranose26 with trimethylsilyl azide and tin

tetrachloride th@-azide28 was obtained.
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OAc OAc
0 TMSN:, SnCly 0
OAc N
AcO AcO
OAc CHyCly. rt.. 24 h OAc
26 28
0] . O
AcO OAc TMSN:, SnCly AcO N
OAc OAc
OAc CH,Cly. 1.4 24 h OAc
27 29

Scheme 7. Stereoselective synthesis of 1,2,3@racetylf3-L-arabinopyranosyl azid28 and

1,2,3-tri-0O-acetyl3-D-ribopyranosyl azid@9

The 3 configuration 028 was supported by NOESY contact H1-H3; = 8 Hz and a low value
of the chemical shift C4 = 67.8 ppm, which confirthe pyranose structure. Similarly 1,2,3,5-
tetraO-acetylf3-D-ribopyranose27 reacted with trimethylsilyl azide in the presenak tin

tetrachloride (Scheme 7§to givep-azide29.
2.3 1,2-cis-per-O-Acetyl glycopyranosyl azides
2.3.1 Glucose, Galactose and Arabinopyranose

The 2,3,4,6-tetr®-acetyl a-glucosyl azide2 was prepared from the correspondighloride
30 '3 with trimethylsilyl azide and tetrabutylammoniutadride (Scheme 8Y*°

OA CA 0A
o AICl;, CH,Cl, o TMSN BuNF o
Ao OAc Adee cl Ao
¢ C dry THF My

CAc CAc
N3
15 30 2

Scheme 8. Stereoselective synthesis of 2,3,4,6-t@racetyla-D-glucopyranosyl azida *

28



Chapter 2

The B-chloride 30 can be obtained because of the neighbouring grarficipation. The
following mechanism was suggested by the authdng e¢lectrophilic aluminium atom
coordinates to the ether oxygen of the anomeri¢oggegroup and the resulting change in
polarity, assisted by electron displacement from dlgetoxy group in position C2, cause the
transfer of this group from the anomeric positiontihie aluminium. Complete separation of
AICI30ACc to afford the free ioml (which might exist in mesomeric forms) is unlikeathough

an ion pair may be transiently formed. More proatshnsfer of the chlorine from aluminium to
the anomeric position within the reaction compleis practically synchronous with fission of
Cl-acetoxy bond. The primary products aref3kehloridelll and aluminium dichloride acetate
(Scheme 9).

QCAc
o AcC~ SE O} 11
- AIC1;0A¢ AcC

Cl. CI O\?
Al @CH,
CADSY,
ACO‘XE ?f-\;o
AcC OO’\ \ OAc
-AICL,OAc o
AcO o 1
AcC
CAc

Scheme 9. Mechanism of the formation of tifiechloride30

The same procedure can also been used for theesymtbf the 2,3,4,6-teti@-acetyla-D-
galactopyranosyl azide31® from 16 (Scheme 10) and of the 2,3,5®iacetyla-L-
arabinopyranosyl azidé from 26 (Scheme 10).
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0A CA OAc

AcQ o ¢ AICL, CHyl, AT o ¢ TMSN;, BuNF A .
—_—

AcC CAc cl

AcO AcO
CAc OAc THF dry AcO
N;
16 33 31
OAc OAc OAc
0 AICls, CH,Cl, q TMSN;, Bu,NF o
AcO OAc — > A0 Cl AcO
CAc OAc THF dry AcO N,
26 3 32

Scheme 10. Stereoselective synthesis of 2,3,4,6-t€racetyla-D-galactopyranosyl azidgl

and 2,3,5-triO-acetyla-L-arabinopyranosyl azida2 **

The structure 082 was established on the basis of the chemical shithe C4 carbon at 68.7
ppm, which is consistent with the pyranose form aftheJ; = 3.6 Hz consistent with a cis
configuration of C1-C2.

2.4 1,2-trans-per-O-Acetyl glycofuranosyl azides
2.4.1 Galactofuranose

The conversion of free galactopyrand€einto 1,2,3,5,6-pent®-acetylf3-galactofuranos&5
was obtained by treating the free hexose sugar evtiess of acetic anhydride and pyridine at
high temperature (100°C), for the first step of thaction (Scheme 11j.Most probably, at high
temperature pyranose-furanose equilibration idifatgd and AgO treatment traps the furanose
form. Isolation of 1,2,3,5,6-penta-acetylf3-galactofuranosed35 from the reaction mixture,

containing the other three epimers of galactosjired several steps of crystallization (Figure

1),
CH
HO AcC_gH CAc
o Ac,Q, Pyridine AcO
HC OH S00eC 1h 60°C 150, AO_~ H

HC rt.24h H H OAc
19 35

Scheme 11. Stereoselective synthesis of 1,2,3,5,6-p&vacetylf-galactofuranosas *’
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AcO_oH H

AcO,,
AcO . OAc

A

AcO,,
AcO -

CO/O\H OAc

AcO OAc
Q OAc
AcO

¢

OAc

H H  OAc H H  OAc

33

l.CC%

T T T T T T T T
6.00 5.95 5.90 5.85 3.80 575 570 5.65

f1 (ppm)

T T T T T T
[0 635 6.30 6.25 6.20 6.15 6.10 6.05

Figure 1. '"H-NMR (CDCl) spectra of anomeric proton of four epimers ofpetyl-galactose.

The process was assisted’byNMR analysis (CDG), which allowed clear identification of the
four isomers formed (Figure 1).

When the reaction mixture was quenched into iceswyate observed the precipitation of penta-
O-acetyl-D-galactopyranosé6 characterized in thtH-NMR spectra (CDG) by a doublet at
5.68 ppm J1..= 8.4 Hz). Then the solution was extracted with AtQo give an orange oil. A
second portion of pent@-acetylf3-D-galactopyranosel6 was obtained from the oil, after
dissolution in MeOH and water at low temperaturgC(dovernight). Finally, treatment of the
residue with isopropanol and water at room tempesatfforded pure penta-acetyl{3-D-
galactofuranosa5 in 37 % yield (Figure 2)"’

The compound is characterized in the 1H-NMR (Figliydy a broad singlet of the anomeric
proton at 6.17 ppm and its 1H-NMR spectra (Figyredincided with the literature data f88.'°
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OAc
AcQ_odl 1,2,3,5,6-pent®-acetylf3-D-galactofuranose
AcO,
AcO_~ H 'H-NMR (400 MHz, CDC}, 25°C)
g H OAc

|
|I | ] ﬂ | h ' M\

S . e tnd SN ___N_..Jl W . vy

T Ty T

=

. E

11

100
T o1m

T T T T T T T T T T T T T T T T T T T T T T T T T
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f1 {ppm)

Figure 2. '"H-NMR (CDCL) spectra of 1,2,3,5,6-pen@acetyl-D-galactofuranosd3

The 2,3,5,6-tetr&®-acetylf3-galactofuranosyl azidé6 was then synthesised with good yield and
total stereocontrol using trimethylsilyl azide atiin tetrachloride employing the general

procedure described by Paulsen (Schemé £2).

AcO_gH FAC TMSN..SnCl, AcO_oHN:  MeONa' HO_oHN:
AcO,, AcQ,, HO,,
AcO_~ CH)Cly, rt.,24h  AcO g MeOHdry, N, HO g H,
H H OAc H H OAc OH

L
35 36 NOE 37

correlation

Scheme 12. Stereoselective synthesis of 2,3,5,6-t€racetyl{3-galactofuranosyl azidés and

of B-galactofuranosyl azide&

Zemplen’s deacetylation (Scheme 12), which afforttezl unprotected galactofuranosyl azide
37. The anomeric configuration 86 was established after NOE difference experiment870
showed a clear correlation between protons H1 eé@Aiyure3), and alsahe chemical shift of

C4in37 at 84.2 ppm is diagnostic for the furanose form.
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s -D-galactofuranosyl azide
HC,,
HOMI 'H-NMR (400 MHz, DO, 25°C)

correlation

T
4 5.3 5.2 5.1 5.0 4.9 4.8 4.7 4.6 4.5 4.4 4.3 4.2 4.1 4.0 3.9 38 3.7 36 35 3]
f1 {ppm)

Figure 3. 'H-NMR (D,O) spectra op-D-galactofuranosyl azida?

2.4.2 Arabinofuranose and Ribofuranose

The synthesis 040 and41, from the commercial availab88 *° and39 was performed using the
procedure described by Stimac and Kébeinder Paulsen’s conditions. The reaction afforded
high yields and an optimal stereoselectivity foe #ynthesis of-D-ribofuranosyl azidetl %
from 39. The structure ofil was confirmed by NOESY correlation between H1-kdl &igh
value of C4 79.2 ppm. The 2,3,5-@racetyla-L-arabinofuranosyl azidé0 was obtained from
38 in high yield, but required an additional purificen step by flash chromatography or re-
crystallization from hexane, to eliminate the d&ttlamount of 2,3,5-ti@-acetyl{3-L-
arabinofuranose28 formed during the reaction. The anomeric confiara of 40 was
characterized by NOESY correlation between H1-H5.
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OAc

AcO H_ 0 OAc TMSN;3, SnCly AcO H_.OAc o
+
OA _\M Acoml\%
c
Ao H CH,Cl,, 1.t., 24 h al HS OAc
38 40 28

AcO—™\ H oH TMSN;3, SnCly, AcO™\ H oH |’

AcO OAc CH,Cl,, r.t., 24 h AcO OAc
39 41

Scheme 13. Synthesis of 2,3,5-til®-acetyla-L-arabinofuranosyl azid40 and 2,3,5-tri©-

acetyl$-D-ribofuranosyl azidd1 *°

2.5 Unprotected glycosyl azides

2.5.1 General procedurefor the deprotection of peracetylated glycosyl azides

The deprotection of all acetylated glycosyl azides performed with the Zemplen’s procedure
(a solution of NaOMe in dry methanol was addedpai temperature and under nitrogen, to a
solution of peracetylated glycosyl azide in dry M&O This method afforded unprotected
glycosyl azides without further purifications (Soe 13).

AcQ_gH N; MeCNa* HO o H N;
AcC, HG,,
AcC_~ MeCH dry, N, HO_~
H H CAc g H CH
36 37

Scheme 13. Deacetylation of per-acetylated glycosyl azides
In the same way all the azides collected in Figureere prepared and used without further

purification. The synthesis of the a-galactofurgthezides46 is described in Chapter 6. Unless

otherwise stated all the sugar belong todteeries.
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a-L-fucopyranosyl azide
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N
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HO OH

53

B-ribofuranosyl azide

Figure 4. Unprotected glycosyl azides used in this thesis
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2.6 Experimental Section

Solvents were dried by standard procedures: diochiethane, and methanol were dried over
calcium hydride; hexane and tetrahydrofuran wereddover sodium; pyridine were dried over
activated molecular sieves. Reactions requiringydrdus conditions were performed under
nitrogen. *H and *C-NMR spectra were recorded at 400 MHz on a Bruk¢ ANCE-400
instrument. Chemical shiftd for *H and**C are expressed in ppm relative to internah$es
standard. Signals were abbreviated as s, singldirdad singlet; d, doublet; t, triplet; g, quartet
m, multiplet. Mass spectra were obtained with akBruon-trap Esquire 3000 apparatus (ESI
ionization). Optical rotationsf|p were measured in a cell of 1 dm pathlength and ¢apacity
with a Perkin-Elmer 241 polarimeter. Thin layer amatography (TLC) was carried out with
precoated Merck %4 silica gel plates. Flash chromatography (FC) wasied out with
Macherey-Nagel silica gel 60 (230-400 mesh).

Synthesis of 2,3,4,6-tetr a-O-acetyl-B-D-glucopyranosyl azide (1)

QCAc
AcQO Q N3
AcQ

OCAc

Trimethylsilyl azide (238uL, 1.79 mmol, 1.4 eq) and tin tetrachloride {45 0.384 mmol, 0.3
eq) were added, at room temperature and undergaittoto a solution of 1,2,3,4,6-per@a-
acetylb-glucopyranosel5 (500 mg, 1.28 mmol, 1 eq) in dry GEl, (2.56 mL, 0.5 M). The
reaction mixture was stirred at room temperatuigtthe reaction was monitored by TLC (60:40
hexane/AcOEt). After 24 h CGiEl, was added and the solution was washed with satlurate
NaCO; and then with water. The organic layer was drieer dNaSQ,, filtered and evaporated
under reduced pressure. The product was purifiedfléogh chromatography using 60:40
hexane/AcOEt as the eluent. Quantitative yield.

'H-NMR (400 MHz, CDC}, 25°C):6 = 5.20 (ddJz3 = J34 = 9.5 Hz, 1H, H-3), 5.08 (ddz 4 =
Ja5=9.5Hz, 1H, H-4), 4.94 (dd; = 8.9 Hz,J, 3= 9.5 Hz, 1H, H-2), 4.63 (d, .= 8.9 Hz, 1H,
H-1), 4.26 (ddJs = 4.7 Hz,Js ¢ = 12.5 Hz, 1H, H-6), 4.15 (dds ¢ = 2.3 Hz,Js ¢ = 12.5 Hz,
1H, H-6’), 3.78 (m, 1H, H-5), 2.08, 2.06, 2.01,9 @s, 12H, 4xOAcC).
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Synthesis of 2,3,4-tri-O-acetyl-B-D-fucosyl azide (14)

Trimethylsilyl azide (1.4 eq) and tin tetrachlorif@®3 eq) were added, at room temperature and
under nitrogen, to a solution of 1,2,3,4-teBacetylD-fucosel? (1 eq) in dry CHCI, (0.5 M).
The reaction mixture was stirred at room tempeeatind the reaction was monitored by TLC
(60:40 hexane/AcOEt). After 24 h GEl, was added and the solution was washed with satlrate
NaCO; and then with water. The organic layer was drieer NaSQ,, filtered and evaporated
under reduced pressure. The product was purifiedflésh chromatography using 60:40
hexane/AcOEt as the eluent/f§ ratio 10:90).Yield = 85 %

'H-NMR (400 MHz, CDC}, 25°C):6 = 5.30 (ddJs 4 = 3.6 Hz,J45 = 0.8 Hz, 1H, H-4), 5.18 (t,
Ji12= 8.8 Hz,Jo3= 10.4 Hz, 1H, H-2), 5.06 (ddz3 = 10.4 Hz J;4 = 3.6 Hz, 1H, H-3), 4.60 (d,
J12=8.8 Hz, 1H, H-1), 3.94 (dg,5= 0.8 Hz,J5 6 = 6.4 Hz, 1H, H-5), 2.22, 2.12, 2.02 (3s, 9H,
3x0ACc), 1.28 (dJs 6= 6.4 Hz, 3H, H-6).

Synthesis of 2,3,4,6-tetr a-O-acetyl-B-D-galactopyranosyl azide (13)

Procedure A

Trimethylsilyl azide (472uL, 3.58 mmol, 1.4 eq) and tin tetrachloride (90 0.768 mmol, 0.3
eq) were added, at room temperature and undergeittoto a solution of 1,2,3,4,6-pert@a-
acetylb-galactopyranosd6 (1 g, 2.56 mmol, 1 eq) in dry GBI, (6.12 mL, 0.5 M). The
reaction mixture was stirred at room temperatuttae reaction was monitored by TLC (60:40
hexane/AcOEt). After 24 h CGiEl, was added and the solution was washed with satlurate
NaCOs; and then with water. The organic layer was drieer NaSQO,, filtered and evaporated
under reduced pressure. The product was purifiedfléogh chromatography using 60:40

hexane/AcOEt as the eluent. Quantitative yield.
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ProcedureB

A suspension ob-galactose (1.8 g, 10.0 mmol, 1 eq) in acetic andgd4.82 mL, 51.0 mmol,
1.02 eq) was placed in an ice bath with continustirsing. HBr/AcOH (30%, 2.7 mL, 10.0
mmol, 1 eq) was added in one portion to the colgpsaosion of the reaction mixture. An
exothermic reaction started immediately and thetr@a mixture was allowed to stir at room
temperature until a clear solution was obtainegr@a 15 min.). The reaction mixture was
cooled to 0°C, additional HBr/AcOH (30%, 5.4 mL,.@0nmol, 2 eq) was added slowly, and
stirring was continued for 2 h at room temperatéféer completion of the reaction (monitored
by TLC; hexane/AcOEt 50:50), solvents were remaweder reduced pressure and coevaporated
with toluene. Sodium azide (1.3g, 20 mmol), tettglaammonium hydrogen sulfate (TBAHS)
(510 mg, 1.5 mmol) and ag. pO; (1 M, 70 mL) were added successively to a solutibthe
crude mass in Cil, (50mL) and the two phase reaction mixture was albwo stir vigorously

for another 1.5 h. The reaction mixture was dilutgth CH,CI, (50mL). The organic layer was
separated and washed with water, dried,@@3), and concentrated under reduced pressure. The
product was purified by flash chromatography ugbg35 hexane/AcOEt as the eluent. Yield.=
85 %

'H-NMR (400 MHz, CDC}4, 25°C):0 = 5.42 (ddJs4 = 3.2 Hz,J45 = 1.2 Hz, 1H, H-4), 5.16 (q,
Ji12=8.4 Hz,J,3= 10.4 Hz, 1H, H-2), 5.03 (ddp 3= 10.4 Hz,J3 4= 3.2 Hz, 1H, H-3), 4.59 (d,
Ji2= 8.4 Hz, 1H, H-1), 4.20-4.12 (m, 2H, H-6, H-6),04 (dt,J45 = 1.2 Hz, 1H, H-5), 2.16,
2.10, 2.07, 1.98 (4s, 12H, 4xOAEJC-NMR (100 MHz, CDGY, 25°C):6 = 170.6, 170.3, 170.2,
169.6, 88.5 (C-1), 73.1 (C-5), 70.9 (C-3), 68.3C67.1 (C-4), 61.4 (C-6), 20.9-20.7 (4xOAC).

Synthesis of 3,4,6-tri-O-acetyl-2-N-acetyl-2-deoxy-a-D-glucopyranosyl chloride (22)

OAc
AcO 0
AcO
AcHN

Cl

A suspension oN-acetylglucosamine hydrochlorid28 (510 mg, 2.3 mmol, 1 eq) in acetyl

chloride (37.7 ml) was prepared at room temperafline solution was cooled to 0 °C and dry
MeOH (500puL) was added. After 24 h the starting material wampletely consumed. The

solution was stirred at room temperature for 206sdd@y.C: AcOEt). The solvent was evaporated
under reduced pressure. The crude product waswiigalit further purification.
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'H-NMR (400 MHz, CDC}, 25°C):8 = 6.20 (dJ; 2 = 3.6 Hz, 1H, H-1), 5.89 (dp-n = 7.3 Hz,
1H, NH), 5.34 (ddJ>.3 = J3.4= 9.5 Hz, 1H, H-3), 5.23 (dda.4 = Jss = 9.5 Hz, 1H, H-4), 4.55 (m,
1H, H-2), 4.32-4.25 (m, 2H, H-5, H-6), 4.14 (m, 1H;6), 2.11, 2.06 (2), 1.99 (4s, 12H,
4x0Ac). ®C-NMR (100 MHz, CDCJ, 25°C):6 = 171.4, 170.5, 170.1, 169.1, 93.6, 70.9, 70.1,
66.9, 61.2, 53.5, 23.1, 20.7, 20.5.

Synthesis of 3,4,6-tri-O-acetyl -2-N-acetyl-2-deoxy-B-D-glucopyranosyl azide (21)

CAc
C
AcQC
Ac(ﬁ/N3

AcHN

Procedure A

A solution of 3,4,6-tri©-acetyl-2N-acetyl-2-deoxya-D-glucopyranosyl chlorid®2 (25.6 mg,
0.07 mmol, 1 eq) containing sodium azide (13.4 @081 mmol, 3 eq) and tetrabutylammonium
hydrogensulfate (23.8 mg, 0.07 mmol, 1 eq) in,CH (256 pL) was prepared at room
temperature. Saturated NaHE@56 uL) was added and the mixture was stirred vigorofsty

1 h; the reaction was monitored by TLC (AcOEt). Thixture was diluted with AcCOEt and
washed with water, saturated NaH{C&hd brine. The organic layer was dried over3@,
filtered and the solvent was evaporated under estipeessure. Yield.= 91 %

Procedure B

At room temperature and under nitrogen, a solubib8,4,6-tri-O-acetyl-2N-acetyl-2-deoxya-
D-glucopyranosyl chlorid@2 (18.7 mg, 0.051 mmol, 1 eq) containing sodium @ZtD.0 mg,
0.153 mmol, 3 eq) in dry dimethylformamide (5100) was prepared. The mixture was heated to
70 °C and stirred for 3 h. The reaction was moedoby TLC (AcOEt). The solvent was then
evaporated under reduced pressure. The residugakas up with AcCOEt and washed with
water. The organic layer was dried over,81@,, filtered and the solvent was evaporated under
reduced pressure. Yield = 90 %

'H-NMR (400 MHz, CDC}4, 25°C):6 = 5.86 (d,Jo.nt = 8.8 Hz, 1H, NH), 5.27 (ddl 3= Js4 =

9.8 Hz, 1H, H-3), 5.11 (ddlz 4 = J45 = 9.8 Hz, 1H, H-4), 4.79 (dl, > = 9.2 Hz, 1H, H-1), 4.28
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(dd, Js.6 = 4.7 Hz,Jse = 12.4 Hz, 1H, H-6), 3.75 (dds ¢ = 1.5 Hz,Js¢ = 12.4 Hz, 1H, H-6),
3.94 (m, 1H, H-2), 4.32-3.82 (m, 1H, H-5), 2.1103.2.04, 1.99 (4s, 12H, 4xOAC).

3C-NMR (100 MHz, CDCJ, 25°C):s = 170.9, 170.7, 170.5, 169.3, 88.4, 73.9, 72.2] 681.9,
54.2, 23.2, 20.7, 20.6, 20.5.

General procedurefor the synthesis of 1,2,3,5-tetra-O-acetyl-f3-L-ar abinopyranose (26) and
1,2,3,5-tetr a-O-acetyl-B-D-ribopyranose (27)

Acetic anhydride (10 eq) and a catalytic amounNM-dimethylaminopyridine were added, at
room temperature, to a solution of subst(ateq) in pyridine dried on molecular sieves (0.1 M
The solution was stirred for 24 h and then was eotrated in vacuo. The residue was dissolved
in AcOEt and washed with aqueous 5 % HCI, aqueots RaHCQ and water. The organic
layer was dried over N8O, and concentrated to give the product in quanigagiield. The
crude product was used without further purification

General procedure for the synthesis of 2,3,5-tri-O-acetyl-B-L-arabinopyranosyl azide (28)
and 2,3,5-tri-O-acetyl-B-D-ribopyranosyl azide (29)

Trimethylsilyl azide (1.4 eq) and tin tetrachlorif@®3 eq) were added, at room temperature and
under nitrogen, to a solution of substrator 27 (1 eq) in dry CHCI, (0.5 M). The reaction
mixture was stirred at room temperature and thetigga was monitored by TLC (60:40
hexane/AcOEt). After 24 h CGiEl, was added and the solution was washed with satlurate
NaCO; and then with water. The organic layer was drieer dNaSQ,, filtered and evaporated

under reduced pressure.
2,3,4-tri-O-acetyl-B-L-ar abinopyranosyl azide (28)
CAc

C
AcQO ml\h

AcQO

The compound was purified by flash chromatograiexéne/acetone 80:20) yield = 75 %.
'H-NMR (400 MHz, CDC}, 25°C):6 = 5.29 (dddJs 4= 3.6 Hz,Js5= 1.6 Hz,Js 5= 2.8 Hz, 1H,
H-4), 5.15 (ddJ; = 8 Hz,J, 3= 9.6 Hz, 1H, H-2), 5.05 (dd, 3= 9.6 Hz,J3 4= 3.6 Hz, 1H, H-3),
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4.58 (d,J;.= 8 Hz, 1H, H-1), 4.11 (ddly5= 2.8 Hz,Js5 = 13.2 Hz, 1H, H-5), 3.73 (ddys =
1.6 Hz,Js5 = 13.2 Hz, 1H, H-5), 2.16, 2.09, 2.02 (3s, 9H, ). *C-NMR (100 MHz,
CDCls, 25°C):6 = 170.4, 170.2, 169.6, 88.7 (C-1), 70.4 (C-3)pG&-2), 67.8 (C-4), 65.8 (C-5),
21.1-20.8 (3xOAc). NOESY (400 MHz, CD4£R5°C): contact between H-1/H-3. ESI-M$&/z
324.1 (M+Na).

QAc o 2,3,4-tri-O-acetyl-L-arabinopyranosyl azide
Acoml\h IH-NMR (400 MHz, CDC}, 25°C)
AcO
| ‘u
J ||.,,4._,‘ ) L, JI'\,______,,_,\. J'JI‘._ |UL N l_J_J H‘IIRJ IILI._
T T T T
I 5I_3 I 5.‘]. I 4?9 I 4?? I 4‘.5 I 4_I3 I ‘1?1 I 3!9 IH |r3l? 1]' 3.‘5 I 3?3 I 3?]. I Zl_g I 2?? I 2?5 I 2!3 I 2‘.]. I

2,3,4-tri-O-acetyl-B-D-ribopyranosyl azide (29)

QO
Acom
N;
CAc

QCAc

The compound was purified by flash chromatograiexéne/acetone 80:20) yield = 65 %.
'H-NMR (400 MHz, CDC}4, 25°C):6 = 5.48 (t,J»3= 3.2 Hz, 1H, H-3), 5.15-5.06 (m, 2H, H-1,
H-4), 4.86 (ddJ1 2= 6.4 Hz,J, 3= 3.2 Hz, 1H, H-2), 4.07 (dds5 = 4 Hz,Js5 5= 12 Hz,1H, H-5),
3.85 (dd,Js5 = 3.2 Hz,Js 5 = 12 Hz, 1H, H-5"), 2.11, 2.08, 2.06 (3s, 9H, 3XQAESI-MS:nVz
324.1 (M+NQ).
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o)
Aco%/N3 2,3,4-tri-O-acetylf3-L-ribopyranosyl azide
OAc

OAc 'H-NMR (400 MHz, CDC}, 25°C)

e JL_IA_JL | A
P

T T T

= =

o1
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72 70 6B 66 64 62 60 58 56 54 52 50 48 46 44 42 40 3B 36 34 32 30 28 26 24 22 12
f1 {ppm)

Synthesis of 2,3,4,6-tetr a-O-acetyl-B-D-glucopyranosyl chloride (30)

QCAc
AcC Q Cl
AcQ

AcC

Aluminium trichloride (85.4 mg, 0.64 mmol, 0.5 egas added, at room temperature and under
argon, to a solution of 1,2,3,4,6-pe@aacetyl{3-D-glucopyranosel5 (500 mg, 1.28 mmol, 1
eq) in dry CHCI, (2.56 mL, 0.5 M). Aluminium trichloride graduallgisappeared and was
replaced by a fine white precipitate. After 2 he thixture was filtered into a large volume (50
mL) of dry hexane. The resulting white precipitatas filtered on celite and washed with dry
CH.CI; (2.5 mL) and 60:40 hexane/AcOEt (50 mL). The solwgas evaporated under reduced

pressure and the crude product was used withatlefupurification.

Synthesis of 2,3,4,6-tetr a-O-acetyl-a-D-glucopyranosyl azide (2)

OCAc
AcC Q
AcQ
AcC N;

42



Chapter 2

At room temperature and under nitrogen, trimetiylsizide (108uL, 0.820 mmol, 1.4 eq) and
tetrabutylammonium fluoride (1 M in THF, 820, 1.4 eq) were added to a solution of 2,3,4,6-
tetraO-acetylf3-D-glucopyranosyl chlorid80 (215 mg, 0.586 mmol, 1 eq) in dry THF (8.2 mL,
0.1 M). The solution was heated to 65 °C and stifog 30 h. The reaction was monitored by
TLC (60:40 hexane/AcOEt). The solvent was evapdratader reduced pressure and the crude
was purified by flash chromatography using 65:3%ame/AcOEt as the eluent.

Yield = 69 % (over 2 steps)/[3 ratio 89:11

'H-NMR (400 MHz, CDC}4, 25°C):6 = 5.62 (d,J1.» = 4.3 Hz, 1H, H-1), 5.40 (dd, 3 = 10 Hz,
Js3.4=9.8 Hz, 1H, H-3), 5.06 (ddz4 = Js5= 9.8 Hz, 1H, H-4), 4.96 (dd; .= 4.3 Hz,J,3= 10
Hz, 1H, H-2), 4.29 (dd)s = 4.7 Hz,Js s = 12.4 Hz, 1H, H-6), 4.19-4.12 (m, 2H, H-5 and H-6
2.11, 2.10, 2.05, 2.03 (4s, 12H, 4xOAc).

13C-NMR (100 MHz, CDC}, 25°C):d = 170.5, 169.9, 169.4, 86.2 (C-1), 70.1 (C-5)66&--4),
69.5 (C-2), 67.9 (C-3), 61.5 (C-6), 20.6, 20.652@0.5 (4xOAC).

Synthesis of 2,3,4,6-tetr a-O-acetyl-a-D-galactopyranosyl azide (31)

AcO CAc
@
AcC
AcQ N,

See procedure for the synthesis of 2,3,4,6-©tacetyla-D-glucopyranosyl azide2. The
compound was purified by flash chromatography (hexacOEt 60:40) Yield = 62 % (over 2
steps)a/p ratio 75:25

'H-NMR (400 MHz, CDC}, 25°C):d = 5.65 (d,J1» = 3.6 Hz, 1H, H-1), 5.45 (ddjz4 = 3 Hz,
Jas= 1.2 Hz, 1H, H-4), 5.24 (ddy 3= 10.8 HzJ3 4 = 3 Hz, 1H, H-3), 5.19 (ddl; = 3.6 Hz,J> 3
=10.8 Hz, 1H, H-2), 4.35 (df, 5 = 1.2 Hz, 1H, H-5), 4.15-4.07 (m, 2H, H-6, H-&)14, 2.10,
2.06, 1.99 (4s, 12H, 4xOAc)’C-NMR (100 MHz, CDQ, 25°C): 6 = 170.5, 170.3, 170.1,
169.9, 86.9 (C-1), 68.7 (C-5), 67.8 (C-4), 67.52C67.4 (C-3), 61.6 (C-6), 21.2, 20.8, 20.7
(4xOAC).
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2,3,4-tri-O-acetyl-a-L-ar abinopyranosyl azide (32)

CAc

)
AcQC
A

cC N3

See procedure for the synthesis of 2,3,4,6-©tacetyla-D-glucopyranosyl azide2. The

compound was purified by flash chromatography (hex&acOEt 70:30).

'H-NMR (400 MHz, CDC}, 25°C):6 = 5.59 (d,J12 = 3.2 Hz, 1H, H-1), 5.33 (gks= 1.4 Hz,

Jas = 2.4 Hz, 1H, H-4), 5.27-5.20 (m, 2H, H-2, H-3)0&.(dd,Js 5= 1.4 Hz,Js5 = 13 Hz, 1H,

H-5), 3.80 (dd )45 = 2.4 Hz,Js 5 = 13 Hz, 1H, H-5'), 2.14, 2.11, 2.02 (3xOA&JC-NMR (100

MHz, CDCk, 25°C):0 = 170.4, 170.3, 170, 87.4 (C-1), 68.7 (C-4), 6B1662.7 (C-5), 21.1-
20.8 (3xOAC).

OAc . . .
0 2,3,4-tri-O-acetyla-L-arabino-pyranosyl azide
AcO 'H-NMR (400 MHz, CDC}, 25°C)

AcQ N
3

U| I Ul

S SN UL JUL et Wb

T T PR Y
5_IB SIEu 5?4 5!2 5I_U 4?8 4?5 4_I'I 4!2 4?[] 3?8 3I.ﬁ 3!4 3?2 3_IU ZI.S 2!6 2?4 Z_IE ZfD
f1 (ppm)
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2,3,4-tri-O-acetyl-a-D-fucosyl azide (18)

QAc

QAc
CAc
Me C

Ns

Obtained as by-prodouct from the synthesis oftfiecosyl azide. Yield = 10%

'H-NMR (400 MHz, CDCY4, 25°C):6 = 5.59 (d,J1.2 = 4 Hz, 1H, H-1), 5.29 (ddls 4 = 3.2 Hz,
Jas= 1.2 Hz, 1H, H-4), 5.24 (ddz 3= 10.8 HzJ3 4 = 3.2 Hz, 1H, H-3), 5.18 (ddy 2= 4 Hz,J23

= 10.8 Hz, 1H, H-2), 4.27 (ds6 = 6.4 Hz, 1H, H-5), 2.15, 2.01, 1.98 (3s, 9H, 33PAL.17 (d,
Js = 6.4 Hz, 3H, H-6)*3C-NMR (100 MHz, CDC}, 25°C):6 = 170.6, 170.4, 170, 87.2 (C-1),
70.8 (C-4), 67.8, 67.7, 67.1 (C-5), 20.9-20.8 (3xPA 6.1 (C-6).

CAc
y cgc cac  2,3,4-tri-O-acetyla-D-fucopyranosyl azide
€

L 'H-NMR (400 MHz, CDC}4, 25°C)

\
|

|
‘ . e . _.'.._. . il J.‘Il |U-I.. |'J._lz' I\___ i st e ]

P A T T
= L = =1

m

T T T
B 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 14
f1 {nom

Synthesis of 1,2,3,5,6-penta-O-acetyl-f3-D-galactofur anose (35).

\H CAc

AcO_
AcC,,
AcC . H

o H OAc
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D-Galactose (10g, 5,5 mmol, 1 eq) was heated wtidme (150 mL) for 1 h at 100°C. The
temperature was lowered to 60°C, and acetic antgdi33.12 mL, 35.2 mmol, 6.4 eq) was
added dropwise. The mixture was kept for 1.5 hG&C6 and, after 24 h at room temperature, it
was quenched into ice-water (precipitation of pgdacetylf3-D-galactopyranose). The solution
was extracted with AcOEt (2x250 mL) and washed vatjueous 5 % HCI, aqueous 5 %
NaHCQ; and water. The organic layer was dried ovepS@, filtered and evaporate under
reduced pressure to give an orange oil. The oil dssolved in MeOH, then water was added
until the cloud point was reached. The solution w@aling at 4°C overnight, and the resulting
white solid was filtered (pent@-acetyl{3-D-galactopyranose); the solvent was evaporated under
reduced pressure, the oil was dissolved in isopralpahen water was added until the cloud
point was reached, and the resulting white solid fieered: yield = 36 %

'H-NMR (400 MHz, CDC}, 25°C):6 = 6.18 (s, 1H, H-1), 5.36 (m, 1H, H-5), 5.18 (kl, H-4),
5.08 (d,J = 5.6 Hz, 1H), 4.38-4.31 (m, 2H, H-6), 4.24-4.19, (thl, H-6"), 2.12-2.03 (m, 15H,
5x0Ac). *C-NMR (100 MHz, CDG, 25°C):6 = 170.7, 170.2, 169.9, 169.6, 169.2, 99.3 (C-1),
82.3, 80.7 (C-4), 76.5, 69.4 (C-5), 62.7 (C-6),1220.8 (5xOAC).

OAc
AcQ_odl 1,2,3,5,6-pent®-acetylf3-D-galactofuranose
AcO,
AcOw_ H 1H-NMR (400 MHz, CDC}, 25°C)
g H OAc

| |
| |r‘ | w ) L“WN

Y L VY Y | U T Y e W M i P L

Ji
T T T T

~

W
&

11

100

T T T T T T T T T T T T T T T T T T T T T T T T T
74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 3B 36 34 32 30 28 26 24 22 20
f1 (ppm)
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Synthesis of 2,3,5,6-tetr a-O-acetyl-B-D-galactofuranosyl azide (36).

AcQ_gHNs

AcC,,
AcC - H

0 H OAc

Trimethylsilyl azide (154uL, 1.16 mmol, 1.4 eq) and tin tetrachloride (2QL1 0.25 mmol, 0.3
eq) were added, at room temperature and undergaittoto a solution of 1,2,3,4,6-per@a-
acetylb-galactofuranos&3 (324 mg, 0.83 mmol, 1 eq) in dry @QEl, (3.3 mL, 0.5 M). The
reaction mixture was stirred at room temperatuigtthe reaction was monitored by TLC (60:40
hexane/AcOEt). After 24 h GiEl, was added and the solution was washed with satlurate
NaCO; and then with water. The organic layer was drieer dNaSQ,, filtered and evaporated
under reduced pressure. The product was purifiedflésh chromatography using 60:40
hexane/AcOEt as the eluent. Yield = 90 %

'H-NMR (400 MHz, CDC}, 25°C):6 = 5.42 (s, 1H, H-1), 5.40-5.35 (m, 1H, H-5), 5(@8, J, 5

= 5.2 Hz,J34= 2.8 Hz, 1H, H-3), 4.95 (tls 4= 2.8 Hz, 1H, H-4), 4.39-4.32 (m, 2H, H-2, H-6),
4.19 (ddJs ¢ = 6.8 Hz,Js = 11.6 Hz, 1H, H-6"), 2.16, 2.14, 2.12, 2.06 (48H14xOAc).*C-
NMR (100 MHz, CDC4, 25°C):6 = 170.6, 170.1, 169.9, 169.7, 94.3 (C-1), 82.2J(81.1 (C-
4), 76.5 (C-3), 69.4 (C-5), 62.5 (C-6), 20.9-201XQAC). ESI-MS:m/z 396.2 (M+N3).

N
AQ_odl 17 2,3,5,6-tetra@-acetylf3-D-galactofuranosyl azide
AcO,,
AcOM 'H-NMR (400 MHz, CROD, 25°C)
g H OAc

T T T T
70 6.5 6.0 5.
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2,3,5-tri-O-acetyl-a-L-ar abinofur anosyl azide (40)

AcC/\ H_gOAc
Nj

AcC H

See procedure for the synthesis of 2,3,5,6-@taxetyl{3-D-galactofuranosyl azid&86. The
compound was purified by flash chromatography (hexacetone 80:20 or crystallization in
hexane) Yield = 80 %

'H-NMR (400 MHz, CDC}, 25°C):6 = 5.45 (s, 1H, H-1), 5.02 (dd= 2.8 Hz,J= 1.2 Hz, 1H,
H-3), 4.99 (s, 1H, H-2), 4.45-4.38 (m, 2H, H-4, }-8.27-4.20 (m, 1H, H-5), 2.13, 2.12, 2.10
(3s, 9H, 3xOAc)*C-NMR (100 MHz, CDCJ, 25°C):¢ = 170.7, 170.2, 169.7, 94.5 (C-1), 82.6
(C-4), 78.3 (C-3), 81.1 (C-2), 77.1 (C-3), 63.25521-20.9 (3xOAC).

AcO™\ H_.OAc 2,3,5-tri-O-acetyla-L-arabinofuranosyl azide
d 'H-NMR (400 MHz, CROD, 25°C)

AcO H ’

| l
_—— uw" \J‘K_ _._,-L'l ‘-M_—l I- L-Jj l‘u\_

T Ty T T
SIS I 5!3 I 5I1. I 4!9 I 4I]" I 4I_5 I 4?3 I 4?1. I 3_IQ I 3?? I 3?5 I 3]3 I 3?1 I 2!9 I 2?? I 2?5 I 2!3 I 2.IL
f1 (ppm)
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Synthesis of 2,3,5-tri-O-acetyl-B-D-ribofuranosyl azide (41)

N;

AcQ —\w

AcO  OAc

See procedure for the synthesis of 2,3,5,6-Btacetyl{3-D-galactofuranosyl azid&6. The
compound was purified by flash chromatography (hexacetone 80:20) Yield = 94 %

'H-NMR (400 MHz, CDC}, 25°C):6 = 5.35 (dJ12= 2.0 Hz, 1H, H-1), 5.32 (dd, 3= 4.8 Hz,
J34= 6.8 Hz, 1H, H-3), 5.13 (dd; = 2 Hz,J, 3= 4.8 Hz, 1H, H-2), 4.41 (dd,5= 3.2 Hz,J5 5
=12 Hz, 1H, H-5), 4.35 (ddd3 4= 6.8, Hz,Js5= 3.2 Hz,J45 = 4.4 Hz, 1H, H-4), 4.14 (dd, 5

= 4.4 Hz,Js5= 12 Hz, 1H, H-5'),2.12, 2.11, 2.07 (3s, 9H, 3XxOAX-NMR (100 MHz, CDG},
25°C):0 = 170.7, 169.7, 169.5, 92.8 (C-1), 79.5 (C-4)67€-2), 70.6 (C-3), 63.2 (C-5), 20.8,
20.7, 20.6 (3xOAc). NOESY (400 MHz, CDLR5°C): contact between H-1/H-4.

A0\ H oH N; 2,3,5-tri-O-acetyl3-D-ribofuranosyl azide
'H-NMR (400 MHz, CROD, 25°C)
AcO OAc

General procedurefor the deprotection of peracetylated glycosyl azides.

A solution of NaOMe 0.1M in dry methanol (0.5 ecgsvadded, at room temperature and under

nitrogen, to a solution of peracetylated glycosgitlas (1eq) in dry MeOKD.1 M). The mixture
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was stirred at room temperature. After 45 minuté€ Tmonitoring (eluents: hexane/AcOEt
50:50 and CHGIMeOH 80:20) showed total consumption of the gtgrtnaterial, the acid resin
Amberlyst IRA 120 H was added. The mixture was stirred for 30 mingpés = 3). The resin
was filtered and washed with MeOH, the solvent wersoved under reduced pressure. The

product, isolated in quantitative yield, was usetheut further purification

-D-glucopyranosyl azide (10)

CH
Q
HO
H@/T\h

HGC

'H-NMR (400 MHz, CROD, 25°C):5 = 4.48 (d,J.>= 8.8 Hz, 1H, H-1), 3.87 (ddse= 2 Hz,
Jo.s = 12 Hz, 1H, H-6), 3.67 (ddks¢ = 5.6 Hz,Js¢ = 12 Hz, 1H, H-6"), 3.38-3.31 (m, 2H, H-3,
H-5), 3.30-3.25 (m, 1H, H-4), 3.13 (4, = 8.8 Hz, 1H, H-2)*C-NMR (100 MHz, CROD,
25°C):6 = 92.2 (C-1), 80.3 (C-5), 78.3 (C-3), 74.9 (C2),3 (C-4), 62.7 (C-6).

[3-D-fucosyl azide (50)
CH

OH
CH
Me Q N,

'H-NMR (400 MHz, CROD, 25°C):6 = 4.41 (d,J.»= 8 Hz, 1H, H-1), 3.73 (gJs6= 6.4 Hz,
1H, H-5), 3.64 (dJs5= 1.6 Hz, 1H, H-4), 3.47-3.41 (m, 2H, H-2, H-3)29.(d, Js 6= 6.4 Hz,
3H, H-6).*C-NMR (100 MHz, CROD, 25°C):d = 92.5 (C-1), 75.3, 74.4 (C-5), 73 (C-4), 71.9,
16.9 (C-6).

[3-D-galactopyranosyl azide (43)

50



Chapter 2

'H-NMR (400 MHz, CROD, 25°C):5 = 4.42 (dJ.2= 8 Hz, 1H, H-1), 3.86 (ddls 5= 2 Hz, 1H,
H-4), 3.77 (ddJs 6= 6.4 Hz,Js¢ = 11.6 Hz, 1H, H-6), 3.70 (ddse = 5.2 Hz,Js¢ = 11.6 Hz,
1H, H-6"), 3.61 (dtJss= 2 Hz,Js 6= 6.4 Hz,J56 = 5.2 Hz, 1H, H-5), 3.52-3.46 (m, 2H, H-2, H-
3). ¥C-NMR (100 MHz, CROD, 25°C):é = 92.8 (C-1), 79 (C-5), 75.1, 72.1, 70.4 (C-4),662
(C-6).

2-N-acetyl-2-deoxy-f-D-glucopyranosyl azide (42)

'H-NMR (400 MHz, CROD, 25°C):6 = 4.48 (dJ; 2= 9.2 Hz, 1H, H-1), 3.88 (dds 6= 1.6 Hz,
Jss = 12 Hz, 1H, H-6), 3.72-3.64 (m, 2H, H-2, H-6), 3.4, J= 10 Hz, 1H, H-3), 3.37-3.32 (m,
2H, H-4, H-5), 1.98 (s, 3H, OAc}*C-NMR (100 MHz, CROD, 25°C):é = 173.9, 90.3 (C-1),
80.5 (C-5), 75.9 (C-3), 71.8 (C-4), 62.8 (C-6),%6C-2), 23 (CH).

CH
HO ﬁ\/N 2-N-acetyl-2-deoxyB-D-glucopyranosyl azide
HO 3 1 °
AHN H-NMR (400 MHz, CROD, 25°C)
ﬂ_r;ll l'\h . __’_)Ul J|1L‘|'|‘ - __‘Hl.rﬁui______J’ljrll,iu.;liw ‘k_ I J.“_J,.l IL
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[-L-arabinopyranosyl azide (48)

o)
HO N3

CH

Chapter 2

'H-NMR (400 MHz, CROD, 25°C):d = 4.44 (t,J1,= 8 Hz, 1H, H-1), 3.95 (ddl.5= 2.4 Hz,
Js5= 12.4 Hz, 1H, H-5), 3.88 (ds5 = 1.6 Hz, 1H, H-4), 3.67 (dds5 = 1.6 Hz,Js5= 12.4 Hz,
1H, H-5"), 3.59-3.54 (m, 2H, H-2, H-3Y*C-NMR (100 MHz, CROD, 25°C):d = 92.8 (C-1),

74.5,72.1, 70 (C-4), 69.7 (C-5).

CH . :
0 B-L-arabinopyranosyl azide
HomNz 'H-NMR (400 MHz, CROD, 25°C)
CH
1
'| | IR M
! | 'Jllll I| | | | | | | |
,_h_,_/ IL ) _ R __,' lx-' I-x _,__Jl L | I\_.I (N W J l'ul A
I LT )
‘IIQ ‘IIB 4?? 4IE 4I5 4!4 4?3 ‘I!Z 4!1 4fl} 3_I‘3 3I_8 3I_? 3?6 3!5 3?4 3?3 3_I2 3I].
f1 (ppm)

[3-D-ribopyranosyl azide (45)

O
Hom
N;
CH

CH

'H-NMR (400 MHz, CQOD, 25°C):6 = 5.04 (d,J; = 6 Hz, 1H, H-1), 3.99 ()= 2.4 Hz, 1H,
H-4), 3.93-3.79 (m, 3H, H-3, H-5, H-5'), 3.48 (di{,,= 6 Hz,J= 2.8 Hz, 1H, H-2)"*C-NMR
(100 MHz, CROD, 25°C):6 = 90.8 (C-1), 72.2 (C-2), 70 (C-4), 69.4 (C-3), 6@55).
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HO C -D-ribopyranosyl azide
N
w ’ 'H-NMR (400 MHz, CQOD, 25°C)
CH
H | |
| | ﬁ' rr
_Jldlk___,.u,'l ll'\..\ o - | I*--___ILFL|L L'L,__,_—,ll e |'L_,
Efl STD 4I.9 'ITB 4!? 4?6 4!5 4?4 4!3 412 4!1. 4!D 3!9 3!3 3I.? 3!6 3?5 3I4 3?3 3I2
f1 (ppm)

a-D-glucopyranosyl azide (7)

OH
HO Q
HO
HO N,

'H-NMR (400 MHz, DO, 25°C):d = 5.46 (dJ1= 4 Hz, 1H, H-1), 3.81 (ddls ¢ = 12 Hz,J5 6=

5.5 Hz, 1H, H-6), 3.72 (m, 1H, H-6"), 3.68 (t= 5.2 Hz,Js4= 12 Hz,J,5= 9.6 Hz, 1H, H-4),
3.58 (dd,J = 4 Hz,ds5= 9.6 Hz,Js6= 5.5 Hz, 1H, H-5), 3.51 (th>= 4 Hz,J, 5= 18.4 Hz, 1H,
H-2), 3.33 (tJ3= 18.4 Hz,J; 4= 5.2 Hz, 1H, H-3).

13C-NMR (100 MHz, DO, 25°C):6 = 89.2 (C-1), 73.8 (C-4), 72.7 (C-5), 70.7 (C€9,2 (C-3),
60.5 (C-6).

a-D-galactopyranosyl azide (47)
HO _OH
0
HO
HO

'H-NMR (400 MHz, DO, 25°C): = 5.48 (dJ1 2= 4.4 Hz, 1H, H-1), 3.99 (1= 6 Hz, 1H, H-5),
3.90 (d,J= 3.2 Hz, 1H, H-4), 3.84 (d; 2= 4.4 Hz,J, 3= 10.2 Hz, 1H, H-2), 3.71-3.64 (m, 3H,
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H-3, H-6, H-6"). ®C-NMR (100 MHz, BO, 25°C):6 = 89.4 (C-1), 73.1 (C-5), 69.2 (C-3), 69

(C-4), 67.6 (C-2), 61.2 (C-6).

a-L-arabinopyranosyl azide (51)

'H-NMR (400 MHz, CROD, 25°C):6 = 5.32 (d,J. 2= 4 Hz, 1H, H-1), 4.02-3.93 (m, 3H, H-2,

69.5, 66.4 (C-5).

H-5), 3.81-3.77 (m, 2H, H-5"}°*C-NMR (100 MHz, CROD, 25°C):6 = 91.5 (C-1), 70.9, 70.5,

a-L-arabinopyranosyl azide

'H-NMR (400 MHz, CROD, 25°C)

47 46 45

T
44 43
f1 (ppm)
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'H-NMR (400 MHz, CROD, 25°C):é = 5.32 (d,J1 2= 4.4 Hz, 1H, H-1), 4.03 (gls6= 6.8 Hz,
1H, H-5), 3.86 (ddJ1>= 4.4 Hz,J, 3= 10 Hz, 1H, H-2), 3.66 (dls 4= 3.2 Hz, 1H, H-4), 3.62
(dd, J23= 10 Hz,J34= 3.2 Hz, 1H, H-3), 1.24 (dkc= 6.8 Hz, 3H, H-6)"*C-NMR (100 MHz,
CD;0D, 25°C):0 = 92.4 (C-1), 73.4 (C-4), 71.5 (C-3), 70.2 (C-5),%6C-2), 16.8 (C-6).

OH
N 02‘ OH a-D-fucopyranosyl azide
(§]
H-NMR (400 MHz, CROD, 25°C)
N;
| \‘ | |

I /' | I I
R R i V. S D W i S S S ) W . — T rred e}

T ot T
514 5:2 5‘.0 4‘.8 4‘.6 4‘.‘1 4‘.2 4.‘0 3.‘8 3.6 31‘1 3.2 3:[? 213 215 214 2:2 2f|} lfB 115 114 112

fl (ppm)

[3-D-galactofuranosyl azide (37)

HO_oH N3

HO,
HO = H

H H OH

'H-NMR (400 MHz, DO, 25°C):6 = 5.31 (d J; 2= 2.8 Hz, 1H, H-1), 4.06 (ABX system, part A
dd, J,3=4 Hz,J34= 10 Hz 1H, H-3), 4.01 (ABX system, part B, dd,= 10.4 Hz,J;5= 4.4 Hz,
1H, H-4), 3.94 (ABX system, part X, dd = 2.8 Hz,J,3= 3.6 Hz, 1H, H-2), 3.80-3.73 (ddd,
Jas= 4.4 Hz,Js 6= 7.2 Hz,J5 6= 4.8 Hz, 1H, H-5), 3.64 (dds¢= 4.8 Hz,Js 6= 11.6 Hz, 1H, H-
6), 3.57 (ddJs¢ = 7.2 Hz,Js ¢ = 11.6 Hz, 1H, H-6")**C-NMR (100 MHz, RO, 25°C):5 = 95.3
(C-1), 84.2 (C-4), 80.6 (C-2), 76.4 (C-3), 70.7 §§3-62.6 (C-6). ¢]°25 = -153 (c 1, MeOH).
NOESY (400 MHz, DO, 25°C): contact between H-1/H-3.
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HO gy B-D-galactofuranosyl azide
HOW 'H-NMR (400 MHz, BO, 25°C)
4 H OH
“ lfM 'M
1 ____J.'H'-\_ | - JJ_, O
I N R R A N R R N N I A

a-L-arabinofuranosyl azide (49)

HO— H _oOH
N;

HC H

'H-NMR (400 MHz, CROD, 25°C):6 = 5.25 (d,J; 2= 2 Hz, 1H, H-1), 4.11 (dddjz 4= 5.6 Hz,
Jas= 3.6 Hz,J45 = 5.2 Hz, 1H, H-4), 3.99 (ddl 3= 3.6 Hz,J34= 5.6 Hz, 1H, H-3), 3.93 (dd,
Jio= 2 Hz,J,5= 3.6 Hz, 1H, H-2), 3.80 (dd, 5= 3.6 Hz,Js 5 = 12 Hz, 1H, H-5), 3.70 (dd, 5
= 5.2 Hz,Js 5 = 12 Hz, 1H, H-5")*C-NMR (100 MHz, CROD, 25°C):6 = 97.9 (C-1), 87.8 (C-
4), 83.2 (C-2), 78.4 (C-3), 63 (C-5).
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HO™ H o0 a-L-arabinofuranosyl azide
N; 'H-NMR (400 MHz, CROD, 25°C)

j w__wub \J.J.FM_# )

' [ |
]
\ el WA A . o U — M

B-D-ribofuranosyl azide (53)

N3

HC CH

'H-NMR (400 MHz, CROD, 25°C):6 = 5.19 (dJ; 2= 1.6 Hz, 1H, H-1), 4.04 (dd; 3= 4.8 Hz,
J3.4= 6.8 Hz, 1H, H-3), 3.97 (ddd; 4= 6.8 Hz,Js5= 3.2 Hz,J45= 6 Hz, 1H, H-4), 3.81 (ddl >
= 1.6 Hz,J,3= 4.8 Hz, 1H, H-2), 3.76 (dds5= 3.2 Hz,Js 5 = 12 Hz, 1H, H-5), 3.60 (ddj 5 =
6 Hz,Js5 = 12 Hz, 1H, H-5")*C-NMR (100 MHz, CROD, 25°C):5 = 96.7 (C-1), 85.7 (C-4),
76.6 (C-2), 72.2 (C-3), 63.8 (C-5).
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HO N; . .
flodl B-D-ribofuranosyl azide
'H-NMR (400 MHz, CROD, 25°C)
HO CH
| | Al M MM | |
I 'h,_.___,_n_f“ll \-\.'\,_____,-'\ = o lUl l\___.'l sy "m_h__.ll : Ih__._,_‘,'ll R R
5!3 5:2 5?1 5_IEI 1?9 4?8 ‘If? ‘ITE 4I_5 4:4 4:3 4I_2 4:1 4?0 3I_9 3?3 3:? 3{6 3!5 3?4 3I_3 3?2 3I.1
f1 (ppm)
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Chapter 3

In order to develop a stereoselective Staudinggtibn for the synthesis of glycosyl amides, it
was decided to employ the procedure based on thalfBger reduction-acylation process of the
corresponding glycosyl azides. Our methods to &eh& stereoselective synthesis of glycosyl
amides with traceless Staudinger ligation are dwsdrin Chapters 4-6. Before that, the

procedures employed for the synthesis of phosplaredescribed in the following sections.
3.1 Synthesised phosphines

The traceless Staudinger ligation affords one aggrdo the synthesis of unnatucaylycosyl
amides, starting from the correspondmgzides, because it allows for reduction of thetisig
material and immediaterapping of the Staudinger aza-ylide intermediatem intramolecular
fashion, thus resulting in the direct formationaof amide link. Fast, intramolecular acylation of
the anomeric nitrogen can in many cases prevenmnesgation and give retention of
configuration at the anomeric carbon. In 2608nd 2008 our laboratory has reported that the
traceless Staudinger ligation atglycosyl azide2, 7 and 8 with diphenylphosphanyl-phenyl

esters9 in polar aprotic solvents yields-glycosyl amides with good yields and selectivity
(Scheme 1).
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Scheme 1. Traceless Staudinger ligation of glycosyl azidethiinctionalized phosphine?
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The steric course of the reaction is controllechdmt configuration of the starting azide and by
the presence and nature of protecting groups ompyrenose ring. In fact, th®-acetyl azide2
allows full inversion of the anomeric center anélgs thep-amide only. The phosphinegs
employed are air stable and can be easily isoktddourified by flash chromatography.

The process described, however, left various syiatpeoblems unresolved. The reactivityof
glycosyl azides was uniformely low, and the coroegfing amides were obtained generally in
modest yields. Moreover, the yields of the ligateppeared to depend critically also on the
nature of the acyl group to be transferred and vgpexially disappointing for the transfer of
amino acids tax-azides. Thus, in order to further explore the tigdg and stereoselectivity of
ligation in the synthesis af-glycosyl amides, different acyl phosphines wermpgred, trying to

vary the basicity of the P atom and the naturdefghenyl ester leaving group.

3.2 Synthesis of diphenylphosphanyl-phenyl esters

Phosphines9 had been obtained in the course of a previous shestarting from o-
diphenylphosphinophendl7. This was prepared in three steps starting from phendlusmg a
procedure introduced by Rauchfuss with small modifons? Firstly, the hydroxyl group was
protected as the methoxymethyl ethethe presence of the MOM-ether both protects and
activates the phenol ring. Secondly, the dipherggphino group was attached by ortho
lithiation of the ether 55 (BuLi, hexane, TMEDA) followed by reaction with
chlorodiphenylphosphine (RRCI). Finally, the hydroxyl group was deprotectedhwHCI in
MeOH to afford57 (Scheme 2).

OH OMOM OMOM OH
© NaH, MOM-CI @ #-BuLi, TMEDA., dry hexane @/P”‘? MeOH @/P”‘Z
0°C to r.t., DMF Ph,PCI HCl )
y=74% y=61% y=77%
54 55 56 57

Scheme 2. Synthesis ob-diphenylphosphinophenyl ester

Interestingly Luoet al. found that treatment of other methoxymethyl-prteédghenols bearing

phosphine groups with HCI led to phosphonium dadtsause of the basicity of the phosphine
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moiety® As the authors noted, in the previously reportezparation 067, a base-neutralisation
step was omitted but the crude product was sublimdxch is consistent with known loss of
HCI from phosphonium salts at elevated temperatuineact,57 in our hands exhibited a single
3lp resonance ab = -26.6 ppm, whereas omission of the base-nesdtiin step led to the

hydrochloride sal68 with a*!P resonance at + 21.6 ppm (Figur€ 1).

PPh,.HCI
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58

PPh,
OH

59

Figure 1. 3'P resonance of hydrochloride saltoediphenylphosphinophensB (up) ando-
diphenylphosphinophendl7 (down)

o-Diphenylphosphinophendb7 was then acylated to give the corresponding funeatised

phosphines which were used for the Staudingeriéigatactions.
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3.3 Synthesis of the diphenyl- and dialkyl-phosphanylphenols

Following a similar approach, in the course of thigsis a group of other functionalized
diphenyl- and dialkyl-phosphanylphenols was pregafdis include the diphenylphosphanyl-4-
methoxyphenol59 (Figure 2)? diphenylphosphanyl-4-fluorophend0® and several novel
phoshines&l, 62, 63 and64 Figure 2) with various substituents at phosphamnd characterized
by an electronpoor phenol ring.

PPh, PPh, PPh,
ijcm o8 fj
MeC F F;C
59 60 61

9! Q0
F4C CH . P

CF; . .

62 63 64

Figure 2. Set of diphenylphosphanyl-phenoi® o 64) synthesized in this work

The diphenylphosphanyl-4-methoxypheB8l(Scheme 3) is a known compoufhitiwas
prepared following exactly the same procedure destifor57 (Scheme 3§ and the analytical
data were consistent with the reported structure.

OH OMOM OMOM OH
NaH. MOM.-Cl #-BuLi, TMEDA PPhy  \eoH PPh,
0°C 1o 1.1., DMF Ph,PC] HCI
OMe CMe OCMe OMe
y=94% y=61% y=57%
65 66 67 59

Scheme 3. Synthesis of the diphenylphosphanyl-4-methoxyph&8ol
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For the synthesis @0-62 the required fluorinated-methoxymethyl phenyl etl&8-70 (Scheme
4) were synthesised as usual by the reaction aigb&1-73 with sodium hydride followed by
treatment with chloromethyl methyl ether (MOM-C8dheme 4§.Metalation and reaction with
the appropriate chlorophosphine (Scheme 4) waeeld according to Fiflk using diethyl
ether rather than hexane, in the absence of TMEDA& low temperature -50°C, probably to
avoid ortho metalation respect to the flourus atdririnally, HCI deprotection afforded the
required phosphined), 61 and62.

OH OMOM OMOM OH
NaH, MOM-CI n-BuLi, Et,0 dry PPh,  MeOH PPh,
0°C to r.t., DMF Ph,PCl, -50°C to rt. HCl
F F F F
y=94% y=47% y=90%
7 68 74 60
OH OMOM OMOM OH
NaH, MOM-CI n-BuLi, Et,O dry PPhy M reoH PPh,
0°C to r.t., DMF Ph,PCl, -50°C to r.t. HCl
CF} CF3 CF3 CF3
y=96% y=34% y=85%
72 69 75 61
OH OMOM . OMOM OH
NaH, MOM-Cl n-BuLi, Et,O dry pph, MeOH
2 > PPh,
0°C to r.t.,, DMF Ph,PCl, -50°C to r.t. HCI (@
F}C CF3 F}C CF3 F}C CF3 F3C CF3
y=93% y =46 % y=70%
73 70 76 62

Scheme 4. Synthesis of fluorinated-diphenylphosphinophenol

Similarly, Fink® metalation of fluorinated-methoxymethyl phenyletB8 followed by reaction
with commercially available chlorodicyclohexylphdgpe or chlorodicyclopentylphosphine,
gave the methoxymethyb-dicyclohexylphosphinophenyl ethef7 and methoxymethylo-
dicyclopentylphosphinophenyl ethé8 (Scheme 5), which were deprotected with HCI, aglis
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to yield 79 and80. Both these phosphines are air stable and caadiy esolated and purified by
flash chromatography.

P(cyclohexyl), P(cyclohexyl),
n-BuLi, dry diethylether OMOM  neoH CH
—_—
Cyclohexyl),PCl. -50°C to 1. HCI
OMOM / (Cyclohexyl);PCI, F ®
77 y=61% 79 y=67%

68

n-BuLi, dry diethylether

P(cyclogentyl),

(Cyclogentyl),PCl, -50°C 1o 1.1. F HCl o)

78 y=61%

OMEM' MeoH

P(cyclorentyl),

CH

80 y=41%

Scheme 5. Synthesis of the dialkyphosphanylphenol& and80

3.4 Acylation of the phosphanylphenols

The phosphanylphenols described above were acylatgd standard methods, which vary

depending on the nature of the acyl chain emplolyedeneral, the corresponding acyl chlorides
were used, when commercially available. Benzoatese vobtained from benzoic anhydride.

Condensing agents (DCC or EDC) were employed fonamacids.

All the compounds prepared are collected in Tabletere the method of acylation is indicated.

All other details are reported in the experimestition of this chapter.

Table 1. O-acylphosphanylphenols prepared

Starting Acylation Y
Compound R-C=0
phosphanylphenol method (%)
PPh,
o\n/cH3 Ac0,
O 57 CH;CO Pyridine, | Quant
DMAP
8la
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PPh,
o)
\g/\/\ 57 CHs(CH,)sCO RCOCITEA | 96 %
81b
PPh,
o)
p/ 57 (CH;);CHCH,CO | RCOCITEA | 97 %
8l1c
PPh,
0%
©/ 5 57 (CH,),CHCO RCOCITEA | 87 %
81d
PPh,
o)
X
Hs),C=CH R TEA | 84%
W 57 CHs),C=CHCO cocl/ 849
8le
PPh,
Owr%%v/
©/ o ° 57 CHi(CH»1.CO | RCOCITEA | 85%
81f
PPh,
o)
Wﬁ\/ RCOOH/DCC
o 57 CHs(CH,)sCO AP 90 %
81g
FFh,
o)
W , o RCOOH/DCC
57 citronellic acid 75 %
O DMAP
81h
PPh,
O.__Ph (PhCO}0,
\n/ 57 PhCO Pyridine, Quant

DMAP
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PPh,
0 COOMe COCH, (iH CO,Me RCOOH/EDC,
O  NHCbz 57 AHcks DIPEA, 85 %
_ DMAP
81
PPh NHCbz
o X CO(CH,),CHCC,Me| RCOOH/EDC,
\n/\/\COOMe I
5 57 NHCEz DIPEA, 75 %
DMAP
81k
PPh
O\n/\/ NHCbz RCOOH/DCC
57 CO(CH,),NHCbz 82 %
o DMAP
81l
PPh
O\n/CH3 ACZO,
o 59 CHsCO Pyridine, Quant
MeO DMAP
82a
PPh,
O\n/\/\
o) 59 CH3(CH,)sCO RCOCITEA | 87 %
MeO
82b
PPh,
Oﬁfk
o) 59 (CH3)sCCO RCOCIITEA | 83%
MeO
82c
PPh,
o) 59 (CHs),CHCO RCOCITEA | 82%
MeO
82d
PPh,
OW
o) 59 (CH3),C=CHCO RCOCITEA | 84 %
MeO
82e
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PPh,
COOMe COCHQC‘HCOQMe RCOOH/EDC,
0,
5 NHCbz 59 L. DIPEA, 75 %
MeO DMAP
82
PPh,
O\f( CHs Ac,0,
) 60 CHsCO Pyridine, Quant
F DMAP
83a
PPh,
O\H/\/\
o 60 CHs(CH,)sCO RCOCITEA | 95 %
F
83b
PPh,
OW
o) 60 (CH3),C=CHCO RCOCITEA | 91 %
F
83e
PPh,
o) COOMe
COCH,CHCO,Me RCOOH/EDC,
O  NHCbz 60 &Hctz DIPEA, 85 %
F DMAP
83
PPh NHCbz
O\ﬂ/\/\COOMe |
i 60 NHCtz DIPEA, 85 %
F DMAP
83k
PPh
o NHCbz
RCOOH/DCC
/©/ \[o(\/ 60 CO(CH,),NHCbz 92 %
F DMAP
83l
PPh
o
NHCbz
\[O]/\ 60 COCH,NHCb2 RCOOHIDCC|
= DMAP
83m
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PPh Roc
(@] Boc
N RCOOH/DCC
o) 60 N 94 %
= DMAP
C
83l
PPh,
o) COOMe coch, (‘:H COMe RCOOH/EDC,
0,
0  NHCbz 61 e DIPEA, 90 %
FsC DMAP
84
PPh, NHCbz
F3C OWCOOME CO(CHQ]Q?HCOQMe RCOOH/EDC,
0 62 NHCtz DIPEA, 95 %
CFy DMAP
85k
P(cyclohexil),
o) COOMe RCOOH/EDC,
COCHQ(‘ZHCOQMe )
- 0 NHCbz 79 NHCEZ DIPEA, 80 %
DMAP
86
P (cyclopentyl)
o) COOMe
COCH,CHCO,Me RCOOH/EDC,
- O  NHCbz 80 TQIHCEZ DIPEA, 80 %
DMAP
87j

3.5 Synthesis of diphenylphosphinothiol ester

The Staudinger ligation has also been proposeth&tigation of peptides en route to the total
chemical synthesis of proteif(Diphenylphosphino)methanethiol is the most effioas of
known reagents, in this case providing high isdatelds for equimolar couplings in which a
glycine residue is at the nascent junction.

This reagent has been used in the orthogonal asgeofb a proteint’ site-specific
immobilization

of peptides and proteins to a surfate?and synthesis of glycopeptidéswe prepared it to test
it in the ligation ofa-glycosyl azides. The diphenylphosphinothiol e®temwas synthesised by

treating the chloromethylphosphonic dichlori@® with 4-methoxyphenylmagnesium bromide
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and potassium thioacetate to give phosphine o8RleThus the desired compourtd was
prepared for reduction with trichlorosilane frontresponding oxid89 (Scheme 65°

OOMgBr
y=63%
PCI
T 1 >p
Q

THF, reflux, 24 h ||

88 89
KSAc
DMF
OMe CMe
O HSICI3 O
)J\s “p 2 CHCl3, 72 h )J\s /\lllﬂ 2

Q

y = 92% y = 87%

91 90

Scheme 6. Synthesis of phosphinothioestr

Also in this case, the diphenylphosphinothiol eStewas functionalized with valeroyl chloride

to give phosphin®&2 (Scheme 7).

CMe OMe
MeCNa, DMF dry
G G

y =47%

91 92

Scheme 7. Synthesis of phosphirg2
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3.6 Experimental Section

Solvents were dried by standard procedures: dichlethane, methanol, N,N-
diisopropylethylamine and triethylamine were driedver calcium hydride; N,N-
dimethylformamide, N,N,N’,N’-tetramethylethylenediamine, diethyl ether, chlorofo and
pyridine were dried over activated molecular sie\Rsactions requiring anhydrous conditions
were performed under nitrogetH, *C and*'P-NMR spectra were recorded at 400 MHz on a
Bruker AVANCE-400 instrument. Chemical shift) for 'H and**C spectra are expressed in
ppm relative to internal M@i as standard. Chemical shif) for *}P are expressed in ppm
relative to internal PO, as standard. Signals were abbreviated as s, sibgléoroad singlet; d,
doublet; t, triplet; g, quartet; m, multiplet. Masgectra were obtained with a Bruker ion-trap
Esquire 3000 apparatus (ESI ionization). Thin lagreomatography (TLC) was carried out with
pre-coated Merck %4 silica gel plates. Flash chromatography (FC) wasied out with
Macherey-Nagel silica gel 60 (230-400 mesh).

Synthesis of methoxymethyl phenyl ether (55)

@/O\/O\

At 0 °C and with stirring, phen@&4 (5 g, 53.1 mmol, 1 eq) was added to a slurry diN& 19 g,
79.7 mmol, 1.5 eq 60 % in oil) in dimethylformamid26.5 mL, 2 M). After 30 minutes,
chloromethyl methyl ether (6.05 mL, 79.7 mmol, & was added, then the temperature was
allowed to warm up to room temperature. The mixtuas stirred and the reaction was
monitored by TLC (8:2 hexane/AcOEt). After 30 miesit water (106 mL) was added. The
product was exctracted with hexane (3 x 52 mL). dtganic layer was dried over p&0O, and
concentrated. Yield = 74 %.

'H-NMR (400 MHz, CDC}, 25°C):6 = 7.38-7.31 (m, 11H, Ph), 7.13 (m, 1H), 6.93 (m, 1H),
6.72 (m, 1H), 5.19 (s, 2H, GB), 3.49 (s, 3H, OCH. **C-NMR (100 MHz, CDG, 25°C):6 =
158.6, 136.9, 134.4, 134.0, 133.7, 130.4, 128.8,71228.5, 122.2, 113.6, 113.6, 94.3, 56.1.
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Synthesis of methoxymethyl-4-methoxyphenyl ether (66)

/®/O\/O\
MeO

At 0 °C and with stirring, phend5 (2.98 g, 24 mmol, 1 eq) was added to a slurry @fN90.9
mg, 36 mmol, 1.5 eq) in dimethylformamide (12 mLM). After 30 minutes, chloromethyl
methyl ether (2.72 mL, 36 mmol, 1.5 eq) was addeeh the temperature was allowed to warm
up to room temperature. The mixture was stirredtaedeaction was monitored by TLC (80:20
hexane/AcOEt). After 30 minutes, water (60 mL) veasled. The product was exctracted with
hexane (3 x 25 mL). The organic layer was dried ?i&SO, and concentrated. yield = 94 %.
'H-NMR (400 MHz, CDC}, 25°C):6 = 7.01 (dd,J = 2.4 Hz,J = 7.2 Hz, 2H, ArH), 6.85 (ddl =

2 Hz,J=6.8 Hz, 2H, ArH), 5.13 (s, 2H, GB), 3.78 (s, 3H, OC¥J, 3.49 (s, 3H, Ch).

General procedurefor the synthesis of the methoxymethyl-fluorinated phenyl ether

At 0 °C and with stirring, fluorinated phendl, 72 and73 (1 eq) was added to a slurry of NaH
(1.5 eq) in dimethylformamide (2 M). After 30 miest chloromethyl methyl ether (1.5 eq) was
added, then the temperature was allowed to warnoupom temperature. The mixture was
stirred and the reaction was monitored by TLC (8thxane/AcOEt). After 30 minutes, water
was added. The product was exctracted with hexane50 mL). The organic layer was dried
over NaSO, and concentrated.

4-fluor ophenyl methoxymethyl ether (68)

/O/O\/O\
F

'H-NMR (400 MHz, CDC}, 25°C):6 = 7.04-6.98 (m, 4H, Ph), 5.16 (s, 2H, £, 3.51 (s, 3H,
OCH). Yield = 94 %.
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4-trifuor omethylphenyl methoxymethyl ether (69)

/O/ O\/ O\
FC

'H-NMR (400 MHz, CDC4, 25°C):6 = 7.54 (d,J = 8 Hz, 2H, ArH), 7.10 (dJ = 8 Hz, 2H,
ArH), 5.22 (s, 2H, CHD), 3.48 (s, 3H, OCH). Yield = 96 %.

3,5-ditrifuoromethylphenyl methoxymethyl ether (70)

CF;

'H-NMR (400 MHz, CDC4, 25°C):d = 7.52 (s, 1H, ArH), 7.49 (s, 2H, ArH), 5.26 (H,2
CH,0), 3.50 (s, 3H, OCH). Yield = 93 %.

Synthesis of methoxymethyl o-diphenylphosphinophenyl ether (56)

PPh,

o.__0O

AN

A solution containing 1.6 Mn-BuLi (10 mL, 16 mmol, 1.1 eq) and\,N,N’,N-
tetramethylendiamine (2.24 mL, 14.9 mmol, 1.03 iagdry hexane was added, under nitrogen,
to an ice-cooled solution of methoxymethyl phertilee55 (2 g, 14.5 mmol, 1 eq) in dry hexane
(final concentration: 0.5 M). The temperature wkexged to warm up to room temperature. The
solution became yellow and a pale precipitate falaer 1.5 h. The solution was cooled in ice
and chlorodiphenylphosphine (2.74 mL, 14.5 mmolwea$ added slowly. The resultant solution
was stirred for 16 h at room temperature and tieesb evaporatedh vacuo The residue was
diluted with E$O and washed with 1 M aqueous,;NRQO,. The organic layer was dried over
NaSO, and concentrated to give a white solid. The sebd dissolved in MeOH. After cooling
for 30 minutes, the crystals were collected andystallized from CHCI,-MeOH; yield = 61 %.
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'H-NMR (400 MHz, CDC}, 25°C):d = 7.38-7.31 (m, 11H, Ph), 7.13 (m, 1H), 6.93 (H),1
6.72 (m, 1H), 5.06 (s, 2H, GB), 3.16 (s, 3H, OCH). *C-NMR (100 MHz, CDJ, 25°C):6 =

158.6, 136.9, 134.4, 134.0, 133.7, 130.4, 128.8,71228.5, 122.2, 113.6, 113.6, 94.3, 58R-

NMR (161 MHz, CDC}, 25°C):6 = - 14.8.ppm

Synthesis of methoxymethyl 2-(diphenylphosphino)-4-methoxyphenyl ether (67)

MeO

A solution containing 1.6 Mn-BuLi (8.1 mL, 13 mmol, 1.05 eq) andN,N,N’,N*-
tetramethylendiamine (1.74 mL, 12.2 mmol, 1.01 iaqdry hexane was added, under nitrogen,
to an ice-cooled solution of methoxymethyl phentfiee 66 (2.02 g, 12 mmol, 1 eq) in dry
hexane (final concentration: 0.5 M). The tempematwas allowed to warm up to room
temperature. The solution became yellow and a paeipitate formed after 1.5 h. The solution
was cooled in ice and chlorodiphenylphosphine (29 12 mmol, 1 eq) was added slowly.
The resultant solution was stirred for 16 h at romperature and the solvent evaporated
vacua The residue was diluted with DCM and washed Wit aqueous NayPO,. The organic
layer was dried over N8O, and concentrated to give a orange oil. The oil digsolved in
MeOH. After cooling for over-night, the white crasd were collected and driéa vacuq yield
=61 %.

'H-NMR (400 MHz, GDs, 25°C):6 = 7.50-7.40 (m, 4H, Ph), 7.10 (d#i= 8.9 Hz,J = 3.1 Hz,
1H, H-6), 7.07-7.01 (m, 6H, Ph), 6.71 (dds 8.9,J = 3.1 Hz, 1H, H-5), 6.60 (dd,= 4.5 Hz,J

= 3.1 Hz, 1H, H-3), 4.78 (s, 2H, GA), 3.18 (s, 3H, OCH,3.04 (s, 3H, OCH). **C-NMR (100
MHz, CsDe, 25°C):6 = 156.0, 154.4, 138.3, 135.1, 129.6, 129.5, 12928.5, 120.3, 116.2,
115.7, 95.7, 56.3, 55.8P-NMR (161 MHz, GDg, 25°C):6 = - 14.1 ppm

General procedure for the synthesis of the 2-(diphenylphosphanyl)-fuorinated-phenyl
methoxymethyl ether

A solution ofn-BuLi in hexane (1.6 M, 1.1 eq) was added dropwigh stirring to a solution of
methoxymethyl-fluorinated phend8, 69 and 70 (1 eq) in diethyl ether at -50°C and then
allowed to warm to room temperature. After 3 h #wdution was cooled again to -50°C, a
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solution of chlorodiphenylphosphane (1.05 eq) iatldyl ether was added dropwise, and the
suspension was stirred overnight at room tempexaiitre precipitate was removed, the solvent
was replaced by dichloromethane, and methanol ddsda At 0°C white crystals separated and

driedin vacuo

2-(Diphenylphosphanyl)-4-fuor ophenyl methoxymethyl ether (74)

'H-NMR (400 MHz, GDs, 25°C):6 = 7.40-7.32 (m, 4H, Ph), 7.05-7.00 (m,6H, Ph)16®84
(m, 1H, H-6), 6.78-6.70 (m, 2H, H-2, H-3), 4.65 24§, OCH) 2.94 (s, 3H, OCH). *C-NMR
(100 MHz, GDg, 25°C):6 = 158.5, 155.4, 136.8, 134.4, 130.3, 129.1, 12®8,4, 116.5, 115.3,
94.7, 55.73"P-NMR (161 MHz, GDs, 25°C):6 = -14.6 ppm. Yield = 47 %

2-(Diphenylphosphanyl)-4-trifuor omethylphenyl methoxymethyl ether (75)

PPh,

o

'H-NMR (400 MHz, CDC}, 25°C):6 = 7.54 (m, 1H), 7.36-7.7.27 (m, 10H, Ph), 7.16, (tid 4
Hz,J = 8.8 Hz, 1H, Ar-H), 6.93 (1] = 3.2 Hz, 1H), 5.11 (s, 1H, GB), 3.15 (s, 3H, OCH). *'P-
NMR (161 MHz, CDC} 25°C):6 = -14.4 ppm [ oxidé'P = + 26.8 ppm]. Yield = 34 %.

2-(Diphenylphosphanyl)-3,5-ditrifuor omethylphenyl methoxymethyl ether (76)

PPh,

FoC O._ O

CR;
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'H-NMR (400 MHz, CDC}, 25°C):§ = 7.52-7.7.28 (m, 12H, Ph), 4.71(s, 1H, LB, 2.96 (s,
3H, OCH). Yield = 46 %

Synthesis of the 2-(dicyclohexylphosphanyl)-4-fluor ophenyl methoxymethyl ether (77)

P (cyclohexyl),
OO~

A solution ofn-BuLi in hexane 1.6 M, (8.27 mL, 13.2 mmol, 1.05 a@s added dropwise with
stirring to a solution of 4-fluorophenyl methoxyrgt ether68 (1.97 g, 12.6 mmol, 1 eq) in
diethyl ether at -50°C and then allowed to warmomm temperature. After 3 h the solution was
cooled again to -50°C, a solution of chlorodicy@ryiphosphane (3.02 g, 12.6 mmol, 1 eq) in
diethyl ether was added dropwise, and the suspem&s stirred overnight at room temperature.
The precipitate was removed, then the solvent waparated giving a yellow oillThe crude
product was purified by flash chromatography u€6gL0 hexane/AcOEt as eluent to affaid

in 61 % yield.

'H-NMR (400 MHz, CDC}, 25°C):6 = 7.13-7.07 (m, 2H, ArH), 7.02-6.92 (m, 1H, Art5)18

(s, 2H, CHO), 3.52 (s, 3H, Ch), 2.01-1.53 (m, 14H, Cyhex), 1.41-1.13 (m, 8H, &xh>'P-
NMR (161 MHz, CDC} 25°C):6 = - 8.6 ppm [ oxidé'P = + 48.9 ppm].

Synthesis of the 2-(dicyclopentylphosphanyl)-4-fluor ophenyl methoxymethyl ether (78)

P(cyclopentyl)
OO~

A solution ofn-BuLi in hexane (2.13 mL, 3.41 mmol, 1.1 eq) wadetidropwise with stirring
to a solution of 4-fluorophenyl methoxymethyl etleé8r(506.4 mg, 3.24 mmol, 1 eq) in diethyl
ether at -50°C and then allowed to warm to roompenature. After 3 h the solution was cooled
again to -50°C, a solution of chlorodicyclopentydgphane (63%L, 3.24 mmol, 1.05 eq) Iin
diethyl ether was added dropwise, and the suspemg&s stirred overnight at room temperature.
The precipitate was removed and the crude withowthér purification was used in the

deprotection step.
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'H-NMR (400 MHz, CDC4, 25°C): § = 7.20-7.02 (m, 2H), 7.01-6.91 (m, 1H), 5.22 (&}, 2
CH,0), 3.48 (s, 3H, Ch), 2.26-2.19 (m, 2H), 2.14-2.03 (m, 2H), 2.01-1(82 14H, Cypent.).

Synthesis of o-diphenylphosphinophenol (57)

PPh,

\OH

=

5 mL of dry methanol were saturated with KCIMethoxymethylo-diphenylphosphinophenyl
ether56 (1 g, 3.1 mmol, 1 eq) was added at room tempezatnd under argon. The resulting
solution was stirred for 1 h then the solvent weaperated giving a yellow oil. The residue was
dissolved in dry MeOH (3 mL), then water was addetll the cloud point was reached. The
solution was stirred under argon while cooling, #melresulting white solid was filtered; yield =
77 %

'H-NMR (400 MHz, CDC}, 25°C):6 = 7.43-7.26 (m, 11H, Ph), 7.05-6.86 (m, 3H), 6.42 (143,
OH). *'P-NMR (161 MHz, CDGJ, 25°C):d = - 26.6 ppm [ oxidé'P = + 40.6 ppm].

Synthesis of 2-(diphenylphosphino)-4-methoxyphenol (59)

PPh

/©/OH
MeO

5 mL of dry methanol were saturated with KCIMethoxymethylo-diphenylphosphinophenyl
ether67 (2.48 g, 7 mmol, 1 eq) was added at room temperaiod under nitrogen. The resulting
solution was stirred for 1 h then the solvent weaperated giving a orange oil. The residue was
diluted with AcOEt (100 mL) and washed with NaH§{Saturated. The organic layer was dried
over NaSQ, and concentrated to give a yellow solid. The crpdmluct was purified by flash
chromatography using 80:20 hexane/AcOEt as thenetoeafford59 in yield = 57 %

'H-NMR (400 MHz, CDC}, 25°C):d = 7.72-7.40 (m, 10H, Ph), 7.03-6.86 (m, 1H, H-6),86.8
(bd, 1H, H-5), 6.50 (bd, 1H, H-3), 5.9 (bs, 1H, QR)61 (s, 3H, OCH. **C-NMR (100 MHz,
CeDs, 25°C):6 = 153.7, 153.5, 133.5, 132.0, 130.0, 128.9, 12RB18,8, 118.2, 116.9, 55.7P-
NMR (161 MHz, CDC4, 25°C):0 = - 21 ppm
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General procedurefor the synthesis of the 2-(diphenylphosphanyl)-fuorinated-phenol

Dry methanol were saturated with Hgl Methoxymethyl o-diphenylphosphino-fluorinated-
phenyl ethel eq) was added at room temperature and undemgeitt The resulting solution
was stirred for 1 h then the solvent was evaporgiadg a brown oil. The reaction mixture was
diluted with AcOEt and extracted with sat. NaH{&hd water: the organic layer was dried over
NaSO, and concentrated.he crude product was purified by flash chromatplhya as indicated

in each individual case.
2-(Diphenylphosphanyl)-4-fuor ophenol (60)

PPh,
/©/OH
F

The compound was purified by flash chromatograpiexane/AcOEt 80:20) yield = 90 %.
'H-NMR (400 MHz, GDg, 25°C):6 = 7.30-7.21 (m, 4H,Ph), 7.03-6.93 (m, 6H, Ph)46(8,
1H, H-3), 6.66 (m, 1H, H-3), 6.51 (m, 1H, H-6) 6.3, 1H, OH)*C-NMR (100 MHz, GDs,
25°C): 6 = 157.6, 155.7, 135.4, 133.9, 129.3, 129.0, 12#28,1, 118.1, 116.9'P-NMR (161
MHz, CsDg, 25°C):6 = - 24.8 ppm.

2-(Diphenylphosphanyl)-4-trifuoromethylphenol (61)

PPh,

/©/OH
FsC

The compound was purified by flash chromatograpiexane/AcOEt 80:20) yield = 85 %.
'H-NMR (400 MHz, CDC}4, 25°C):d = 7.42 (d,J = 8.8 Hz, 1H), 7.27-7.7.15 (m, 10H, Ph 7.12
(s, 1H), 6.86 (ddJ = 4.8 Hz,J = 8.4 Hz, 1H), 6.42 (bs, 1H, OH}P-NMR (161 MHz, CDGJ,
25°C):d = - 26.8 ppm [ oxidé'P = + 41.3 ppm].

79



Chapter 3

2-(Diphenylphosphanyl)-3,5-ditrifuor omethylphenol (62)

PPh,
FsC OH

CF3

The compound was purified by flash chromatograjtexéane/AcOEt 90:10) yield = 70 %.
'H-NMR (400 MHz, GDs, 25°C):6 = 7.71 (s, 1H), 7.52-7.24 (m, 11H, PESI-MS: m/z437.28
(M+Na).

Synthesis of the 2-(dicyclohexylphosphanyl)-4-fluor ophenol (79)

P (cyclohexyl),
OH

The compound was purified by flash chromatograpiexane/AcOEt 90:10) yield = 67 %.
'H-NMR (400 MHz, CDC}, 25°C): ¢ = 7.01-6.97 (m, 2H, Ar-H), 6.91-6.84 (m ,1H, Ar;H)
2.01-1.87 (m, 4H, Cyhex), 1.84-1.56 (m, 8H, Cyhédx31-1.02 (m, 10H, Cyhex).

Synthesis of the 2-(dicyclopentylphosphanyl)-4-fluor ophenol (80)

P(cyclopentyl)
OH

The compound was purified by flash chromatograjpiexéane/AcOEt 90:10) yield = 41 %.
'H-NMR (400 MHz, CDC}, 25°C): 6 = 7.02-6.99 (m, 1H), 6.96-6.92 (m, 1H), 6.87-6(8&2,
1H), 6.76-6.68 (bs, 1H, OH), 2.19-2.04 (m, 2H),221094 (m, 2H), 1.75-1.32 (m, 14H, Cypent).

General procedurefor the synthesis of the o-diphenylphosphanyl-phenyl acetate

Acetic anhydride (1.2 eq) anil,N-dimethylaminopyridine (0.1 eq) were added, at room
temperature and under nitrogen, to a solutiono-aiiphenylphosphinophenol (1 eq) in dry
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pyridine (0.15 M). The solution was stirred for 2ahd then concentrated vacuo The residue
was dissolved in C§Cl, and washed with 10 % aqueous HCI, 5 % aqueous KgtEd water.

The organic layer was dried over J$&, and concentrated to give the product.
o-Diphenylphosphanyl-phenyl acetate (81a)

PPh,
O._ _CHg

Ty

O

'H-NMR (400 MHz, CDC}, 25°C):6 = 7.40-7.32 (m, 11H, Ph), 7.16 (m, 2H), 6.87 (m, 1M,

(s, 3H, CH). °C-NMR (100 MHz, CDGCJ, 25°C):6 = 169.1, 153.1 (dJ = 17 Hz), 149.6, 136.6,
135.8, 135.6, 134.4, 134.0, 133.9, 131.8, 130.9,312128.9, 128.7, 128.7, 126.3, 124.1, 122.8,
20.7.3P-NMR (161 MHz, CDGJ, 25°C):6 = - 14.7 ppm. Quantitative yield.

2-(Diphenylphosphanyl)-4-methoxyphenyl acetate (82a)
PPh

(@) CH
o
MeQ o

1H-NMR (400 MHz, CDCJ, 25°C):§ = 7.42-7.29 (m, 10H, Ph), 7.11 (dii= 4.4 Hz,J = 8.2
Hz, 1H, H-6), 6.91 (ddJ = 3.2 Hz,J = 8.8 Hz, 1H, H-5), 6.42-6.38 (m, 1H, H-3), 3.5 8H,
OCH3), 1.99 (s, 3H, CH3). Quantitative yield.

2-(Diphenylphosphanyl)-4-fluor ophenyl acetate (83a)

PPh,
o

e

O

'H-NMR (400 MHz, CDC}, 25°C): 6 = 7.45-7.36 (m, 10H, Ph), 7.16-7.09 (m, 1H), 7.0747.0
(m, 1H), 6.57-6.52 (m, 1H), 1.97 (s, 3H, gHuantitative yield.
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General procedurefor the synthesis of the o-diphenylphosphanyl-phenyl esters

Dry triethylamine (1.1 eq) and the acyl chloride2(&q) were added, at room temperature and
under argon, to a solution of tleediphenylphosphinophenol (1 eq) in dry &, (0.1 M). The
reaction mixture was stirred at room temperatui raonitored by TLC (90:10 hexane/AcOEt)
until disappearance of the-diphenylphosphinophenolcgd. 1 h). The solvent was then
evaporated under reduced pressure and the resahidiluted with AcOEt and washed with 5 %
aqueous NaHC®and water. The organic layer was dried ovepS@a and concentrated. The
crude product obtained was purified by flash chrmm@phy, as indicated in each individual

case.
o-Diphenylphosphanyl-phenyl pentanoate (81b).

PPh,

@OW

The compound was purified by flash chromatograpiexane/AcOEt 90:10) yield = 96 %.
'H-NMR (400 MHz, CDC}, 25°C):d = 7.40-7.31 (m, 11H, Ph), 7.19-7.12 (m, 2H), 66382
(m, 1H), 2.28 (tJ = 7.5 Hz, 2H, CH), 1.51 (m, 2H, Ch), 1.29 (m, 2H, Ck), 0.89 (t,J = 7.5
Hz, 3H, CH). *C-NMR (100 MHz, CDCJ, 25°C):§ = 171.8, 153.2 (dJ = 17 Hz), 134.7,
134.5, 134.0, 133.9, 133.8, 132.2, 131.8, 130.9,2228.9, 128.8, 128.7, 126.2, 125.9, 125.7,
122.8, 33.9, 26.7, 22.3, 133P-NMR (161 MHz, CDGJ, 25°C): 6 = - 14.8 ppm [ oxidé'P = +
27.2 ppm].

o-Diphenylphosphanyl-phenyl 3-methyl-butanoate (81c)
PPh,
Y
o)
The compound was purified by flash chromatograpiexéne/AcOEt 90:10) yield = 97 %.

'H-NMR (400 MHz, CDC}, 25°C): 6 = 7.42-7.32 (m, 11H, Ph), 7.20-7.12 (m, 2H), 66583
(m, 1H), 2.17 (d,) = 7.0 Hz, 2H, Ch), 2.05 (m, 1H, CH), 0.94 (d,= 7.0 Hz, 6H, 2xCh).*°C-

82



Chapter 3

NMR (100 MHz, CDC}, 25°C):6 = 170.9, 152.9 (dJ = 17 Hz), 135.8 (dJ = 16 Hz), 134.5,
134.4, 134.1, 133.9, 133.8, 133.5, 131.7J(d,9 Hz), 130.2 (dJ = 14 Hz), 130.2, 129.9, 129.4,
129, 128.6, 128.6, 126.0, 125.6, 125.5, 123.9, A2B22.6, 42.9, 25.3, 22.#P-NMR (161
MHz, CDCk, 25°C):6 = - 15.0 ppm [ oxidé'P = + 27.1 ppm].

o-Diphenylphosphanyl-phenyl i-butanoate (81d)

Sop

O

The compound was purified by flash chromatograjptexéane/AcOEt 90:10) yield = 87 %.
'H-NMR (400 MHz, CDC}, 25°C): 6 = 7.42-7.26 (m, 11H, Ph), 7.18-7.12 (m, 2H), 66333
(m, 1H), 2.55 (m,J = 7.0 Hz, 1H, CH), 1.10 (dl = 7.0 Hz, 6H, 2xCh). **C-NMR (100 MHz,
CDCls, 25°C):6 = 174.7, 153 (dJ = 17 Hz), 135.7 (d) = 10 Hz), 134.1, 133.9, 133.7, 131.8
(dd, J = 10 Hz), 130.17 (dJ = 15 Hz), 129.9, 128.9, 128.6, 128.6, 126, 12245], 18.63'P-
NMR (161 MHz, CDC}, 25°C):6 = - 15.1 [ oxide’'P = + 28.9 ppm].

o-Diphenylphosphanyl-phenyl 3-methyl-but-2-enoate (81€)

I‘:’th
OY\‘/
O

The compound was purified by flash chromatograpiexane/AcOEt 90:10) yield = 84 %.
'H-NMR (400 MHz, CDC}, 25°C):d = 7.43-7.32 (m, 11H, Ph), 7.22-7.12 (m, 2H), 66936
(m, 1H), 5.69 (m, 1H, CH), 2.09 (d,= 1.2 Hz, 3H, CH), 1.90 (d,J = 1.2 Hz, 3H, CH). **C-
NMR (100 MHz, CDC4, 25°C):0 = 164.1, 159.6, 152.9 (d,= 17 Hz), 135.9 (dJ = 10 Hz),
134.1, 133.9, 133.7, 131.7 (0= 10 Hz), 130.5 (dJ = 14 Hz), 129.8, 129.0, 128.8, 128.4, 125.8,
122.8, 114.9, 27.5, 20.#P-NMR (161 MHz, CDG, 25°C):d = - 14.8 ppm [ oxidé'P = + 26.8
ppm].
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o-Diphenylphosphanyl-phenyl palmitate (81f)

PPh,
Oy

The compound was purified by flash chromatograiexéne/AcOEt 95:5) yield = 85 %.
'H-NMR (400 MHz, CDC}, 25°C): 6 = 7.42-7.28 (m, 11H, Ph), 7.18-7.08 (m, 2H), 66326
(m, 1H), 2.23 (t) = 7.2 Hz,J = 8 Hz, 2H, CH), 1.48 (tJ = 7.2 Hz,J = 6.8 Hz, 2H, Ch), 1.41-
1.17 (m, 24H, 12xC}), 0.88 (t,J = 6.8 Hz, 3H, CH). *C-NMR (100 MHz, CDCJ, 25°C):6 =
171.8, 134.3, 134.1, 133.9, 129.2, 126.2, 122.8,3%4.3, 32.2, 29.9, 29.8, 29.6, 29.4, 29.3,
29.1, 24.7, 22.9, 14.3'P-NMR (161 MHz, CDGJ, 25°C): 6 = - 14.3 ppm [ oxidé'P = + 27.3
ppm].

2-(Diphenylphosphanyl)-4-methoxyphenyl pentanoate (82b)

PPh,
o
/@/ \n/\/\
MeQO ©

The compound was purified by flash chromatograpiexane/AcOEt 90:10) yield = 87 %
'H-NMR (400 MHz, CDC}, 25°C):6 = 7.40-7.31 (m, 10H, Ph), 7.10 (dbi 4.4 Hz,J = 8.8 Hz,
1H, H-6), 6.91 (ddJ = 3.2 Hz,J = 8.8 Hz, 1H, H-5), 6.36 (dd,= 3.2 Hz,J = 4.4 Hz, 1H, H-3),
3.53 (s, 3H, OCH), 2.26 (t,J = 8 Hz, 2H, CH), 1.51 (m, CH), 1.31 (m, CH), 0.89 (t,J = 7.2
Hz, 3H, CH). ¥3C-NMR (100 MHz, CD({, 25°C):0 = 171.9, 157.1, 146.4, 146.3, 135.6, 135.5,
134.1, 131.5, 131.4, 128.5, 128.3, 123.3, 123.2,.3,2118.9, 118.8, 114.5, 55.4, 33.7, 26.6,
22.2,13.7*'P-NMR (161 MHz, CDQ 25°C): 6 = - 14.5 ppm [ oxidé'P = + 26.9 ppm].

2-(Diphenylphosphanyl)-4-methoxyphenyl tert-butanoate (82c)

5

(@)
MeO
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The compound was purified by flash chromatograpiexane/AcOEt 90:10) yield = 83 %
'H-NMR (400 MHz, CDC}, 25°C):6 = 7.37-7.23 (m, 10H, Ph), 7.04 (dbi 4.2 Hz,J = 8.8 Hz,
1H, H-6), 6.91 (ddJ = 3.2 Hz,J = 8.8 Hz, 1H, H-5), 6.38 (dd,= 3.2 Hz,J = 4.2 Hz, 1H, H-3),
3.61 (s, 3H, OC#h), 1.12 (s, 9H, 3xCh).

2-(Diphenylphosphanyl)-4-methoxyphenyl i-butanoate (82d)

S

(@]
MeO

The compound was purified by flash chromatograptexéane/AcOEt 90:10) yield = 82 %.
'H-NMR (400 MHz, CDC}4, 25°C):6 = 7.37-7.28 (m, 10H, Ph), 7.06 (dts 4.2 Hz,J = 8.8 Hz,
1H, H-6), 6.87 (ddJ = 3.2 Hz,J = 8.8 Hz, 1H, H-5), 6.28 (dd,= 3.2 Hz,J = 4.4 Hz, 1H, H-3),
3.61 (s, 3H, OCH), 2.53-2.47 (m, 1H, CH), 1.07 (s, 3H, QHL.05 (s, 3H, Ch).

2-(Diphenylphosphanyl)-4-methoxyphenyl 3-methyl-but-2-enoate (82€)

jonat

MeQ ©

The compound was purified by flash chromatograpiexane/AcOEt 90:10) yield = 84 %.
'H-NMR (400 MHz, CDC}, 25°C):6 = 7.42-7.29 (m, 10H, Ph), 7.10 (dbk 4.4 Hz,J = 8.8 Hz,
1H, H-6), 6.91 (ddJ = 3.2 Hz,J = 8.8 Hz, 1H, H-5), 6.38 (dd,= 3.2 Hz,J = 4.4 Hz, 1H, H-3),
5.62 (s, 1H, CH), 3.62 (s, 3H, OGHZ2.03 (s, 3H, Ch), 1.85 (s, 3H, Ch). **C-NMR (100 MHz,
CDClg, 25°C). 0 = 159.4, 157, 135.7, 135.6, 134.1, 133.9, 1292B.4, 128.5, 128.4, 123.5,
123.3, 123.2, 119, 118.9, 114.9, 114.4, 55.4, Z05.>'P-NMR (161 MHz, CD({, 25°C):0 =

- 14.1 ppm [ oxidé'P = + 26.4 ppm].
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2-(Diphenylphosphanyl)-4-fluor ophenyl pentanoate (83Db).

PPh,
(@)
/@/ \(r)r\/\
F

The compound was purified by flash chromatograiexéane/AcOEt 90:10) yield = 95 %.
'H-NMR (400 MHz, CDC}, 25°C): 6 = 7.44-7.33 (m, 10H, Ph), 7.18-7.12 (m, 1H), 77104
(m, 1H), 6.56-6.51 (m, 1H), 2.30-2.24 Jt= 7.6 Hz, 2H, ChH), 1.52 (m, CH), 1.32 (m, CH),
0.91 (t,J=7.6 Hz, 3H, Ch).

2-(Diphenylphosphanyl)-4-fluor ophenyl 3-methyl-but-2-enoate (83e).

PPh,
Jonas

The compound was purified by flash chromatograpiexéne/AcOEt 90:10) yield = 91 %
'H-NMR (400 MHz, CDC}, 25°C): 6 = 7.42-7.32 (m, 10H, Ph), 7.18-7.12 (m, 2H), 77102
(m, 2H), 5.65 (s, 1H, CH), 2.13 (s, 3H, g@HL.91 (s, 3H, CH).

Synthesis of o-diphenylphosphanyl-phenyl caprylate (819)

PPh,
O\n/\/\/\/
Y

A solution of theo-diphenylphosphinophendl7 (126.2 mg, 0.45 mmol, 1 eq), the caprylic acid
(77.9 mg, 0.54 mmol, 1.2 eq) ahgN-dimethylaminopyridine (5.5 mg, 0.045 mmol, 0.1 &)
dry CHCIl, was added, at room temperature and under nitrogeerg solution ofN,N’-
dicyclohexylcarbodiimide (130.1 mg, 0.63 mmol, &4) in dry CHCI, (total volume: 4.5 mL,
0.1 M). The mixture was stirred at room temperatime 1 h, monitoring by TLC (90:10

hexane/AcOEt). The reaction mixture was filtered arashed with CkCl,. The crude product
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was purified by flash chromatography using 90:1Q@ane/AcOEt as the eluent to afford the
product in 90 % yield.

'H-NMR (400 MHz, CDC}, 25°C):d = 7.45-7.26 (m, 11H, Ph), 7.20-7.07 (m, 2H), 66338
(m, 1H), 2.25 (t) = 7.6 Hz, 2H, CH), 1.49 (t,J = 7.2 Hz, 2H, Ch)), 1.36-1.19 (m, 8H, 4xCH),
0.89 (t,J = 6.8 Hz, CH). **C-NMR (100 MHz, CDC}, 25°C):6 = 171.8, 135.9, 134.7, 134.3,
134.1, 130.1, 129.2, 128.8, 128.7, 126.2, 122.2,38.8, 31.8, 29.2, 24.7, 22.8, 14.3 ¢CH

Synthesis of o-diphenylphosphanyl-phenyl citronellate (81h)

PRARNT

A solution of theo-diphenylphosphinophend7 (127.8 mg, 0.46 mmol, 1 eq), the citronellic
acid (93.6 mg, 0.55 mmol, 1.2 eq) aNgd\-dimethylaminopyridine (5.5 mg, 0.046 mmol, 0.1
eq) in dry CHCI, was added, at room temperature and under nitrdgea,solution ofN,N’-
dicyclohexylcarbodiimide (132.1 mg, 0.64 mmol, &4) in dry CHCI, (total volume: 4.6 mL,
0.1 M). The mixture was stirred at room temperatime 1 h, monitoring by TLC (90:10
hexane/AcOEt). The reaction mixture was filtered arashed with CkCl,. The crude product
was purified by flash chromatography using 95:5ameXAcOEt as the eluent to afford the
product in 75 % yield.

'H-NMR (400 MHz, CDC}, 25°C):d = 7.45-7.27 (m, 11H, Ph), 7.21-7.08 (m, 2H), 66348
(m, 1H), 5.07 (t) = 7.2 Hz, J = 6.8 Hz, 1H, CH), 2.25 (dbs 5.6 Hz,Jyarn= 15.3 Hz, 1H, H
CHy), 2.06 (ddJ = 8.4 Hz,Jya-up= 15.3 Hz, 1H, g, CH,), 1.99-1.79 (m, 3H, CHC}), 1.68 (s,
3H, CHy), 1.60 (s, 3H, Ch), 1.27-1.12 (m, 2H, Ch), 0.89 (s, 3H, Ch). **C-NMR (100 MHz,
CDCl, 25°C):0 = 171.2, 153.2, 153.1, 136, 135.9, 134.3, 1343B.9, 131.9, 131.8, 131.7,
130.1, 129.2, 128.8, 128.7, 126.2, 124.5, 122.5,86.9, 29.9, 25.6, 19.8, 17¥P-NMR (161
MHz, CDCk, 25°C):6 = - 14.9 ppm [ oxidé'P = + 27.3 ppm].

Synthesis of o-diphenylphosphanyl-phenyl benzoate (57i)

PPh,
o

(Y

Ph
o
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Dry pyridine (27uL, 0.34 mmol, 1.2 eq), benzoic anhydride (76.6 (4 mmol, 1.2 eq) and
N,N-dimethylaminopyridine (3.4 mg, 0.028 mmol, 0.1 aepre added, at room temperature and
under nitrogen, to a solution ofdiphenylphosphinophenol (78.6 mg, 0.28 mmol, 1iaqiry
CH.CI; (1.87 mL, 0.15 M). The solution was stirred foh &nd then concentratéd vacuo The
residue was dissolved in AcOEt and washed with &#eous NaHC®and water. The organic
layer was dried over N8O, and concentrated. The product was purified by hflas
chromatography using 95:5 hexane/AcOEt as the el@erantitative yield.

'H-NMR (400 MHz, CDC}4, 25°C):6 = 7.81-7.78 (m, 2H), 7.46 (m, 1H), 7.37 (& 7.6, 1.5
Hz, 1H), 7.32-7.23 (m, 13H, Ph), 7.12 (dds 7.6 Hz, 1H), 6.82 (ddd, = 9.8 Hz,J = 4.2 Hz,J

= 2.6 Hz, 1H)*C-NMR (100 MHz, CDGJ, 25°C):6 = 164.3, 152.9 (d] = 17 Hz), 135.5 (dJ =

10 Hz), 134.6, 134.2, 133.58, 133.4, 131.7)d;, 11 Hz), 130.7 (dJ = 15 Hz), 130.2, 129.9,
129.2, 129.0, 128.6, 128.54, 128.3, 128.1, 12&2,61*'P-NMR (161 MHz, CDGJ, 25°C):6 =
-14.3 ppm [ oxidé'P = + 27.3 ppm].

Synthesis of 1-Methyl 5-[2-(Diphenylphosphanyl)-phenyl] N-(Benzyloxycarbonyl)-L-
aspartate (81j)

PPh,
0 COOMe

O  NHCbhz

A solution of the o-diphenylphosphinophenob7 (103.7 mg, 0.373 mmol, 1 eq), the
commercially availabléN-carbobenzyloxy-- asparagine acid 1-methyl ester (125.8 mg, 0.447
mmol, 1.2 eq) andll,N-dimethylaminopyridine (4.6 mg, 0.037 mmol, 0.1 egyiry CHCl, (3.7
mL, 0.1 M) were added, at room temperature and mundeogen, to a suspension bF(3-
dimethylaminopropylN’-ethylcarbodiimide hydrochloride (100 mg, 0.522 nmmib4 eq)and
dry N,N-diisopropylethylamine (89.8L, 0.522 mmol, 1.4 eq) in dry GBl,. The mixture was
stirred atRT for 2 h, monitoring by TLC (60:40 hexane/AcOEtheT reaction mixture was
diluted with CHCI, and extracted with 5 % aqueous HCI| and waterotganic layer was dried
over NaSQ, and concentrated. The crude product was purifiedlash chromatography using
60:40 hexane/AcOEt as the eluant to aff@ttlin 85 % yield.

'H-NMR (400 MHz, CDC}, 25°C): ¢ = 7.39-7.24 (m, 11H, Ph), 7.17-7.08 (m, 2H), 6(86
1H), 5.77 (dJ = 8.9 Hz, 1H, NH), 5.17 (dl = 12.3 Hz, 1H, CkPh), 5.12 (dJ = 12.3 Hz, 1H,
CH,Ph), 4.61 (m, 1H, CH), 3.70 (s, 3H, O§H3.04 (dd,J = 5.1 Hz, 17.4 Hz, 1H, Ci€0),
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2.75 (dd,J = 4.4 Hz, 17.4 Hz, 1H, Ci€0). °C-NMR (100 MHz, CDCJ, 25°C):6 = 171.1,
169.3, 156.2, 152.6 (d,= 17 Hz), 136.4, 135.6, 135.5, 135.4, 135.3, 13433.2, 133.9, 133.8,
130.5, 130.3, 130.2, 129.4, 129.3, 128.9, 128.8,712128.4, 128.3, 126.7, 122.6, 122.5, 67.3,
53.0, 50.4, 36.6P-NMR (161 MHz, CDGJ,25°C):¢ = - 15.6 ppm [ oxidé'P = + 28.2 ppm].

1-Methyl 5-[2-(Diphenylphosphanyl)-4-methoxyphenyl] N-(Benzyloxy-car bonyl)-L -
aspartate (82))

PPh,
COOMe

(@] NHCbz
MeO

See procedure for the synthesis of Synthesis okeihi 5-[2-(Diphenylphosphanyl)-phenyi-
(Benzyloxycarbonyl)--aspartate§lj)

The compound was purified by flash chromatograpiexane/AcOEt 65:35) yield = 75 %.
'H-NMR (400 MHz, CDC}, 25°C):6 = 7.42-7.24 (m, 15H, Ph), 7.06 (di= 4 Hz,J = 8.4 Hz,
1H, H-6), 6.86 (ddJ = 3.2 Hz,J = 8.4 Hz, 1H, H-5), 6.37 (1 = 3.6 Hz, 1H, H-3), 5.75 (-
ch=8.2 Hz, 1H, NH), 5.19 (d] = 6 Hz, 2H, CH-0), 4.60 (qJch-cH2= 4.4 Hz, 1H, CH), 3.72 (s,
3H, OCH), 3.62 (s, 3H, OC}J, 3.01 (ddJ=4.4 HzJ=17.2 Hz, 1H, H CH,), 2.72 (dd, 1H])
=4.4HzJ=17.2 Hz, H, CH,).

1-Methyl 5-[2-(Diphenylphosphanyl)-4-fluorophenyl] N-(Benzyloxy-carbonyl)-L-aspartate
(83))

PPh,
o! COOMe

O NHCbhz

See procedure for the synthesis of Synthesis okihi 5-[2-(Diphenylphosphanyl)-phenyi-
(Benzyloxycarbonyl)--aspartate§lj)

The compound was purified by flash chromatograpiexane/AcOEt 60:40) yield = 85 %.
'H-NMR (400 MHz, CDC}4, 25°C):6 = 7.48-7.27 (m, 15H, Ph), 7.12-7.02 (m, 2H, H-23H
6.55 (m, 1H, H-1), 5.70 (dnw-ch=8.6 Hz, 1H, NH), 5.18 (d] = 6 Hz, 2H, CHO), 4.61 (qJck-
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cHe= 4.4 Hz, 1H, CH), 3.72 (s, 3H, OGH3.01 (ddJ = 4.6 Hz,J = 17.2 Hz, 1H, | CH,), 2.75
(dd, J = 4.6 Hz,J = 17.2 Hz, 1H, g, CH,). ®*C-NMR (100 MHz, CDGCJ, 25°C): 6 = 170.9,
169.2, 161.8, 159.4 (G, 134.2, 134.1, 133.9, 133.8, 129.7, 129.6, 12928.9, 128.7,
128.6, 128.4, 128.3, 128.1 (5x{; 123.9, 123.8, 120.2, 120, 116.9, 116.6, 67.2,MH52.9
(OCHs), 50.3 (CH), 36.5 (Ch). **P-NMR (161 MHzCDCly 25°C):d =- 15.3 ppm [ oxidé'P =
+ 26.7 ppm]. ESI-MSm/z582.2 (M+N3).

1-Methyl 5-[2-(Diphenylphosphanyl)-4-trifluoromethylphenyl] N-(Benzyloxy-carbonyl)-L-
aspartate (84j)

PPh,

O\ﬂ/\‘/COOMe
©/ O NHCbz

F3C

See procedure for the synthesis of Synthesis okfhiM 5-[2-(Diphenylphosphanyl)-phenyi-
(Benzyloxycarbonyl)--aspartate§lj)

The compound was purified by flash chromatograjtexéane/AcOEt 70:30) yield = 90 %.
'H-NMR (400 MHz, CDC}, 25°C):6 = 7.48 (d,J = 8.8 Hz, 1H), 7.37-7.21 (m, 16H, Ph), 7.07
(m, 1H), 5.64 (dJnn-ch = 8.4 Hz, 1H, NH), 5.14 (d) = 5.6 Hz, 2H, CHO), 4.59 (q,Jch-cH2=
4.4 Hz, 1H, CH), 3.68 (s, 3H, OGH 2.94 (ddJ = 4.4 Hz,J = 17.2 Hz, 1H, § CH,), 2.72 (dd,
J=4.4HzJ=17.2 Hz, 1H, l§, CH,).

1-Methyl 5-[2-(Dicyclohexylphosphanyl)-4-fluor ophenyl] N-(Benzyloxy-car bonyl)-L -
aspartate (86j)

P(cyclohexil),
@) COOMe

O NHCbz

See procedure for the synthesis of Synthesis okfhiM 5-[2-(Diphenylphosphanyl)-phenyi-
(Benzyloxycarbonyl)--aspartate§lj)
The compound was purified by flash chromatograiexéane/AcOEt 80:20) yield = 80 %.
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'H-NMR (400 MHz, CDC}, 25°C):§ = 7.42-7.31 (m, 5H, Ph), 7.18-7.12 (m, 1H, H-3),17
7.01 (m, 2H, H-1, H-2), 6.57 (ddwi.ch=8.4 Hz,J = 3.2 Hz, 1H, NH), 5.18 (s, 2H, GA), 4.79
(m, 1H, CH), 3.79 (s, 3H, OGJ 3.39 (dd,J = 4.8 Hz,J = 16.8 Hz, 1H, | CHy), 3.14 (ddJ =
4.4 Hz,J = 16.8 Hz, 1H, 1§, CHy), 1.93-1.48 (m, 14H, Cyhex), 1.47-0.97 (m, 8H, &h

1-Methyl 5-[2-(Dicyclopentylphosphanyl)-4-fluor ophenyl] N-(Benzyloxy-car bonyl)-L -
aspartate (87))

P (cyclopentyl)
o COOMe

O NHCbz

See procedure for the synthesis of Synthesis okfhiM 5-[2-(Diphenylphosphanyl)-phenyi-
(Benzyloxycarbonyl)--aspartate§lj)

The compound was purified by flash chromatogratexéane/AcOEt 70:30) yield = 80 %.
'H-NMR (400 MHz, CDC}, 25°C):d = 7.32-7.27 (m, 5H, Ph), 7.18-7.15 (m, 1H), 7.0846(m,
2H), 6.55-6.50 (m, 1H, NH), 5.13 (s, 2H, @B), 4.78-4.73 (m, 1H, CH), 3.75 (s, 3H, OgH
3.36 (ddJ = 4.4 Hz,J = 16.8 Hz, 1H, | CH,), 3.01 (ddJ = 4.4 Hz,J = 16.8 Hz, 1H, I, CHy),
2.07-1.98 (m, 2H), 1.86-1.76 (m, 2H), 1.70-1.34 ().

Synthesis of 1-Methyl 5-[2-(Diphenylphosphanyl)-phenyl] N-(Benzyloxycarbonyl)-L-
glutamate (81k)

PPh NHCbz

Ao oon

O

A solution of theo-diphenylphosphinophenédl7 (200 mg, 0.715 mmol, 1 eq), the commercially
available N-carbobenzyloxy--glutamic acid 1-methyl ester (255 mg, 0.86 mmog é&q) and
N,N-dimethylaminopyridine (8.8 mg, 0.072 mmol, 0.1 egiiry CHCl, (0.1 M) were added, at
room temperature and under nitrogen, to a suspensfoN-(3-dimethylaminopropylN’-
ethylcarbodiimide hydrochloride (193.3 mg, 1 mnio4 eq)and dryN,N-diisopropylethylamine
(172.6puL, 1 mmol, 1.4 eq) in dry C¥Cl,. The mixture was stirred at RT for 2 h, monitoring
TLC (50:50 hexane/AcOEt). The reaction mixture wdated with CHCI, and extracted with
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10 % aqueous HCI and water: the organic layer wesl dver NaSO, and concentrated. The
crude product was purified by flash chromatograpbsing 70:30 hexane/AcOEt as the eluant to
afford 81k in 75 % yield.

'H-NMR (400 MHz, CDC}, 25°C): 8 = 7.42-7.29 (m, 11H, Ph), 7.17-7.08 (m, 2B)86 (m,
1H), 5.40 (dJ = 7.2 Hz, 1H, NH), 5.12 (s] = 12.3 Hz, 1H, CkPh), 4.35 (q,) = 4.8 Hz, 1H,
CH), 2.35 (m, 2H, CkCO), 2.07 (m, 1H, § CH,CH), 1.86 (m, 1H, il CH,CH).

1-Methyl 5-[2-(Diphenylphosphanyl)-4-fluor ophenyl] N-(Benzyloxy-car bonyl)-L-glutamate
(83k)

PPh NHCbz

/©/ O\[]/\/\COOMe

O

See procedure for the synthesis of  1-Methyl S5BBlenylphosphanyl)-phenyl]N-
(Benzyloxycarbonyl)--glutamate §1k)

The compound was purified by flash chromatograpiexane/AcOEt 60:40) yield = 85 %.
'H-NMR (400 MHz, CDC}, 25°C):6 = 7.40-7.27 (m, 15 H, Ph), 7.09 (m, 1H, H-2), 7(6Q
1H, H-3), 6.47 (m, 1H, H-1), 5.34 (Awn-cn = 7.9 Hz, 1H, NH), 5.11 (d] = 3.8 Hz, 2H, CH
0), 4.35 (m, 1H, CH), 3.74 (s, 3H, 0-gH2.28 (m, 2H, CRHCO), 2.01 (m, 1H, § CH,-CH),
1.80 (m, 1H, K, CH-CH). *C-NMR (100 MHz, CDGJ, 25°C): 6 = 170.8, 161.9, 159.4
(COchz), 134.4, 134.4, 134.2, 134.2, 129.8, 129.2, 1292B.9, 128.6, 128.5 (5%g, 124.3,
124.2,120.2, 119.9, 116.9, 116.7, 67.5 £@), 53.5 (CH), 52.8 (O-C¥), 30.3 (CH-CO), 27.6
(CHy). *'P-NMR (161 MHz,CDCls;, 25°C): 6 = - 14.2 ppm [ oxidé'P = + 26.8 ppm]. ESI-MS:
m/z596.3 (M+N3).

1-Methyl 5-[2-(Diphenylphosphanyl)-3,5-ditrifluoromethylphenyl] N-(Benzyloxy-
car bonyl)-L-glutamate (85k)

PPh, NHCbz

FoC 0
\n/\/\COOMe

0]

CR;
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See procedure for the synthesis of  1-Methyl S5Bplenylphosphanyl)-phenyl]N-
(Benzyloxycarbonyl)--glutamate §1k)

The compound was purified by flash chromatograjtexéane/AcOEt 70:30) yield = 95 %.
'H-NMR (400 MHz, CDC}, 25°C):d = 7.94 (s, 1H), 7.61 (s, 1H), 7.38-7.31 (m, 15H),/.20
(d,J = 7.6 Hz, 1H, NH), 4.28-4.23 (m, 1H, CH), 3.733bl, OCH), 1.82-1.58 (m, 4H, 2xCHl.

Synthesis of N-(Benzyloxycarbonyl)-B-alanine 2-(Diphenylphosphanyl)-phenyl Ester (81l)

PPh
o\r\/ NHCbz
Y

A solution of theo-diphenylphosphinophenélr (90 mg, 0.32 mmoli, 1 eq.), the protected amino
acid N-carbobenzyloxy--B-alanine (87 mg, 0.39 mmoli, 1.2 eq) and\,N
dimethylaminopyridine (3.9 mg, 0.032 mmol, 0.1 egiiry CHCl, (0.1 M) was added, at room
temperature and under nitrogen, to a solutioMN®’-dicyclohexylcarbodiimide (94 mg, 0.45
mmol, 1.4 eq) in dry CkCl,. The mixture was stirred at room temperature fértl. monitoring

by TLC (80:20 hexane/AcOEt). The reaction mixturasviiltered and washed with GEl,. The
crude product was purified by flash chromatograpbsing 70:30 hexane/AcOEt as the eluent to
afford 81l in 82 % yield.

'H-NMR (400 MHz, CDC}, 25°C): ¢ = 7.39-7.24 (m, 11H, Ph), 7.17-7.08 (m, 2H), 6(86
1H), 5.38 (sJ = 8.9 Hz, 1H, NH), 5.13 (s] = 12.3 Hz, 1H, CkKPh), 3.4 (qJ = 6 Hz, 2H,
NHCH,), 2.55 (t,J = 6 Hz, 2H, CH). **C-NMR (100 MHz, CDCJ, 25°C):s = 170.1, 169.3,
156.2, 152.6 (dJ = 17 Hz), 136.4, 135.6, 135.5, 135.4, 135.3, 13433.2, 133.9, 133.9, 130.5,
130.2, 130.1, 130.0, 129.2, 128.7, 128.6, 128.8,4,2128.0, 126.7, 122.5, 122.4, 66.7, 36.6,
34.6.

N-(Benzyloxy-car bonyl)-B-alanine 2-(Diphenylphosphanyl)-4-fluor ophenyl Ester (83l)

PPh

/©/o\(r)(\/ NHCbz
F
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A solution of the 2-diphenylphosphimmsfluorophenol60 (283.3 mg, 0.96 mmol, 1 eq), the
protected amino acitl-carbobenzyloxy--B-alanine (257.1 mg, 1.15 mmol, 1.2 eq) amd\-
dimethylaminopyridine (11.7 mg, 0.096 mmol, 0.1 egilry CH.Cl, (9.6 ml, 0.1 M) was added,
at room temperature and under argon, to a solafidhN’-dicyclohexylcarbodiimide (277.3 mg,
1.34 mmol, 1.4 eq) in dry Gi&l,. The mixture was stirred at room temperature foh,2
monitoring by TLC (70:30 hexane/AcOEt). The reactmixture was filtered and washed with
CH,CI,. The crude product was purified by flash chromedpgy using 70:30 hexane/AcOEt as
the eluent to affor@3l in 92 % vyield.

'H-NMR (400 MHz, CDC}, 25°C):6 = 7.42-7.27 (m, 15H, Ph), 7.15-7.05 (m, 2H, H-23H
6.52 (m, 1H, H-1), 5.27 (m, 1H, NH), 5.12 (s, 2HH0), 3.48 (q,JcHz-ne = 12 Hz, 2H,
CHoNH), 2.50 (t,Jchz-chz2= 6 Hz, 2H, CHCO).*C-NMR (100 MHz, CDCJ, 25°C):6 = 170.8,
161.9, 159.5 (C@uy), 156.5, 134.8, 134.7, 134.4, 134.2, 132.1, 129,8, 129.3, 129.2, 128.8,
128.5, 128.4 (5xf), 124.3, 124.2, 120.4, 120.2, 117.1, 116.8, 67 ,(@H36.6 (CH), 34.8
(CH,CO). *P-NMR (161 MHz,CDCl;, 25°C): 6 = - 15.2 ppm [ oxidé’P = + 27.9 ppm]. ESI-
MS: m/z524.2 (M+N3).

N-(Benzyloxy-car bonyl)glycine 2-(Diphenylphosphanyl)-4-fluor ophenyl Ester (83m)

PPh

/@/O\ﬂﬂ NHCbz
o

A solution of the 2-diphenylphosphimmsfluorophenol60 (158,3 mg, 0.53 mmol, 1 eq), the
protected amino acitl-carbobenzyloxy--B-glycine (134 mg, 0.64 mmol, 1.2 eq) ahg\
dimethylaminopyridine (6.5 mg, 0.053 mmol, 0.1 egyry CHCl, (5.3 ml, 0.1 M) was added,
at room temperature and under argon, to a solafidhN’-dicyclohexylcarbodiimide (152.7 mg,
0.74 mmol, 1.4 eq) in dry Gi€l,. The mixture was stirred at room temperature foh,?2
monitoring by TLC (70:30 hexane/AcOEt). The reactmixture was filtered and washed with
CH,CI,. The crude product was purified by flash chromedpgy using 70:30 hexane/AcOEt as
the eluent to affor@3m in 90 % yield.

'H-NMR (400 MHz, CDC}4, 25°C):6 = 7.48-7.30 (m, 15H, Ph), 7.15 (m, 1H, H-2), 7.11 (i,
H-3), 6.53 (m, 1H, H-1), 5.12 (s, 2H, GBl), 4.99 (m, 1H, NH), 3.85 (dnn-ch2 = 5.2 Hz, 2H,
CH,). ®*C-NMR (100 MHz, CDGCJ, 25°C): 6 = 168.4, 159.6 (C@y), 156.4, 162.1, 136.4
(Cipso), 134.8, 134.7, 134.4, 134.2, 129.9, 129.2, 12928.9, 128.6, 128.4 (5%0, 124.2,
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124.1, 120.4, 120.3, 120.1, 120.1, 117, 116.8, €ZI%0), 42.8 (CH). *P-NMR (161 MHz,
CDCls, 25°C):6 = - 14.0 ppm [ oxidé'P = + 27.5 ppm]. ESI-MSn/z510.4 (M+N3).

N-(tert-Butoxycar bonyl)-L-proline 2-(Diphenylphosphanyl)-4-fluor ophenyl Ester (83n)

Boc
PPh B
ijom
O
F

A solution of the 2-diphenylphosphimmsfluorophenol60 (119.6 mg, 0.40 mmol, 1 eq), the
protected amino acidN-Boc4-B-proline (103.3mg, 0.48 mmol, 1.2 eq) and,N
dimethylaminopyridine (4.9 mg, 0.04 mmol, 0.1 eg)dry CHCl, (4 ml, 0.1 M) was added, at
room temperature and under argon, to a solutioN,bf-dicyclohexylcarbodiimide (115,5 mg,
0.56 mmol, 1.4 eq) in dry Ci&l,. The mixture was stirred at room temperature foh,?2
monitoring by TLC (80:20 hexane/AcOEt). The reactmixture was filtered and washed with
CH.Cl,. The crude product was purified by flash chromedppgy using 80:20 hexane/AcOEt as
the eluent to affor@3n in 94 % yield.

'H-NMR (400 MHz, CDC}, 25°C):6 = 7.30-7.25 (m, 5H, Ph), 7.24-7.09 (m, 5H, Ph)676.92
(m, 2H, H-2, H-3), 6.36 (M, 1H, H-1), 4.24 (m, 1E€H), 3.26 (tJ yeng = 6.8 Hz, H, 1H, CH),
3.18 (t, 1H, H, CH,), 2.03-1.95 (m, 1H, k), 1.78-1.62 (m, 3H, H CH,), 1.45-1.30 (d, 9H,
Boc). *C-NMR (100 MHz, CDG, 25°C):6 = 171.2, 161.9, 159.4, 154.8, 153.9, 148.9, 135.1,
134.4, 134.2, 133.9, 132.1, 129.7, 129, 124.3,5219.9, 117.2, 116.9, 80.4, 80.1, 59.4, 46.8,
46.6, 30.6, 29.6, 28.8 (Boc), 24.9, 238-NMR (161 MHz,CDCly 25°C): § = - 15.5, - 15.8
ppm [ oxide®'P = + 27.7, + 28.0 ppm].

Synthesis of the compound (89)

OMe

c1” >p
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Chloromethylphosphonic dichloride (5g, 30 mmol, le@s dissolved in anyhdrous THF (30
mL). A solution of 4-methoxyphenylmagnesium brom{@&M) in THFE (120 mL, 240 mmol, 2
eg.) was added dropwise over 1 h. The resultingurexwas stirred at reflux for 24 h. The
reaction was then quenched by the addition of w@&tenL), and the solventwas removed under
reduced pressure. The residue was dissolved yCGHand the resulting solution was washed
once with water (12 mL). The organic layer was dlioger NaSO, and filtered, and the solvent
was removed under reduced pressure. The residuepwadfsed by flash chromatography
(CH.CI,/MeOH 97:3). Phosphine oxide was isolated as aengdutid in 63 % yield.

'H-NMR (400 MHz, CDC}, 25°C):6 = 7.77-7.72 (m, 4H, Ph), 7.04-7.00 (m, 4H, Ph)04d,J

= 7 Hz, 2H), 3.88 (s, 6H, 2xGH *C-NMR (100 MHz, CDCJ, 25°C):6 = 162.9, 133.5, 133.4,
121.5, 120.4, 114.4, 114.2, 55.4, 38'P-NMR (161 MHz, CDGJ, 25°C):6 = + 27.4 ppm. ESI-
MS: m/z310.05 (M+N3J.

Synthesis of the compound (90)

CMe
C
)J\S/\P

|
G

Phosphine oxide89 (2.9 g, 9.1 mmol, 1 eq) was dissolved in DMF (25)mBotassium
thioacetate (1.25 g, 10.9 mmol) was then added, thadreaction mixture was stirred under
nitrogen for 18 h. the solvent was then removedeumdduced pressure. The resulting oil was
purified by flash chromatography (GEl,/MeOH 97:3). Phosphine oxid# was isolated as a
clear, colorless oil in 87 % yield.

'H-NMR (400 MHz, CDC}, 25°C): 6 = 7.70-7.65 (m,4H, Ph), 6.99-6.97 (m,4H, Ph), 385
6H, 2xOCHy), 3.70 (d,J =8.2 Hz, 2H), 2.28 (s, 3H, GH “*C-NMR (100 MHz, CDCJ, 25°C):d

= 162.9, 133.2, 123.4, 123.3, 114.4, 55.6, 30.4).28-NMR (161 MHz, CDGJ, 25°C):6 = +
29.2 ppm. ESI-MSm/z373.06 (M+N3.
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Synthesis of the compound (91)

CMe
Q

)J\S/\P

Phosphine oxid€0 (1.06 g, 2.95 mmol, 1 eq) was dissolved in ahnysglirchloroform (10 mL).
Trichlorosilane (8 mL, 3.87 mmol, 26.5 eq) was atjdend the resulting solution was stirred
under nitrogen for 72 h. The solvent was then resdawnder reduced pressure. The residue was
purified by flash chromatography (GEI,/MeOH 97:3). Phosphin8l was isolated as a white
solid in 92 % yield.

'H-NMR (400 MHz, CDC}4, 25°C):6 = 7.38-7.36 (m, 4H, Ph), 6.93-6.89 (m, 4H, Ph353s,

6H, 2xOCH), 3.47 (bs, 2H), 2.32 (s, 3H, GH™*C-NMR (100 MHz, CDC}, 25°C):d = 194.4,
160.5, 134.2, 134.0, 127.9, 127.8, 114.2, 55.23,36.4.>'P-NMR (161 MHz, CD(, 25°C):o
=-19.7 ppm. ESI-MSmM/z357.06 (M+N3J.

Synthesis of the compound (92)

OMe
\/\)J\S/\P )

Phosphin®1 (200 mg, 0.56 mmol, 1 eq) was dissolved in ahnysi@MF (1mL). A solution of
MeONa (34 mg, 0.62 mmol, 1.1 eq) was added dropaige’C, under nitrogen. The resulting
mixture was stirred at 0°C for 2 h and then valehjoride ( 67.4 mg, 0.56 mmol, 1eq) was
added. The solution was stirred for 1 h at 0°Csalieed in CHCl, and washed with 5 %
aqueous HCI, 5 % satured NaH¢@nd water. The organic layer was dried ovesS@ and
concentrated to give the crude product. The resubil was purified by flash chromatography
(cyclohexane/AcOEt 80:20 to cyclohexane/AcOEt/MeB®20:2). Phosphin®2 was isolated
as a clear, colorless oil in 57 % yield.

'H-NMR (400 MHz, CDC}4, 25°C):6 = 7.44 (t,J = 8 Hz, 4H, Ph), 6.94 (d} = 8 Hz, 4H, Ph),
3.68 (s, 6H, 2xOCHh), 3.56 (d,J = 2 Hz, 2H, CHS), 2.53 (tJ = 7.6 Hz, 2H, Ch), 1.59 (m, 2H,
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CH,), 1.29 (m, 2H, Ch), 0.89 (t,J = 7.2 Hz, 3H, CH). **P-NMR (161 MHzCDCl; 25°C):6 = -
17.6 ppm [ oxidé'P = + 29.7 ppm].
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4.1 Background

Our previous studies on the use of Staudingeritigabr the synthesis of glycosyl amides have
been summarized in the introduction (Chapter 1)oAgithem, ligation of unprotected and-
glucosyl azides 7 and 10 was particularly remarkable because in both casescdurred
stereoconservatively (Scheme 1) and allowed singolation of the resulting glucosyl amides
from the phosphane oxide by-product by water ektrac The anomeric ratios of the products
were consistently good and the yields moderatestmdgfor most of the alkyl chains R,

particularly under MW irradiatioh.

PPh,

\ OH
O H
81a-1 HO&N R
HO
OH HO \ﬂ/
0 (@]
HO N
HO 3 94a-1
OH
10

Scheme 1. Stereoconservative Staudinger ligatiory @nd10 with phosphinela-I

For its novelty and stereoselectivity this methaseatved further consideration, but it was far
from perfect and left many problems open. As nabdve, yields were generally modest and
dropped to poor for somea-glycosylamides. Most notably the aspartic and aghit acid
derivativesm81j and 81k (Scheme 2) gave poor yields of the correspondingogyl amino
acids for both thex and 3 series. This is particularly disappointing becatisse amides are
important glycoconjugates, mimicking the conservamte of naturalN-asparagine-linked

glycopeptides and glycoproteifis.
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ZT

OH o
81j R=CH,CHCO,Me HO Q _
l Ao N

OH
NHCEz HO ﬁ/ HC C  NHCtz
N .
81k R= CHQCHQ(EHCOQMe HO ’ 94j. k

CH n=1.2  y-22.18%
NHCEz 10

Scheme 2. Phosphine81lj .k give poor yields oN-glycosyl amino acids

Furthermore, the reaction often yielded mixturethef desired pyranosylamide and the isomeric
furanosylamide. For instance, reaction7ofvith the pentanoyl phosphirglb (Scheme 3) in
DMA at 70°C yielded a complex mixture of compoumashe water fraction that were separated
by reverse phase HPLC and characterized as thetexippentanamid@3b (50 % yield), thea-
N-pentanoyl-glucofuranosylamine isom@sb (15 % vyield) anda and 3-glucose (equilibrium
mixture of anomers, 30% yield). The configuratidn98b was assigned on the basis of the
anomeric proton signal (5.45 ppi,; = 5.4 Hz). The structure @b was assigned on the basis
of ESI-MS and of théH-NMR (D,0), which is consistent with the spectrum of thewn a-b-

glucofuranoside (Scheme3).

OH
HO \\\H (_\NOESY contact

N: HO
7 1)70 <C. DMA. 18§ h o on 1,
R ) : : HO Q N + o/B glucase
FFh 2)H,0,70°C. 2 h HO NH y=30%
y) 2L, : HOHN
o \n/\/\ b OH \([)]/\/\
7]/\/\ 0
0 93b 95b
81b y=150% y=15%

Scheme 3. Staudinger ligation of with phosphinedlb in DMA
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The anomeric configuration @b was further confirmed to ba by the NOESY spectrum
(D20), which shows a strong crosspeak for theaHld B protons and no crosspeak for the H1
and H3protons (Scheme 3). The presence of glucose iretiiion crude was identified Bii-
NMR spectroscopy.

The furanoside@5b must clearly derive from a ring-opening processuodcg after the azide
reduction step, presumably from the iminophospher& (Scheme 4)to afford the
phosphinimine97, which can undergo ring-closure to yiel@bb. Hydrolysis of the same
intermediated7 accounts for the formation @f and -D-glucose in the reaction mixture. The
alternative hypothesis that glucose could be forimedirect hydrolysis of the starting azide was
discarded becauseéwas recovered unaltered after treatment with wiat€MA at 70°C for 24

h.

OH
OH Hoﬁ? H
HO (e acyl transfer HO HOHN
93b T

HO N, 0
7 OH

—PPh, o Il @

Scheme 4. Mechanism for the formation of the furanosylam®®e and glucose in the ligation
of 7 with 81b

This drawback was partly resolved in our previouskl ° by reducing the temperature of the

reaction (high temperatures favor formation of film@nosylamides) while using microwaves to

103



Chapter 4

avoid increasing the reaction time. Adding 2 % DM#@Uhe solvent (DMA) was also found to
be beneficial, since a high polarity of the solvappears to accelerate the acyl transfer %tep.
Under these conditions, formation of the undesfteenosyl amide could be contained in most
cases below 5-10 % and both and B unprotected glycosyl azides could be transformed
stereoselectively in the corresponding amides aasilye isolated from reaction mixtures.

However, clearly the process called for furtheiropation.
4.2 Staudinger ligation with a new group of phosphines

To address the set of problems described aboveumed to examining the performance of
different phosphines in the reaction using as medbétrates the and3-glucopyranosyl azides

7 and10.

The Staudinger ligation of phosphin8% can be envisaged as taking place in two steps, as
described in Scheme 5 for the reaction8if with a-glucosyl azide7. In the first step,
nucleophilic addition of the phosphine to thienitrogen of the azide followed by nitrogen
extrusion leads to the iminophosphor&3e In the second steP8 undergoes an intramolecular
reaction in which the acyl chain transferred frdre phenolic ester to the imminophosphorane
nitrogen and an amide bond is generadt@lr previous observations indicated that the poor
amide yields observed upon reaction of glucosykmidith some phosphines were caused by

inefficient acyl chain transfer in the iminophospdme intermediated8 (Scheme 55:’

N, OH OH
acyl transfer 0
7+ 81] 4 . WO Q H HO
HO HO

HO @N_%th HOuy COOMe
MeO,C (O O NHCbz
CbzHN O
98 93]

Scheme 5. Two-step mechanism for the Staudinger ligation.

Using the syntheses shown in Chapter 3, we pregheedroup of new phosphines collected in

Figure 1 (59-62, 79, 80 and9l) for further studies on the Staudinger ligationgess.
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PPh, PPh, PPh, PPh,
OH OH OH F;C OH
MeO F F5C
CF,
59 60 61 62

oue QD 0
P P MeO P/\S/U\
OH OH
2
F F
79 80 91

Figure 1. Set of new phosphines

The two phosphine§9 and 60 were studied in more detail and were meant to es$dtwo
different and opposite features of the process:

1. The azide reduction step (formation of the immirmgghorane, Scheme 6) is facilitated
by a strong basicity of the P atom.

2. The acyl transfer step (from phenol oxygen to irpimasphoran&l, in Scheme 6) would
be accelerated by EWG groups on the aromatic rrdggch, however, will reduce the
basicity of P.

Thus, we expected that increasing the leaving grahbility of the phenol, such as with
phosphiness0-62 could improve the overall-yield of the reaction égcelerating the transfer
step. A possible decrease in reactivity due toréaeiced basicity of the P atom induced by the
electronpoor phenol could be offset by increasimg ¢lectonrichness of the phosphines, for
instance with aliphatic substituents, such asahetyl or cyclopentyl rings, as ir® and80.
This should result in an increase of the reductete, leading to a diminished amount of by-
products related to incomplete azide reduction.

More generally, we expected that a change in thectsire of the phoshine reagent may be
reflected in a different composition of the reactimixtures and in particular may affect the
formation of the furanose isomers in ways that wdaé difficult to anticipate at this point.
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OH PPh, OH

HO Q. O__R . HO Q
H

°™"ho T HO™ o

Ny 0 NHCOR

7 X =H, F, OMe
Reduction
N, thP

OH
X
HO%%
HO
HO

N
N Acyl transfer
© phyp Y rRoc”

B <

R

iminophosphorane
Scheme 6. Mechanism of the traceless Staudinger ligation

As a first step we identified a rapid and diagroanalytical method to evaluate the course of the
reactions by analysis of the crude reaction midur8ince the reaction is performed on
unprotected sugars, Thin Layer Chromatography dabeaised to monitor its course. Rather,
after completion of the reactions under a preddfiset of conditions (time, temperature etc), the
crude mixtures were diluted with water and extrdetgth CH,Cl, to eliminate the phosphine by-
products. The aqueous layers were analyzedHsiMR (typically in D;O) and the product
ratios established, based on the integration ofattmmeric protons (Figure 2). Typical reaction
crudes contained both the expeatedr B-pyranosyl amides9@ or 94) and variable amounts of
the corresponding-furanosyl amide®5. As we have previously shown (Schemé #)e latter
are formed by ring-openifgng-closure of the iminophosphoranes intermedi@éher by-
products consist in free glucose (equilibrium anoemixtures) formed by hydrolysis of the
same intermediates. They were all identified anaratterized by isolation and/or comparison

with known samples.
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T T T T T T T T T T T T T T T T T T T T T T T T T T
580 575 5% 56 580 55 550 545 54 535 530 25X '..2'0' 5.15 510 505 500 455 490 485 480 475 &M 458 4680 455
1 {ppn}

Figure 2. 'H-NMR (D,0) spectra of the crude water extract

As mentioned above, a first set of experiments paafomed with phoshine®2 and83 obtained
by acylation of the corresponding phen&3 and 60. Phosphine82 was chosen because
fluorophenyl esters are well-known as good actingatiroups in acylic nucleophilic substitution
and increase the acylating ability of the reagéht methoxy group on the aromatic ring83f
increases the basicitity of the phosphorous atdowimg fast reduction of the azide, but reduces
the acylating ability.

A set of experiments was designed on the unpratectglucosyl azide/ chosen as the standard
substrate, changing reaction temperature, naturdeofR group (R = Me, CG€H,CH,CH,-,
(CHs3).C=CH-, Z4i-aspartic acid 1-methyl ester) and type of prog#issrmal or microwave
assisted) (Scheme 7 and Tables A, B and C in therajix).

Yields and diasteromeric ratios obtained from tigation were estimated on the basis of the
weight and on théH-NMR spectra of the crude water extract, and edictions were run in the
same solvent: 98:2 DMA:DMPU (the results are caédddn Tables A and B in the appendix).
For comparison, the data previously obtafniedsimilar conditions foB1 are collected in Table
C.
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OH PPh, OH
HO Q O\[rR DMA:DMPU 98:2 HO 0
HO + ! HO

HON, X HCNHCCOR
7 X =H (81). OMe (82). F (83) 93
a R =CH;, 93a  R=CH;
b R = (CH,);CH; 93b R =(CH,);CHj
e R= CH=C(CH;), 93¢ R =CH=C(CH;),
j R= CHZ?HCOOMe 93j R =CH,CHCCCMe
NHCLz NHCtz

Scheme 7. Screening for the ligation of-glucosyl azide/

Evaluation of results obtained from this screerghgw that:

The methoxy-substituted phosphirgadisplayed lower levels ofi selectivity, proved by the
presence of botbi- andp-glucosyl amides in the crude water extract, asd al general showed

a higher tendency to give the formationoeflucofuranosyl amides and of other hydrolysis by-
products.

Microwave assisted process with compoud2sfforded low yield, low stereoselectivity and the
azide7 was not completely reduced (see Table A in appertitries 5, 6 and 11). In the end,
the phosphiné32 presented a reduced reactivity and miaestereocontrol in comparison with
compound8l for the Staudinger ligation. Compour@® afforded high conversion ta-
glucofuranosyl amideS5, if the reaction was performed above 70°C (Tablertries 3, 4 and
6). However, after water extraction we obtained jogld, probably for an inefficient acyl chain
transfer during the ligation, that stop the reactto iminophosphorane intermedis@8 step
(Scheme 5).

Similarly, the fluorinated compound8 showed lower reduction strength and lower acylating
ability in the ligation of alkyl chains, but wereund to perform dependably in the transfer of
Aspartic acid side-chain ta (see Table B in appendix, entries 14 and 15).

Some general observations were extrapolated frasnset of experiments for the Staudinger
ligation betweem-glucosyl azid&’ and functionalized phosphin82 and83:

1. The results showed a strong and somewhat unpabtbctiependence of the process on the

nature of the R group and the type of phosphine.
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2. |If the ligation for the thermal process was pearfed above 40 °C, the quantity af
glucofuranosyl amide increased in each case oldefVable A and B in appendix,
experiment perform at 70°C and 100°C).

3. The methoxy phosphin&2 gave large amount of pyranose-furanose conversion.

4. The fluorinated phosphin@&3 gave the best results with amino acids.

The best conditions identified for the synthesi®8jf, consisted in treating the unprotected
glucosyl azide with 2 equivalents of phosphiB88sin DMA/DMPU (98:2) at 40°C during 18 h
(Scheme 8).

OH PFPh, o
0 0 COOMe c . o
Hgoﬁ _ Tl/\l/ 1) 40 °C, DMA/DMPU98:2, 18 h Hgo
HO O NHCbz 2) H,0. 40°C. 2 h

N: F HOpN COOMe

7 83j 93] O NHCbz

Scheme 8. Staudinger ligation of the unprotectedylucosyl azider with phosphine33j

Under these conditions the-glucopyranosylamide was isolatéa good yield and excellent
anomeric ratio (55 % isolated yield and 9&#B ratio). The presence of the F atom in the
aromatic-ring appears to play a key role for thacteity of the phosphind3j in the acyl
transfer of aspartic acid.

As a matter of fact, the reaction occurred withrdd&%o yield, compared to 25% afforded by the
non-fluorinated reagerdlj. However, the ligation required more equivalerftplmsphines (1.2
eqg. to 2 eq.) and the reaction time became muchelofd h to 18 h). This proves the low
reactivity of fluorinated phosphin83j respect to compounélj. Microwave assisted process
also in this case afforded low yield and high pneseof by-products (Table B in appendix,
entries 6, 7, 9 and 13).

To further explore the ability of electron poor ghbines in the Staudinger ligation of aspartic
acid residue, azidé was treated witt84j and85k (Figure 3)in the same conditions optimized
for the precedent ligation (40°C, 18 h and DMA/DMB&!I2 as mixture solvent).
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PPh, PPh, NHCtz
O\H/\rCOOMe F;C O\H/\/'\
COOMe
FaC /©/ Q NHCLtz @
3
. CF,
84j 85k

Figure 3. Phosphine84j and85k

Unfortunately phoshine®4j and85k were found to reduce the azide, but not to trartbie acyl
chain and afforded only hydrolysis by-products,isasa andf-glucose and other not identified
compounds, whit complet absencenefjlucosyl amide as a product.

This suggested that the azide reduction step cooltdoe induced in the reaction for the low
basicity of the phosphorus atom, also increasegéeeature and time of the reaction.

For this purpose compourbj (Figure 4) was synthesized, replacing two phemgs with
cyclohexyl rings to increase the reduction strengftithe phosphines. These became able to
reduce the azid@ (major reaction product wgsglucosylamine as show by anomeric signal at
4.18 ppmJ;.» = 8.8 Hz to prove that the reduction step happenaat) didn’t have acylating
ability at all, probably for the major steric hiaghice of the alkyl substituent.

L QD
O\H/YCOOMe O\”/\‘/COOMe
/©/ C  NHCtz /©/ C  NHCtz
F F
86j 87j

Figure 4. Phosphine86j and87]

Compound7j was synthesized to decrease the steric hindrdrtbe ayclohexyl ring and tested
with different reaction conditions, but also ingluase the ligation afforded only hydrolysis by-
prodouct with total absence ofglucosyl amide€3j.

A final set of experiments were performed treatimg unprotected-glucosyl azideg with the
functionalized (diphenylphosphino)methanett®al (Scheme 9)® This phosphine was largely
used in the orthogonal assembly of a profesite-specific immobilization of peptides and
proteins to a surfac®, **and synthesis of glycopeptidés.
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The same procedure employed for the Staudingetidigdetween phosphine and protected or
unprotected glucosyl azides (70 °C/18 h and 40°CiAhDMA:DMPU 98:2 as a solvet

mixture) ‘were used, but we observed tBa} is not able to react with the compound

CH CMe
0]
Hglo/\i\ + \/\)?\ NQC reaction
HON; s7>p )

7 92

Scheme 9. Staudinger ligation of with the functionalized (diphenylphosphino)methiéied 92

The mechanism proposed by Raines and co-workete($e 10) for the ligation mediated by
(diphenylphosphino)methanethid@9, show that the imminophosphorar®0 can form a
tetrahedral intermediat&0l, which collapses to give an amidophosphonium $32 that is
hydrolyzed in aqueous solution, furnish the finai@e. Probably in our case the steric hindrance
of the tetrahedral intermedial®1, that occour during the ligation, avoid the conpleduction

of a-glucosyl azider and the acyl transfer of the acyl chain.

o
R)J\S/\

- N2(gas) @ @ S PPhQ
9 T R)J\S/\erhQ - 0 N
N\R‘ R R'
N;-R' 100 © 101

|
PPh
@ 2

0

0 0 R)LNR'
g
S
©

102
Scheme 10. Mechanism for the Traceless Staudinger ligatiediated by
(diphenylphosphino)methanthibl
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4.3 Appendix
OH PPh,
HO Q O\[rR DMA:DMPU 98:2
HC + R
HO N3 MeQC
7 82
82a R= CH3

82b R =(CH,);CH;
82e R=CH=C(CH;),
82j R=CH,CHCOCMe

Chapter 4

OH
HO Q
HO
HCNHCOR
93
93a R=CH,4

93b R= (CH233CH3
93e R= CH:C(CH3]2
93j R =CH,CHCOCMe

NHCtz NHCtz
Table A. Screening for the synthesis @mfglucosylamide®3
B- a- a-
Entry | Reagent Process Glucose | Azide | pyranosyl | pyranosyl | furanosyl
amide 94 amide93 | amide 95
1 82a 70°C, 18h 6 / 10 48 36
2 82a 100 °C, 18 h / / 13 37 50
3 82b 70°C, 18 h / / 16 24 60
4 82b 100 °C, 18 h / / 17 18 65
5 82b M.W.120°C,20’ / 24 155 6.5 54
6 82b M.W.120°C,40’ 5 8 17 8 59
7 82e 100 °C, 18 h 18 / 51 / 31
8 82 40 °C, 18 h ? 43 ? 23 27
9 82 70°C, 18 h 45 / ? 17 38
10 82 70°C,4h 12 26 ? 17 26
11 82 M.W.120°C, 1h| 12.5 38 ? 20 29

Ratio estimated on the basis of theNMR (D.O)spectra of the crude water extract

(?)*H-NMR integration not possible
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OH PPh, OH
e O0__R . . C
HO DMA:DMPU 98:2 HOC
H(ﬁ\ + \C[]r HO
HON, F HCNHCOR
7 83 93
83a R =CHj 93a R =CHj;
83b R= (CH2]3CH3 93b R= (CH233CH3
83e R =CH=C(CH;), 93¢ R =CH=C(CH,),
83j R=CH,CHCOOMe 93j R=CH,CHCCCMe
NHCtz NHCtz
Table B. Screening for the synthesis @fglucosylamide®3
B- a- a-
Entry | Phosphin. Process Glucose | Azide | pyranosyl | pyranosyl | furanosyl
amide 94 amide 93 amide 95
1 83a 70°C,4h 16 5 9.5 54 15
2 83a 70°C,18h 12 7 8 60 13
3 83b 40 °C, 4 h 15 31 7.5 29.5 16
4 83b 70°C,4h 15.5 / 10.5 55 19
5 83b 70°C,18h 20.5 / 24 8 47
6 83b M.W.50°C,50’ 17 8 17 24.5 33
7 83b M.W.120°C,20’ 12 7 17 14 50
8 83e 70°C,4h 22 / 31 6.5 40
9 83e M.W.120°C,20’ 21 / 33.5 32 135
10 83j 40 °C, 18 h 5 25 ? 44 15
11 83 70°C,18h 27 / ? 45 24
12 83j 70°C,4h 9 19.5 ? 30 19
13 83j M.W.120°C,40’ 6 28 7 39 19
14 83 45°C, 18 h 20 / / 61 22
15 83j 40 °C, 18 h 15 / / 65(5b 20

Ratio estimated on the basis of theNMR (D,O)spectra of the crude water extract

(?)*H-NMR integration not possible. a) Isolated yield
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81a
§1b
8le
81j

\[rR DMA:DMPU 98:2

81

R = CH,

R = (CH,);CH;

R = CH=C(CH,),
R= CHZ?HCOOMe

Chapter 4

OH
HO Q
HO
HCNHCOR
93
933 R= CH3

93b R= (CH233CH3
93e R= CH:C(CH3]2
93j R= CHZ(EHCOOMe

NHCtz NHCtz
Table C. Screening for the synthesis @mfglucosylamide®3
B- a- a-
Entry | Phosphin. Process Glucose | Azide | pyranosyl | pyranosyl | furanosyl
amide 94 amide93 | amide95
1 8la 70°C, 18h 20 / / 77 3
2 81b 40 °C,4h 20 / / 75(6% 5
3 81b 70°C, 18 h 20 / / 65(5p 15
4 81b M.W.50°C,50’ 20 / / 75(6% 2
5 81b M.W.120°C,10’ 20 / / 75(65) 2
6 8le 40 °C,4h 20 / / 40 40
7 8le M.W.50°C,50’ / / / 16 52
8 81j 40 °C,4h 35 / / P4 15
9 81j M.W.50°C,50’ 35 / / 25 10
10 81 M.W.120°C,10’ / / / 25 10

Ratio estimated on the basis of theNMR (D,O)spectra of the crude water extract

(?) *H-NMR integration not possible. a) Isolated yield
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In chapter 4 we showed that monofluorophospl88g improve the yields of aspartic acid
transfer, which occurred with over 55 % vyield, cargad to 25 % afforded by the non-
fluorinated analogu8lj (Scheme 1). Hence, improving the leaving groupitstof the activated

ester appears to result in higher yields for thicdlt transfer step and the novel functionalized
phosphanis83j affords the correspondiniy-glucosyl aspartic aci®3j in a stereoconservative
and synthetically pratical manner. This preliminaegult prompted us to further explore the
scope of phosphines derived from monofluorophosppimenol60 in the ligation of amino acids

and glycosyl azides.

O  NHCbz
0 COOMe
PPh, OH
81j HO 0o
HO 0
HOHN
O/
O NHCbz
OH
HO 0 93j y=25%
HO
HO
N3
7 \ OH
HO Q
HO 0
O  NHCbz HOHN o
0 COOMe O  NHCbz
PPh, .
93j y=55%
83j
F

Schemel. Ligation ofa-glucosyl azider with functionalized phosphinédj and83j

5.1 Synthesis of a- and (3-glucosyl amino acids

The monofluoro phosphingsj-n, could be obtained in high yields from the knowrogphine
60" by reaction with the appropriate amino acids amddensing agents as show in Scheme 2,
(See chapter 3 experimental ct for the procedu@®. functionalized phosphiné&3j-n were
synthesized to examine the Staudinger ligatiorhefaspartic and glutamic acid side-chaBg§ (

and83k, respectively) as well as the reactions of simplandp-amino acids such gsalanine
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(83l), glycine 83m) and proline 83n). Optimal yields were obtained by using eithié4f3-
(dimethylamino) propylN-ethylcarbodiimide (EDC) 83j and 83k) or DCC @3I-n) as the
condensing agent. The ligation reagents coulddiated by simple filtration through a silica gel
plug. Analytical samples were purified by flash@mhatography. In general, and like the parent
non-fluorinated compounds, phosphi@3g-n were found to be air-stable compounds that could
be handled under standard conditions with minimetautions.

PPh,
EDC.HCI, DIPEA OTR 83j R=CH,CHCO,Me y=8%
DMAP, CH,Cl, I TQIHCI:Z
F
PPh, 83k R- CHQCHszCOQMe y=85%
OH NHCEz
F PPh,
60
DCC.DMAP ™ 831 R-CHCHNHCE: y=92%
CHyCl . 0 83m R= CH,NHCtz y=90%
83n R= ""‘[ > y=94%
N
Boc

Scheme 2. Synthesis of the fluorinared phosphi@3g-n

The ligation experiments were performed by treathgunprotected- andp-glucosyl azideg
and 10 with 2 equivalents of phosphir&3j-n in DMA/DMPU (98:2) at 40 °C for 18 h. After
completion of the reaction, the crude mixtures vwaineed with water for an additional 2 h, then
diluted with water and extracted with @El, to eliminate the phosphine by-products. The
aqueous layers were analyzed'byNMR (typically in DO) and the product ratios established
on the basis of the integration of the anomeridgm®. Typical reaction crudes contained both
the expectedr- or B-pyranosyl amide®3 or 94 and variable amounts of the corresponding
furanosyl amide®5 (Scheme 3). The anomeric configuration96f-n was consistent with the
previously data reported for the-glucofuranosyl amideS.As we have previously shown
(Scheme 4, chapter 4)the latter are formed by ring-opening/ring-closofethe intermediate
iminophosphorane$Free glucose (equilibrium anomeric mixtures) dbrmed by hydrolysis

of the same intermediates.
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N- CH

HO
HO

i HOHN R

PPh,

93j-m

F OH
83] HO QNLR
-n ‘-
] 9 N +  95j-n

OH HO R
HO 0 N ‘
HO : 94j-n

10 83j R= CH,CHCO,Me 831 R= CH,CH,NHCbz

NHCbz 83m R=CH,NHCbz
83k R= CH,CH,CHCO,Me¢ 83n R= 1l )
N
NHCbz Boc

Scheme 3. Synthesis obi- andp- glucosyl aminoacidg3j-m and94 j-n.

The glucosyl amides were purified by flash chrorgeaphy on silica gel (CH@MeOH/H,O
80:20:2) and fully characterized as their acetgdateunterpartd03j-m and104j-n (Scheme 4).

CH OAc
HO Ac,C. DMAP AcO 0] J R= CHZ?HCOZMe
HC Pyridine AcC NHCtz
HCHN. R AcCHN.__ _R
3 ko k R= CHchz(‘:HCOQMe
93j-m 103j-m NHCtz

1 R= CH,CH,NHCtz

CH CAc m R= CH,NHCtz
o H o H
HO N R Ac,O, DMAP AcQO N R / \
HQO \n/ > AcO \ﬂ/ n R= 1o

HO 0 Pyridine CAc ¢ N

94j-n 104j-n
Scheme 4. Acetylated compoundi3j-m and104j-n

Ligation of thea-azide was generally accompanied by ring contraciad sizeable quantities of

the glucofuranosyl amide85 were formed (Table 1, entries 1-4). Strict conwblanhydrous
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conditions and temperature were found to minimize formation of ring-contraction by-
products. In our previous studies with phosphiBggs® the use of MW irradiation proved
beneficial for reducing the amount of furanose fation, but this was not the case with
phosphines83j as MW irradiation (50 °C, 50 min) gave lower yielosthe desired pyranosyl
amides and more by-products.

The reactions witlff-glucosyl azidelO (Table 1, entries 5-9) gave good-to-excellent weitithe
corresponding pyranosyl amid@4j-n, which were essentially pure after water extractibhe
'H NMR spectra of the reaction crudes showed netodche anomeria-pyranosyl epimer and
very minor quantities (3 %) of a by-product to whithe furanosyl amide structuB® was
tentatively assignedy-, B- and y-amino acids were transferred with equal efficiendie
aspartic acid amid@4j (Table 1, entry 5) was the most difficult to obtabut could still be
isolated in 77 % vyield, as opposed to the yiel@®P6 obtained under the same conditions with

phosphan®ij.?

Table 1. Synthesis ofa- and (-glucosylaminoacids93 and 94 by ligation of a- andf3-
glucosylazide§ and10 with 83j-n

Entry Phosphine Azide Product yigsgggt?&) rgt/i[?)b Pyranose/Furanose ratio®
1 83] 7 93j 56 98:2 85:15
2 83k 7 93k 59 98:2 87:13
3 83l 7 93l 60 98:2 90:10
4 83m 7 93m 36 (12f 98:2 67:33
5 83 10 94 77 <1:99 98:2
6 83k 10 94k 87 <1:99 98:2
7 83l 10 o4l 85 <1:99 98:2
8 83m 10 94m 75 <1:99 97:3
9 83n 10 94n 70 <1:99 98:2

a) Yields based on glucopyranosylamide b) Ratithefanomeric proton signals of tbie and 3-pyranosylamides
93 and94 in the crudéH-NMR spectrum c) Ratio of the anomeric proton aigrin the crudéH-NMR spectrum.

d) Isolated yield of furanosyl ami@sm.
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A significant difference in the reactivity of andp-glucopyranosyl azides towards the traceless
Staudinger ligation was noted, in particular reacif a-glucosyl azider (Table 1, entries 1-4)
with 83j-m afforded the corresponding-amide 93j-m in lower yields compared to th@-
anomer®4j-n formed from10 (Table 1, entries 5-9).

In 2010 Field and co-workéreported a comparison of X-ray crystallographitadar both the
a- andp-peracetylated glucopyranosyl azideand?2 highlighted the impact of anomeric effect
on the dipolar character of the anomeric azidessiwlikely accounts for the observed reactivity
difference. This comparison revealed that the datety glucopyranose rings tfand2 are very
similar, except for the anomeric azido groups havuifferent configurations (axial vs
equatorial). In addition, the interatomic distaneeghin the C(1)-N(A)-N(B)-N(C) fragment
(Table 2 and Figurel) are in keeping with the etgukinfluence of the anomeric effect. The
C(2)-N(A) distance irl is shorter than the corresponding distancg; ithe terminal N(B)-N(C)
bond is shorter than the inner N(A)-N(B) bond3isomerl, whereas imm-isomer2 these bonds

are more similar value.

CAc CAc
predominant
1
CAc CAc
Acoi(? - - AcO Q
AcO o @ AcC ® o
CU N-N=N AcC N=N=N
A BC A BC

N

rredominant

Figure 1. Resonance structures o+ andp-glucopyranosyl azides

Table 2. Interatomic distance (A) for GNragment in tetrad-acetyl-glucosyl azide$ and2

B-azide 1 a-azide 2
C(1)-N(A) 1.460 1.510
N(A)-N(B) 1.243 1.165
N(B)-N(C) 1.119 1.195
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This particular difference between the azido grisup and2 indicates a significant difference in
electron distribution within this group for two i®@ric compounds, which manifest itself as a
difference in dipolar charge character and heneadlifierent reaction rates.

The higher reactivity oB-azidesl can be interpreted as a result of a partial negatharge on
atom N(A).

5.2 Synthesis of other B-glycosyl amino acids

To probe the scope of the fluorinated phosphBg&sotherp-unprotected glycosyl azides were
tested in the Staudinger ligation (Scheme 5, Ta@hl& he reactions of phosphing3j-n with f3-
galactosyl azidel3, p-fucosyl azide50 and B-glucosylN-acetyl azided2 were performed and
afforded the corresponding glycosyl amidés, 106 and107 in good yields.

HO OH PPh, O HO OH
O O H
R
wis T e iy
HO F HO 0
43 83j-m 105j-m
OH PPh, O OH
oo oon
OH R OH
HiCA=0 oy, F —_— H;CA-0 NH g
F
O
50 83j-n 106j-n
OH PPh, O OH
H
HO Q N; R HO Q N R
HO + - HO \ﬂ/
NHAc F NHAc
42 83j-1 107j-1
83j, 105j - 107j R= CHZ?HCOZMe 831, 1051 - 1071 R= CH,CH,NHCbz
NHCbz 83m9 10511’1, 106m R= CHzNHCbZ
83k, 105k - 107k  R= CHZCHszcone 83n, 106n R= 1l )
N
NHCbz Boc

Scheme 5. Synthesis oB- amidesl05-107 with 83j-n
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'H NMR analysis of the crude reaction mixtures shiwe trace of the anomericpyranosyl
epimer. Variable quantities (5-13 %) of the isomduranosyl amides were formed, depending
both on the nature of the azide and the amino taaidferred (see Table 3). In all cases, this by-
product could be separated from the pyranose isdiymetash chromatography. With tHe
galactosyl azidd3, - andy-amino acids were transferred with an average yéld0 % (Table

3, entries 1-4). Similar results were obtained vifucosyl azide50 (Table 3, entries 5-98-
GlucosyIN-acetyl azidel05 was found to be less reactive and the correspgratiimides were
formed in an average vyield of 55 % (Table 3, entrl®-12)> Comparison with the vyields
obtained with the correspondifigglucosyl azidelO (Table 1, entries 5-7), which on average are
higher by 30 %, suggests a deactivating role oattetamido group i42.

Table 3. Synthesis of3-amidesl05-107 with 83j-n.

Entry Phosphine Azide Product Isolatedyields® (%) Pyranose/Furanoseratio®

1 83] 43 105j 74 -
2 8k 43 105k 70 5%
3 83l 43 105I 71 10 %
4 83m 43 105m 73 5%
5 83] 50 106j 60° 9 %
6 83k 50 106k 68° 9%
7 83l 50 106l 70° 13 %
8 83m 50 106m 75°¢ 6 %
9 83n 50 106n 87°¢ -
10 83] 42 107 56 -
11 83k 42 107k 54 -
12 83l 42 107 50 -

a) Yields based of-pyranosylamide . biRatio of the anomeric proton signals estimated ffBRNMR spectra of

the crude reaction mixtures. c. ca. 10 % of hydiislproduct (fucose) also observed
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The propensity of galactopyranose and fucopyrafibaslle 3, entries 2-8) to gives the formation

of furanose configuration, in non aqueous mediaak@sady known in literatur.

The [B-galactosyl, B-fucosyl and B-GlucosylN-acetyl amides were purified by flash
chromatography on silica gel (CH@MeOH/H,O 80:20:2 or CHGIMeOH 80:20) and fully
characterized as their acetylated counterd@&g-1, 109j-n and110j-k (Scheme 6).

HO _-OH
O H Ac,O, DMAP
HO N R
OH \[O]/ Pyridine
105j-1
OHOH
Ac,0, DMAP
HcA=oa M
“/R Pyridine
(0]
106j-n
OH
HO&E . Ac,0, DMAP
HO NHAc\g/ Pyridine
107j-k

83j,105)-110j  R- CHZ(‘ZHCOZMe

NHCbz

83k, 105k - 110k~ R= CHZCHszCOZMe
NHCbz

O
109j-n
OAc
H
ACO&N R
AcO \ﬂ/
NHAc o
110j-k

831,1051-1091  R=CH,CH,NHCbz

83m, 105m, 109m R= CH,NHCbz

83n,106n-109n R= 1L )
N

Boc

Scheme 6. Acetylated compoundi8j-I, 109j-n and110j-k
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5.3 Conclusions

The results reported shown that unprotecte@dnd B-glycosyl azides can be stereoselectively
ligated toa-, - andy-amino acids by traceless Staudinger ligation ufiungrinated phosphines
83. All the N-glycosyl amino acid products could be isolatedrfrihe crude reaction mixtures by
simple water extraction and were further purifigcflash chromatography on silica gel.

The starting phosphing0 is not commercially available, but it can be eagitgpared on the
gram scale by following the reported procedure (Ema3)® It is stable to air at room
temperature for weeks and can be handled with aeciagprecautions.

Acylation followed by silica gel filtration affordthe ligation agent83j-n, which can be used
without further purification. The stereoselectiventhesis of the required azide precursors has
been reported in the Chapter 2. The ligation metthescribed herein works reliably well for
unprotectedp-azides of thegluco, galacto and fuco series. Lower vyields (ca. 55 %) were
obtained withB-glucosyl-2N-acetyl andi-glycosyl azides. Only one method for the synthesis
B-D-2-deoxy-2N-acetylglucopyranosyl-asparagine from unprotediedcetylglucosamine has
been described.

There are only a handful of methods that can bd tmsynthesize-N-glycosyl amide$; & ° 1°
among them, the traceless Staudinger ligationadajlycosyl azides with functionalized
phosphines was found to perform poorly with amic@s The fluorophenylphosphing8j-n
described allow the synthesis afN-glucosyl amino acids in reasonable yields and in a
synthetically practical manner.

The elaboration of unprotected carbohydrates hasiwved considerable attention in recent
years' 2 BUnprotected glycosyl amino acids can be used tiijréor the linear synthesis of
glycopeptides (direct insertion of the glycosyl amiacid into a growing peptide chait}).**
Methods of glycopeptide synthesis that do not imegbrotected sugars do not require further
manipulation of the sugar, which can lead to racation of the amino acit.

Beyond affordingN-glycosylated Asn and GIn building blocks, the flimealized phosphines
described in this chapter could also be used teeaehraceless ligation of glycosyl azides to
glycine, proline and to the non-proteinogenic anana -Ala.

The resulting compound are not meant to be incatpdrintoN-glycopeptides sequences, but
can be used for the bioconjugation of carbohydredesglycons using chemically stable bonds
and for the design of carbohydrate mimics which mesjst in vivo to hydrolytic enzymé8s.*’
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5.4 Experimental Section

Solvents were dried by standard procedures: dichiethane, methanol, N,N-
diisopropylethylamine and triethylamine were driedver calcium hydride; N,N-
dimethylacetamide (DMA), 1,3-dimethyltetrahydro-Bjpyrimidinone (DMPU), chloroform
and pyridine were dried over activated moleculagves. Reactions requiring anhydrous
conditions were performed under nitrogé, **C and*'P-NMR spectra were recorded at 400
MHz on a Bruker AVANCE-400 instrument. Chemical fshi(s) for *H and **C spectra are
expressed in ppm relative to internal J8eas standard. Signals were abbreviated as desing
bs, broad singlet; d, doublet; t, triplet; q, geartn, multiplet. Mass spectra were obtained with a
Bruker ion-trap Esquire 3000 apparatus (ESI iommtor an Autospec Fission Instrument
(FAB ionization) and FT-ICR Mass Spectrometer APHEX& Xmass software (Bruker
Daltonics) - 4.7 Magnet. Thin layer chromatografiyC) was carried out with pre-coated
Merck Fs4 silica gel plates. Flash chromatography (FC) wasied out with Macherey-Nagel
silica gel 60 (230-400 mesh).

General procedurefor stereoselectiveligation of 3in DMA:DMPU mixtures.

The phosphine (2 eq) was added, at room temperatuae0.1 M solution of azide (1 eq) in 98:2
N,N-dimethylacetamide and DMPU. The solution was etirfor 16 h at 40 °C, then water was
added and the mixture was stirred for an additi@kbht the same temperature. The solvent was
evaporated under reduced pressure, and the res@sialiluted with water and extracted with
CH,CI,. The water layer was evaporated under reducedymesnd the crude was purified as
indicated below for each compound.
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N“-(Benzyloxycar bonyl)-N-(a-D-glucopyr anosyl)-L-aspar agine O-M ethyl Ester (93j)

OH
HO Q
HO
HO

HN COOMe

(@] NHCbz

The compound was purified by flash chromatogra@iCl;:MeOH:H,O 80:20:2, R= 0.35) or
automated reverse phase chromatograph@(EH;CN gradient);

'H-NMR (400 MHz, DO, 25°C):6 = 7.42-7.28 (m, 5H, Ph), 5.48 (> = 5.6 Hz, 1H, H-1),
5.06 (bs, 2H, CbD), 4.55 (tJ = 6.4 Hz, 1H, CH), 3.72 (ddp 3 = 5.6 Hz, 1H, H-2), 3.54-3.76
(m, 4H, H-3, H-4, H-5, H-6), 3.68 (s, 3H, OQH3.34 (m, 1H, H-6'), 2.88 (d] = 6.4 Hz, 2H,
CH,). *C-NMR (100 MHz, BO):5 179.4, 128.8, 128.4, 127.6, 76.6 (C-1), 72.9 (C72)6 (C-
5), 69.2 (C-2), 69.1 (C-4), 67.3 (GH), 60.5 (C-6), 53.14 (OCH 50.8 (CH). MS (ESm/z =
465.2 [M + NaJ. [0]°s= + 57.2 (c 0.2, MeOH). Yield = 55 %.

N“-(Benzyl oxycar bonyl)-N°-(a-D-glucopyr anosyl)-L-glutamine O-Methyl Ester (93k)

The compound was purified by flash chromatograpgbMCl;:MeOH:H,O 80:20:2, R= 0.33);
'H-NMR (400 MHz, DO, 25°C):d = 7.42-7.28 (m, 5H, Ph), 5.52 (&, = 5.5 Hz, 1H, H-1),
5.10 (s, 2H, ChD), 4.20 (9J = 5 Hz,Jchcrz = 9 Hz, 1H, CH), 3.72 (m, 4H, H-2, OGH 3.54-
3.76 (m, 6H, H-3, H-4, H-5, H-61-6"), 2.47 (t,J = 7 Hz, 2H, COCH), 2.18 (m, 1H, K CHb),
1.95 (m, 1H, K, CH,). MS (ESI):mVz = 457.3 [M + HJ. [0]®2s = + 50.4 (c 0.3, MeOH). Yield =
59 %.
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N-(N-Benzyloxycar bonyl-g-alanyl)-a-D-glucopyranosylamine (93I)

OH
HO Q
HO
HO

NH T(\/NHCI:Z

G

The compound was purified by flash chromatogra@iCls:MeOH:H,O 80:20:2, R= 0.38);
'H-NMR (400 MHz, DO, 25°C):d = 7.41-7.33 (m, 5H, Ph), 5.52 (d, 1,= 5.4 Hz, H-1) 5.05
(s, 2H, CHO), 3.78-3.58 (m, 4H, H-2, H-6, H-6'), 3.50-3.27,(#H, CH), 2.53-2.48 (m, 2H,
CH,). *C-NMR (100 MHz, RO, 25°C):6 = 175.9, 158.2 (C@bz), 136.4 (Gso), 128.8, 128.5,
127.7 (5xG), 76.6 (C-1), 73.0, 72.6, 69.3, 69.2, 66.9 (O 60.4 (C-6), 38.1 (Ch), 36.1
(CHy). [0]°25 = + 46.4 (c 1, MeOH). Yield = 60 %.

N-(N-Benzyloxycar bonylglycyl)-a-D-glucopyranosylamine (93m)

OH
HO Q
HO

Hol
j(\NHCI:z
o,

The compound was purified by flash chromatogra@iyCls:MeOH:H,O 80:20:2, R= 0.23);
'H-NMR (400 MHz, DO, 25°C):6 = 7.43-7.29 (m, 5H, Ph), 5.53 (@,>= 5.6 Hz, 1H, H-1),
5.09 (s, 2H, ChD), 3.89 (bs, 2H, Ch), 3.87-3.34 (m, 6 H, H-2, H-3, H-4, H-5, H-6, H}6"C-
NMR (100 MHz, DO, 25°C):6 = 170.3, 128.8, 128.4, 127.8 (55§ 79.4 (C-1), 76.7, 72.7,
72.4,69.4, 67.3 (C¥D), 60.6 (C-6), 43.4 (CH. [0]5 = + 16.3 (c 0.5, MeOH). Yield = 36 %.
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N“-(Benzyloxycar bonyl)-N'-(B-D-glucopyranosyl)-L -aspar agine O-Methyl Ester (94j)

OH
HO QK
HO \n/\rCOOMe

HO
(@] NHCbz

The compound was purified by flash chromatogra@iCls:MeOH:H,O 80:20:2, R= 0.43);
'H-NMR (400 MHz, DO, 25°C):é = 7.45-7.35 (m, 5H, Ph), 5.10 (s, 2H, £, 4.96 (dJ.»=
9.2 Hz, 1H, H-1), 4.65 (1] = 6.4 Hz, 1H, CH-N), 3.88 (dds s = 12.4 Hz,J5 ¢ = 2.4 Hz, 1H, H-
6), 3.80-3.69 (m, 4H, H-6', OCH} 3.60-3.51 (m, 2H, H-4, H-5), 3.46-3.37 (m, 2H3HH-2),
2.95-2.89 (m, 2H, CB. ®*C-NMR (100 MHz, BO, 25°C):d = 173.4, 173.1, 157.7 (G&y),
136.2 (Gpso), 128.8, 128.4, 127.6 (5%8, 79.2 (C-1), 77.5 (C-5), 76.4 (C-4), 71.7 (C-89.2
(C-3), 67.2 (CHO), 53.1 (OCH), 50.6 (CH), 37.1 (Ch. MS (FAB): m/z = 465 [M + Na].
[a]P25=- 0.6 (c 1, MeOH). Yield = 77 %.

N“-(Benzyloxycar bonyl)-Na-(B-D-gIucopyranosyl)-L-gI utamine O-Methyl Ester (94k)

OH
H NHCbz
HO&O_\/N :
HO W\COOMe

The compound was purified by flash chromatogra@iyCls:MeOH:H,O 80:20:2, R= 0.47);
'H-NMR (400 MHz, DO, 25°C):d = 7.49-7.38 (m, 5H, Ph), 5.14 (s, 2H, £, 4.95 (dJ.»=
9.2 Hz, 1H, H-1), 4.25 (m, 1H, CH-N), 3.86 (d§¢ = 2 Hz,Js¢ = 12.4 Hz, 1H, H-6), 3.72 (s,
3H, OCHy), 3.67 (ddJse = 5.2 Hz, 1H, H-6'), 3.54-3.47 (m, 2H, H-4, H-844-3.35 (m, 2H,
H-3, H-2), 2.44 (tJ = 7.6 Hz, 2H, CKHCO), 2.27-2.18 (m, 1H, HCH,CH), 2.04-1.95 (m, 1H,
Hp, CH:CH). "®*C-NMR (100 MHz, RO, 25°C):d = 176.2, 174.2, 158 (G&2), 136.3 (Gso),
128.8, 128.4, 127.6 (5%, 79.2 (C-1), 77.5 (C-5), 76.4 (C-4), 71.8 (C-89.2 (C-3), 67.2
(CH0), 60.5 (C-6), 53.5 (CH), 52.9 (OGH 31.7 (CHCO), 26.2 (CH). MS (FAB):m/z = 479
[M + Na]*. [0]P25 = - 10 (c 1, MeOH). Yield = 87 %.
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N-(N-Benzyloxycar bonyl-p-alanyl)-B-D-glucopyranosylamine (94l)

CH
HC R NH NHCt
HO \H/\/ z

HC g

The compound was purified by flash chromatogra@iyCls:MeOH:H,O 80:20:2, R= 0.34);
'H-NMR (400 MHz, DO, 25°C):6 = 7.50-7.38 (m, 5H, Ph), 5.11 (s, 2H, £, 4.97 (dJ;, =
8.8 Hz, 1H, H-1), 3.88 (dls¢ = 12.4 Hz, 1H, H-6), 3.72 (dds e = 12.4 Hz, 1H, H-6"), 3.60-
3.30 (m, 6H, H-5, H-4, H-2, H-3, GNHCbz), 2.54 (t, 2H, Ch. **C-NMR (100 MHz, DO,
25°C):0 = 175.3, 158.2 (Capy), 136.4 (Gpso), 128.8, 128.3, 127.6 (5%8, 79.2 (C-1), 77.5 (C-
5), 76.4 (C-4), 71.7 (C-2), 69.2 (C-3), 66.9 (N, 60.5 (C-6), 36.7 (CH), 35.8 (CH). MS
(FAB): m/iz= 407 [M + Na]. [¢]®5 = + 3.5 (c 0.7, MeOH). Yield = 85 %.

N-(N-Benzyloxycar bonylglycyl)-B-D-glucopyranosylamine (94m)

OH

o
HO NH
HO \H/\NHCI:Z
HO 0

The compound was purified by flash chromatogra@iCls:MeOH:H,O 80:20:2, R= 0.32);
'H-NMR (400 MHz, DO, 25°C):6 = 7.45-7.30 (m, 5H, Ph), 5.09 (s, 2H, £, 4.94 (dJ1-=
9.2 Hz, 1H, H-1), 3.88-3.77 (m, 3H, GHH-6), 3.64 (ddJse = 5.2 Hz,Js ¢ = 12.4 Hz, 1H, H-
6'), 3.53-3.44 (m, 2H, H-5, H-3), 3.39-3.28 (m, 2H;2, H-4). *C-NMR (100 MHz, DO,
25°C):0 = 173.4, 158.6 (C@hy), 136.2 (Gso), 128.8, 128.2, 127.7 (5x§, 79.3 (C-1), 77.6,
76.4 , 71.7, 68.9, 66.4 (GB), 60.5 (C-6), 43.7 (CH. [0]°25 = + 4.1 (c 1, MeOH). Yield = 75
%.
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N-(N-tert-Butoxycar bonyl-L-prolyl)-B-D-glucopyranosylamine (94n)

OH

Boc
O
HO N
“&NHTQ
HO

O

The compound was purified by flash chromatogra@iCls:MeOH:H,O 80:20:2, R= 0.36);
'H-NMR (400 MHz, MeOD, 25°C) = 4.95 (dJ; ,= 8.8 Hz, 1H, H-1), 4.26 (dd,= 3.6 Hz,J =
8.4 Hz, 1H, CH), 3.87 (bddls¢ = 11.6 Hz, 1H, H-6), 3.75-3.68 (m, 1H, H-6"), 3:8%2 (m,
1H, CHCH, H,), 3.51-3.42 (m, 2H, H-3, Ci€H, H,), 3.41-3.30 (m, 3H, H-2, H-4, H-5), 2.37-
2.18 (m,1H, H), 2.08-1.88 (m, 3H, i CH,), 1.50 (m, 9 H, Boc)**C-NMR (100 MHz, MeOD,
25°C): 6 = 81.4 (C-1), 79.8, 79.1, 74.2, 71.6, 62.8 (C6d),8 (CH), 48 (Ch), 32 (CH), 28.8
(Boc), 25.1 (CH). FT-ICR MS (ESI): calcd. for H.gN,Og Na [M +Na] 399.17379; found
399.17314.¢]»5 = - 39.2 (c 0.6, MeOH). Yield = 70 %.

N“-(Benzyloxycar bonyl)-N-(B-D-galactopyr anosyl)-L-aspar agine O-M ethyl Ester (105j)

HO —~CH
6
HO NH\H/\rCOOMe

HO 0  NHCtz

The compound was purified by flash chromatogra@iCl;:MeOH:H,O 80:20:2, R= 0.18);
'H-NMR (400 MHz, MeOD, 25°C)é = 7.42-7.28 (m, 5H, Ph), 5.11 (s, 2H, £, 4.58 (m, 1H,
CH), 3.89 (dJ = 2.4 Hz, 1H, H-4), 3.77-3.64 (m, 5H, H-6, H-6'CB5), 3.63-3.47 (m, 3H, H-2,
H-3, H-5), 2.89-2.78 (m, 2H, G *C-NMR (100 MHz, MeOD, 25°C)5 = 129.6, 129.1, 129
(5xCar), 81.6 (C-1), 78.4, 75.9, 71.4, 70.6 (C-4), 6196|, 62.7 (CHO), 53.1 (OCH), 52.1
(CH), 38.2 (CH). Yield = 74 %.
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N®-(Benzyloxycar bonyl)-NG-(B-D-gal actopyranosyl)-L-glutamine O-M ethyl Ester (105k)

HQC CH
\ O NHCtz
N <
HO
o PWCOOMe
'H-NMR (400 MHz, DMSO, 25°C)d = 7.47-7.7.26 (m, 5H, Ph), 5.04 (s, 2H, £, 4.63 (d,
Ji, = 5.2 Hz, 1H, H-1), 4.10-4.01 (m, 1H, CH), 3.768(m, 1H, H-5), 3.64 (s, 3H, OGH
3.52-3.31 (m, 5H, H-2, H-3, H-4, H-6, H-6"), 2.252D (t,J = 7.6 Hz, 2H, CH), 2.03-1.95 (m,
1H, H, CH,CH), 1.78-1.73 (m, 1H, & CH,CH). *C-NMR (100 MHz, DMSO, 25°C)s =
172.6, 171.6, 156.1 (G&),), 136.8 (Gso), 128.3, 127.7, 127.1 (5%8, 79.9 (C-1), 76.7, 74.1,
69.7, 68.2, 65.5 (C¥D), 60.4 (C-6), 53.5 (CH), 51.8 (OGH 31.6 (CHCO), 26.3 (CH). Yield
=70 %.

N-(N-Benzyloxycar bonyl-g-alanyl)-B-D-galactopyr anosylamine (105l)

HO —CH
C
HO NH \[(\/NHCI:Z

HO O

'H-NMR (400 MHz, DMSO, 25°C)s = 7.46-7.29 (m, 5H, Ph), 5.04 (s, 2H, £, 4.70 (dJ; 2

= 8.8 Hz, 1H, H-1), 3.71 (dl = 2.4 Hz, 1H, H-4), 3.54-3.29 (m, 5H, H-2, H-3,34H-6, H-6"),
3.27-3.23 (m, 2H, Ch), 2.41-2.28 (m, 2H, CH. *C-NMR (100 MHz, DMSO, 25°C)J =
170.6, 155.9 (C@pz), 137.2 (Goso), 128.4, 127.8, 127.7 (5%, 79.8 (C-1), 76.6, 73.9, 69.5,
68.1 (C-4), 62.2 (CkD), 60.4 (C-6), 36.6 (Ch), 35.5 (CH). Yield = 71 %.

N-(N-Benzyloxycar bonylglycyl)-B-D-galactopyr anosylamine (105m)

HO CH

0
NH
HO W/\NHCI:Z
HQO 0

The compound was purified by flash chromatogra@iyCls:MeOH:H,O 80:20:2, R= 0.35);
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'H-NMR (400 MHz, MeOD, 25°C)é = 7.42-7.28 (m, 5H, Ph), 5.14 (s, 2H, £, 4.92 (dJ:»

= 8.8 Hz, 1H, H-1), 3.95-3.83 (m, 3H, H-5, ©H3.78-3.70 (m, 2H), 3.60-3.58 (m, 2H, H-2),
3.55-3.52 (ddJs¢ = 3.2 Hz,Jse = 9.6 Hz, 1H, H-6")2C-NMR (100 MHz, MeOD, 25°C) =
172.9, 159.1 (C@bz), 138.1 (Gso, 129.5, 129.0, 128.9 (5%7, 81.6 (C-1), 78.3, 75.7, 71.4,
70.4, 67.9 (CHO), 62.6 (C-6), 46.1 (CH). Yield = 73 %.

N“-(Benzyloxycar bonyl)-N-(B-D-fucopyranosyl)-L-aspar agine O-Methyl Ester (106j)

OH
OH
E/LOH
H;C =0 NH COOMe

C NHCLtz

The compound was purified by flash chromatogra@iCls:MeOH 80:20, R= 0.45);

'H-NMR (400 MHz, MeOD, 25°C)é = 7.41-7.31 (m, 5H, Ph), 5.12 (s, 2H, £, 4.60 (m, 1H,
Ha, CH-N), 3.68 (s, 3H, OC#), 3.67-3.56 (m, 3H, H-2, H-3, H-5), 3.52 (b5 6.4 Hz, 1H, H-4),
2.84 (m, 2H, CHCH), 1.25 (dJss = 8 Hz, 3H, H-6)*C-NMR (100 MHz, MeOD, 25°C)§ =
173.5, 172.8, 158.4 (G&)»), 138.1 (Gyso), 129.5, 128.8 (5xf), 81.3 (C-1), 75.9, 73.7, 73.1,
71.1, 67.1 (CHO), 53.0 (OCH), 52.0 (CH), 38.5 (Ch), 16.9 (C-6). FT-ICR MS (ESI): calcd.
for CigH26N20gNa [M +Na] 449.15305; found 449.1523%]F.5 = -0.04 (c 0.6, MeOH). Yield
=60 %

N“-(Benzyloxycarbonyl)-Na-(B-D-fucopyranosyl)-L-gIutamine O-Methyl Ester (106k)

CH

CH
Soxa pHce
H3C O NH <
\H/\/\COOMe

C

The compound was purified by flash chromatogra@iyCls:MeOH 80:20, Rf = 0.68);
'H-NMR (400 MHz, DO, 25°C) :6 = 7.52-7.43 (m, 5H, Ph), 5.18 (s, 2H, £, 4.92 (d, 1H,
Ji2=9.2 Hz, H-1), 4.30 (m, 1H, CH), 3.89-3.67 (nmk16H-3, H-4, H-5, OCH), 3.59 (t, 1HJ>3
= 9.2 Hz, H-2), 2.47 (m, 2H, GEO), 2.24 (m, 1H, § CH,), 2.06 (m, 1H, g, CH,), 1.25 (d,
3H, Js6 = 6.4 Hz, H-6).°*C-NMR (100 MHz, RO, 25°C) :§ = 175.8, 174.0, 157.8 (G&,),
136.0 (Gpso), 128.6, 128.2, 127.4 (5%9, 79.3 (C-1), 73.3 (C-2), 72.4, 71.2, 68.9, 6 TTH{O),
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53.4 (CH), 52.7 (OCH), 31.5 (CHCO), 26.0 (CHCH), 15.3 (C-6). FT-ICR MS (ESI): calcd. for
CaoH2sN20s Na [M +Na] 463.16870; found 463.1689%]P2s = -23.4 (c 0.2, MeOH). Yield =
68 %.

N-(N-Benzyloxycar bonyl-g-alanyl)-B-D-fucopyranosylamine (106)

CH
CH
CH
H;CA=0R g

WNHCI:Z

G

The compound was purified by flash chromatogra@iCls:MeOH:H,O 80:20:2, R= 0.35);
'H-NMR (400 MHz, BO, 25°C):6 = 7.49-7.39 (m, 5H, Ph), 5.11 (s, 2H, £, 4.91 (d, 1H,
Ji2=9.2 Hz, H-1), 3.85 (g, 1Hs 6= 6.4 Hz, H-5), 3.79 (d, 1H}3 4 =3.2 Hz, H-4), 3.71 (dd, 1H,
Jo3= 9.4 Hz, H-3), 3.59 (t, 1H, H-2), 3.43 (t, 2H, @F2.53 (m, 2H, CHCO), 1.24 (d, 3H, H-6).
¥C-NMR (100 MHz, RO, 25°C):6 = 175.1, 158.2 (C@bz), 136.4 (Gpso), 128.7, 128.3, 127.7
(5xCar), 79.4 (C-1), 73.5 (C-3), 72.5 (C-5), 71.4 (C-83.1 (C-2), 66.9 (CkD), 36.7 (CH),
35.7 (CHCO), 15.6 (C-6). FT-ICR MS (ESI): calcd. for#E,4N,0/Na [M +Na] 391.14757;
found 391.14714.0]%5 = - 14.1 (c 1, MeOH). Yield = 70 %.

N-(N-Benzyloxycar bonylglycyl)-B-D-fucopyranosylamine (106m)

CH
CH
CH

NH
\ﬂ/\NHCtz
0

H,CA=0

The compound was purified by flash chromatogra@iCls:MeOH:H,O 80:20:2, R= 0.34);
'H-NMR (400 MHz, BO, 25°C):6 = 7.52-7.37 (m, 5H, Ph), 5.19 (s, 2H, £, 4.96 (d, 1H,
Ji2= 9 Hz, H-1), 3.95 (d, 2H] = 3.4 Hz, CH), 3.89 (q, 1HJs6= 6.4 Hz, H-5), 3.82 (dd, 1H,
Js4= 3.4 Hz, H-4), 3.74 (dd, 1HL.3=9.4Hz, H-3), 3.64 (t, 1H, H-2), 1.26 (d, 3H, H-63C-
NMR (100 MHz, DO, 25°C):¢ = 173.2, 158.6 (C{), 136.2 (Gpso), 128.8, 128.5, 127.8
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(5xCa;), 79.6 (C-1), 73.5 (C-3), 72.7 (C-5), 71.4 (C-89.1 (C-2), 67.4 (CkD), 43.5 (CH),
15.5 (C-6). FT-ICR MS (ESI): calcd. for,gH2N,0O/Na [M +Na]' 377.13192; found 377.13165.
[a]P25 = - 12.1 (c 1, MeOH). Yield = 75 %.

N-(N-tert-Butoxycar bonyl-L-prolyl)-g-D-fucopyranosylamine (106n)

CH

CH
E/S_OH Boc

C

The compound was purified by flash chromatogra@iCls:MeOH:H,O 80:20:2, R= 0.48);
'H-NMR (400 MHz, MeOD, 25°C)é = 4.21-4.13 (m, 1H, CH), 3.70 (&6 = 6.4 Hz, 1H, H-5),
3.64 (s, 1H, H-4), 3.56-3.47 (m, 3H, H-2, H-3)}8.43-3.37 (m, 1H, }J, 2.31-2.17 (m, 1H, H
CHy), 2.15-1.78 (m, 3H, CH Hg), 1.52-1.39 (bs, 9 H, Boc), 1.21 (d, 3H, H-BC-NMR (100
MHz, MeOD, 25°C):6 = 176.8, 156.3 (Cgo), 81.5 (C-1), 76.3, 73.7 (C-5), 73,4 (C-4), 71.3,
61.9 (CH), 48.0 (Ch), 32.6 (CH), 28.8 (Boc), 24.8 (CH), 17.1 (H-6). FT-ICR MS (ESI): calcd.
for CieH2gN207Na [M +Na] 383.17887; found 383.17848/] P25 = - 49.7 (c 1, MeOH). Yield =
87 %.

N“-(Benzyloxycar bonyl)-N-(2-acetamido-2-deoxy- B-D-glucopyranosyl)-L-aspar agine O-
Methyl Ester (107))

CH
HO R
HC NH\H/\rCOOMe

AcHN G NHCtz

The compound was purified by flash chromatogra@iCls:MeOH 80:20, Rf = 0.20);

'H-NMR (400 MHz, MeOD, 25°C) § = 7.39-7.31 (m, 5H, Ph), 5.11 (s, 2H, &M, 4.96 (dJ:.

= 9.7 Hz, 1H, H-1), 4.60 (tlch-cHz = 6.8 Hz, 1H, CH-N), 3.85 (bdse = 11.8 Hz, 1H, H-6),
3.77-3.70 (m, 4H, H-2, OCH)i 3.66 (ddJs ¢ = 3.8 Hz, 1H, H-6"), 3.47 (m, 1H, H-3), 3.40-3.32
(m, 2H, H-4, H-5), 2.73 (t, 2H, G| 1.94 (s, 3H, NHAC)**C-NMR (100 MHz, CDCJ, 25°C):d
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= 174.6, 173.5, 172.6, 129.6, 129.2, 129.0 (5¥C80.4 (C-1), 79.9, 76.5 (C-3), 72.0, 67.9
(CH,0), 62.8 (C-6), 56.2 (C-2), 53.1 (OG}I52.2 (CH), 38.7 (Ch), 23.0 (CH). MS (FAB):
Mz = 484 [M +17. [0]%s = + 19.2 (c 1, MeOH). Yield = 56 %.

N“-(Benzyloxycar bonyl)-N-(2-acetamido-2-deoxy- B-D-glucopyranosyl)-L-glutamine-O-
Methyl Ester (107k)

CH
0 NHCEz
HQO NH z
HE N ceome

AcHN bo

The compound was purified by flash chromatogra@iCls:MeOH 80:20, Rf = 0.42);

'H-NMR (400 MHz, MeOD, 25°C)3 = 7.45 (m, 5H, Ph), 5.15 (s, 2H, @B, 5.05 (dJ; 2= 9.7
Hz, 1H, H-1), 4.20 (m, 1H, CH), 3.47-3.81 (m, 6HH2, H-3, H-4, H-5, H-6, H-6"), 3.75 (s, 3H,
OCHg), 2.38 (t,J = 7.4 Hz, 2H, CHCO), 2.15-2.05 (m, 1H, & CH,), 2.03-1.92 (m, 4H, K
NHACc). "*C-NMR (100 MHz, MeOD, 25°C) é = 175.7, 174.8, 152.6 (G&)), 136.4 (Gso),
128.9, 128.5, 127.7 (5%§), 78.4 (C-1), 77.6, 74.2, 69.6, 67.3 (£}, 60.6 (C-6), 54.4 (CH),
53.6 (C-2), 53.0 (OCH), 31.8 (CHCO), 26.3 (CH), 22.0 (OCH)). FT-ICR MS (ESI): calcd. for
CosH31N3O10Na [M +Na]” 520.19017; found 520.19006:] P25 = + 3.5 (c 0.6, MeOH). Yield =
54 %.

N-(N-Benzyloxycar bonyl-g-alanyl)-2-acetamido-2-deoxy-p-D-glucopyr anosylamine (1071)

CH
HO& t
e NH\[(VNHC z

AcHN O

The compound was purified by flash chromatogra@iCls:MeOH:H,O 80:20:2, R= 0.24);
'H-NMR (400 MHz, MeOD, 25°C)s = 7.31-7.24 (m, 5H, Ph), 5.01 (s, 2H, £, 4.91 (dJ;

= 9.6 Hz, 1H, H-1) 3.78 (dlss = 11.6 Hz, 1H, H-6), 3.69 (3= 10 Hz, 1H, H-2), 3.60 (dd,
Jse = 2.4 Hz, 1H, H-6"), 3.39 (m, 1H, H-3), 3.31-3.94, 4H, H-4, H-5, CH)), 2.34 (t,J = 6.7
Hz, 2H, CH), 1.88 (s, 3H, NHAC)*C-NMR (100 MHz, BO, 25°C):d = 173.0, 172.8, 157.2
(COcbz), 136.9 (Goso, 128.1, 127.6, 127.4 (5x§, 78.9 (C-1), 78.1, 74.9 (C-3), 71.1, 66.1
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(CH,0), 61.3 (C-6), 54.8 (C-2), 37.9 (GH35.8 (CH), 21.4 (CH). MS (FAB):m/z = 448 [M +
Na]". [¢]®s = + 18.6 (c 1, MeOH). Yield = 60 %.

General procedurefor acetylation of unprotected glycosyl amides.

Acetic anhydride (10 eq) and a catalytic amounNM-dimethylaminopyridine were added, at
room temperature, to a solution of substfateq) in pyridine dried on molecular sieves (0.1 M
The solution was stirred for 24H and then was cotraged in vacuo. The residue was dissolved
in AcOEt and washed with aqueous 5 % HCI, aqueof BaHCQ and water. The organic

layer was dried over N8O, and concentrated to give the product in quanigagield.

N“-(benzyloxycar bonyl)-N*-(2,3,4,6-tetr a-O-acetyl-a-D-glucopyr anosyl)-L -aspar agine-O-
Methyl Ester (103j)

OAc
AcO Q
AcO
AcO

N COOMe

O NHCbz

'H-NMR (400 MHz, CDC}, 25°C):d = 7.41-7.32 (m, 5H, Cbz), 6.78 (s,1H, NH), 5.95 (tHl,
NH-Cbz), 5.85 (tJ1 »= 6.4Hz,Jx. = 6.4 Hz, 1H, H-1), 5.48 (4= 9.6 Hz,J,5 = 9.6 Hz, 1H,
H-3), 5.17 (m, 1H, H-2), 5.17 (m, 2H, GE)), 5.08 (M, 1H, H-4) 4.65 (m, 1H, CH), 4.30 (dé
= 2.4 Hz,Js5 = 12.4Hz, 1H, H-6), 4.08 (m, 1H, H-6"), 3.92 (nH,1H-5), 3.75 (s, 3H, OCH),
3.03 (M, 1H, K, CHy), 2.85 (m, 1H, I, CHy).

N (benzyloxycar bonyl)-N°-(2,3,4,6-tetr a-O-acetyl-a-D-glucopyr anosyl)-L -glutamine-O-
Methyl Ester (103k)

OAc
AcO Q
AcO
AcO NHCbz
HN -

WCOOMe

O
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'H-NMR (400 MHz, CDC}, 25°C):6 = 7.50-7.48 (m, 1H, NH), 7.42-7.32 (m, 5H, ChzRdb(t,
Ji2= 6 Hz,Jun = 6 Hz, 1H, H-1), 5.62 (dJinu-.cbz = 8.6 Hz, 1H, NHCbz,), 5.51 (m,1HsH
5.20 (M, 2H, CHO), 5.18 (m, 1H, H-2), 5.09 (m, 1H, H-4), 4.34 (b, CH), 4.27 (m, 1H, H-
6), 4.06 (M, 1H, H-6"), 4.04 (m, 1H, H-5), 3.75 &, OCH), 2.35 (m, 2H, CLCO), 2.30 (m,
1H, Hs, CHp), 2.05 (M, 12H, 4xOAc), 1.91 (m, 1HpHCH,).

HETCOR-NMR (400 MHz, CDGJ| 25°C):6 = 128.8, 128.5, 127.7, 73 (C-1), 72 (C-3), 71 {|C-4
70 (C-5), 69 (C-2), 68 (CH), 64 (C-6), 54 (OgH37-35 (2xCH), 29 (4xOAC).

N-(N-Benzyloxycar bonyl-g-alanyl)-2,3,4,6-tetr a-O-acetyl-a-D-glucopyranosyl amine (103l)

OAcC
AcO Q
AcO
AcO

NH\H/\/NHCbz

o

'H-NMR (400 MHz, CDC}, 25°C):6 = 7.45-7.26 (m, 5H, Ph), 6.95 (m, 1H, NH), 5.87, (iH,
H-1), 5.48-5.30 (m, 2H, NHCbz, H-3), 5.23-5-03 (i, CHO, H-2, H-4), 4.26 (ddJ)s¢= 3.6
Hz, Js = 12 Hz, 1H, H-6), 4.10-4.01 (bd, 1H, H-6’), 3.982 (m, 1H, H-5), 3.51 (m, 2H,
CHy), 2.55 (m, 2H, CKCO), 2.14-1.96 (m, 12H, 4xOACYC-NMR (100 MHz, CDCJ, 25°C):6
= 176.4, 172.4, 170.8, 169.5, 169.2, 156.9 (&L, 136.4 (Goso), 128.7, 128.3, 128.2 (5x0,
74.4 (C-1), 70.3 (C-3), 68.6 (C-2), 68.5 (C-4),38C-5), 67.1 (CKHO), 61.9 (C-6), 37 (Ch),
36.9 (COCH), 20.7, 20.6, 19.7 (4xOAc). MS (FAB)z = 575 [M + Na]. [a] s = + 44.0 (c
0.5, CHC}). Ry = 0.25 (hexane:AcOEt 40:60).

N-(N-Benzyloxycar bonylglycyl)-2,3,4,6-tetr a-O-acetyl-a-D-glucopyranosyl amine (103m)

OAc
AcO Q
AcO
Ac

o
NH
\n/\NHCbz
o

'H-NMR (400 MHz, CDC}, 25°C):6 = 7.32-7.20 (m, 5H, Ph), 6.78 (m, 1H, NH), 5.7@,(bH,
H-1),5.48-5.27 (m, 2H, H-3, NHCbz), 5.17-4.98 (rh,4H-2, H-4, CHO), 4.75 (bdd, 1H, H-6),
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4.27 (bdd, 1H, H-6'), 4.05-3.88 (m, 3H, H-5, §H2.05-1.87 (m, 12H, 4xOAc)*C-NMR (100
MHz, CDCk, 25°C):¢ = 170.8, 170.3, 169.7, 169.3, 169.1, 158.2 ¢&4), 136.0 (Gso), 128.8,
128.5, 128.3 (5x&), 80.1 (C-1), 76.5 (C-3), 75.1, 73.9, 72.7, 6824.7(CHO), 61.9 (C-6), 45.2
(CHy), 20.8, 20.7, 20.6 (4xOAc). MS (FABjvz = 561 [M + Naf. [a]®s = + 14.7 (c 0.6,
CHCl). R = 0.24 (hexane:AcOEt 40:60).

N“-(benzyloxycar bonyl)-N*-(2,3,4,6-tetr a-O-acetyl-B-D-glucopyr anosyl)-L -aspar agine-O-
Methyl Ester (104j)

OAc
O
AcO
Acoéﬁ/'\l H\n/\‘/coowle

AcO O NHCbz

'H-NMR (400 MHz, CDC}, 25°C):d = 7.45-7.30 (m, 5H, Ph), 6.37 (@n1= 9.2 Hz, 1H, NH),
5.96 (d,J = 8.8 Hz, 1H, NHCbz), 5.29 #; 3 = 9.6 Hz,J34= 9.6 Hz, 1HH-3), 5.20 (tJ;,=9.6

Hz, 1H, H-1), 5.12 (s, 2H, C#®), 5.05 (t, 1H, H-4), 4.90 (t, 1H, H-2), 4.60 (frH, CH), 4.29
(dd, Js 6= 4.4 Hz,Js & = 12.6 Hz, 1H, H-6), 4.06 (nds ¢ = 2 Hz,Js ¢ = 12.6 Hz, 1H, H-6"), 3.77
(m, 1H, H-5), 3.73 (s, 3H, OCGH 2.89 (ddJcypa= 4.4 HZ,Jyamp = 16.4 Hz, H, 1H, CHCO),

2.70 (dd,JcHmp = 4 Hz, H, 1H, CHCO), 2.10-1.98 (m, 12H, 4xOAc}’C-NMR (100 MHz,

CDCl;, 25°C):0 = 171.7, 171.6, 170.9, 170.2, 169.9, 156.4 (&4, 136.5 (Gpso), 128.9, 128.5,
128.4 (5xG,), 78.5 (C-1), 74.1 (C-5), 72.8 (C-3), 70.8 (C@8,4 (C-4), 67.5 (CHD), 61.9 (C-
6), 53.1 (OCH), 50.7 (CH), 38.1 (Ch), 21.1, 20.9, 20.9 (4xOAc). MS (FAByz = 611 [M +

H]". [a]P5 = + 11.4 (c 0.7, CHG). R = 0.31 (hexane:AcOEt 40:60).

N“-(benzyloxycarbonyl)-Na-(2,3,4,6-tetra—O-acetyI-B-D-glucopyranosyl)-L-gI utamine-O-
Methyl Ester (104k)

OAc
0 NHCbz
ACO N =
AcO H\[(\/\C OOMe

AcO
(@]

'H-NMR (400 MHz, CDC4, 25°C):d = 7.40-7.32 (m, 5H, Ph), 6.58 (d, 18,1=9.2 Hz, NH),
5.55 (d,J = 8 Hz, 1H, NHCDbz), 5.29 (825 =9.6 Hz,J5.4= 9.6 Hz, 1H, H-3), 5.25 (m, 1H, H-1),
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5.10 (s, 2H, CkD), 5.07 (tJ34= 9.6 Hz,J45= 10 Hz, 1H, H-4), 4.92 (1, ,=9.2 Hz,J,3=9.6
Hz, 1H, H-2), 4.34 (m, 1H, CH-N), 4.28 (dds = 4.4 Hz,Js¢ = 12.4 Hz, 1H, H-6), 4.07 (dd,
Jse =2 Hz,J¢ =12.4 Hz, 1H, H-6"), 3.80 (m, 1H, H-5), 3.74 8, OCH;), 2.30-2.20 (m, 2H,
CH,CO), 2.08-1.98 (m, 12H, 4xOAc), 1.90-1.80 (m, 2HL *C-NMR (100 MHz, CDG,
25°C):0 = 172.5, 172.5, 171.3, 170.9, 170.2, 169.9, 1§6Gch,), 136.4 (Gpso), 128.9, 128.6,
128.5 (5xG), 78.5 (C-1), 73.9 (C-5), 73.2 (C-3), 70.9 (C-88.4 (CHO), 61.9 (C-6), 53.5
(CH), 52.9 (OCHj), 32.4 (CHCO), 28.4 (CH), 20.9 (4xOAc). MS (FAB)mM/z = 625 [M + HJ.
[a]P25 = + 44.1 (c 1, CHG). R = 0.27 (hexane:AcOEt 40:60).

N-(N-Benzyloxycar bonyl-g-alanyl)-2,3,4,6-tetr a-O-acetyl-B-D-glucopyranosyl amine (104l)

OAC
(@]
AcO

AcO o

'H-NMR (400 MHz, CDC4, 25°C):6 = 7.45-7.28 (m, 5H, Ph), 6.40 (@.1= 9.2 Hz, 1H, NH),
5.30 (bd, 1H, NHCbz), 5.27 (@3= 9.6 Hz,Js4= 9.6 Hz, 1H, H-3), 5.24 (th » = 9.4 Hz,Jnp1 =
9.2 Hz, 1H, H-1), 5.05 (s, 2H, GB), 5.04 (m, 1H, H-4), 4.90 (@, >= 9.4 Hz,J, 3= 9.6 Hz, 1H,
H-2), 4.30 (ddJs = 4.4 Hz,Js ¢ = 12.6 Hz, 1H, H-6), 4.10 (dds ¢ = 2Hz,Js ¢ = 12.6 Hz, 1H,
H-6"), 3.81 (m, 1H, H-5), 3.46 (g, 2H, GH 2.41 (m, 2H, CLCO), 2.10-1.98 (m, 12H, 4xOAC).
3C-NMR (100 MHz, CDGJ, 25°C): 5 = 172.1, 171.4, 170.9, 170.2, 169.9, 156.4 (&9,
136.7 (Gpso), 128.9, 128.5, 128.4 (5%@, 78.4 (C-1), 73.9 (C-5), 72.9 (C-3), 70.9 (C-83.4
(C-4), 67.1 (CHO), 61.9 (C-6), 36.9 (CH), 36.4 (CH-CO), 21.1, 20.9 (4xOAC). MS (FAB)I/z
= 553 [M + HT". [0]%s = + 45.4 (¢ 1, CHG). R = 0.24 (hexane:AcOEt 40:60).

N-(N-Benzyloxycar bonylglycyl)-2,3,4,6-tetr a-O-acetyl-B-D-glucopyranosyl amine (104m)

'H-NMR (400 MHz, CDC}, 25°C):6 = 7.47-7.30 (m, 5H, Ph), 6.93 (d, 181 = 8.4 Hz, NH),
5.33-5.23 (M, 3H, H-3, H-1, NHCbz), 5.14 (s, 2H, OH 5.06 (t,Js4= 9.6 Hz, 1H, H-4), 4.94

140



Chapter 5

(t, J12= 9.6 Hz,Jp3= 9.6 Hz, 1H, H-2), 4.28 (dds¢ = 4.4 Hz,Js¢ = 12.6 Hz, 1H, H-6), 4.15-
4.05 (m, 1H, H-6), 3.97-3.75 (m, 3H, H-5, @H2.15-1.97 (m, 12H, 4xOAc}*C-NMR (100
MHz, CDCk, 25°C):d = 171.6, 170.9, 170.2, 169.9, 169.8, 156.8 (&4, 136.2 (Gso), 128.9,
128.7, 128.6 (5xf&), 78.6 (C-1), 74 (C-5), 72.9 (C-3), 70.7 (C-2),%8C-4), 67.9 (CHD), 61.9
(C-6), 45 (CH), 21, 20.9 (4xOAc). MS (FABYz = 539 [M + HJ. [0]%5 = + 6.3 (c 1, CHG).
R: = 0.24 (hexane:AcOEt 40:60).

N-(N-tert-Butoxycar bonyl-L-prolyl)-2,3,4,6-tetr a-O-acetyl-B-D-glucopyranosyl amine (104n)

OAcC
Boc
AcO Q NH N
A0 T

AcO o)

'H-NMR (400 MHz, CDC}, 25°C):6 = 5.31-5.21 (m, 2H, H-3, H-1), 5.03 (t, 1H, H-4)89 (m,
1H, H-2), 4.25-4.05 (m, 3H, CH, H-6, H-6"), 3.82 (i&H, H-5), 3.51-3.25 (m, 2H, G 2.30-
1.75 (m, 16 H, 2ChH 4xOAc), 1.43 (bs, 9 H, Boc}’C-NMR (100 MHz, CDC}, 25°C):§ =
170.7, 170.6, 170, 169.6, 78.1 (C-1), 73.7 (C-8)871C-3), 70.8 (C-2), 68.4 (C-4), 61.9 (C-6),
47.1 (CH), 29.8 (CH), 28.2 (Boc), 20.8, 20.7, 20.6 (4xOAc). MS (FABYz = 545 [M + HJ.
[0]P25 = - 20.1 (c 1, CHG). R; = 0.25 (hexane:AcOEt 40:60).

N“-(benzyloxycar bonyl)-N*-(2,3,4,6-tetr a-O-acetyl-B-D-galactopyr anosyl)-L -aspar agine-O-
Methyl Ester (108j)

AcO ~OAc
(@]

AcO O NHCbz

'H-NMR (400 MHz, CDC4, 25°C):d = 7.41-7.28 (m, 5H, Ph), 6.39 (@ 1=8.8 Hz, 1H, NH),
5.97 (d,J = 8.8 Hz, 1H, NHCbz), 5.42 (bs, 1H, H-4), 5.181, H-1), 5.13-5.06 (m, 4H, H-2,
H-3, CH0), 4.60 (m, 1H, CH), 4.17-3.96 (m, 3H, H-5, H-66H), 3.73 (s, 3H, OCH), 2.88 (dd,
1H, Jenpa= 4.4 HZ Juarp = 16.4 Hz, H, CHp), 2.70 (dd, 1HJcr o = 4 Hz,Jnams = 16.4 Hz, H,
CH,) 2.08-1.98 (m, 12H, 4xOAc)*C-NMR (100 MHz, CDCJ, 25°C):6 = 171.6, 171.4, 170.6,
170.4, 169.9, 169.8, 156.1 (@Q)), 136.2 (Gso), 128.6, 128. 2, 128.1 (5@, 78.4 (C-1), 72.5
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(C-5), 70.7, 68.3, 67.2 (G#), 67.1, 61.1 (C-6), 52.8 (OGH 50.4 (CH), 37.8 (CbJ, 20.7-20.6
(4xOAc). MS (FAB): miz = 611 [M + HJ. [0]®»s = + 17.4 (c 1, CHG). R = 0.36
(hexane:AcOEt 40:60).

N“-(benzyloxycarbonyl)-Na-(2,3,4,6-tetra—O-acetyI-B-D-galactopyranosyl)-L-qutamineO-
Methyl Ester (108Kk)

AcO —~OAc
g 0 NHCbz
N <
AcO WCOOM e

AcO
O

'H-NMR (400 MHz, CDC}4, 25°C):d = 7.42-7.28 (m, 5H, Ph), 6.47 @1 = 8.8 HZ,Juarip =
16.4 Hz, NH), 5.56 (d) = 7.6 Hz,Juanp= 16.4 Hz, NHCbz), 5.43 (bs, 1H, H-4), 5.22 (t,, HH
1), 5.20-5.03 (m, 4H, H-2, H-3, GB), 4.36 (m, 1H, CH), 4.20-3.97 (m, 3H, H-5, H-6:6H,
3.74 (s, 3H, OCH), 2.33-1.90 (m, 16 H, 2xC#14x0OAc).”*C-NMR (100 MHz, CDCJ, 25°C):6
= 172.4, 171.7, 170.7, 170.3, 170.1, 156 (&9, 136.5 (Gpso), 128.9, 128.6, 128.5 (5%,
78.8 (C-1), 72,6 (C-5), 71.2 , 68.6, 67.5, 67,4 {OH 61.4 (C-6), 53.6 (CH), 52.9 (OGH32.4
(CH,CO), 28.2 (CH), 21.1, 20.9, 20.9 (4xOAc). MS (FAB)YYz = 625 [M + HJ. [0]®5 = + 15.7
(c 1, CHC}). R = 0.36 (hexane:AcOEt 40:60).

N-(N-Benzyloxycar bonyl-g-alanyl)-2,3,4,6-tetr a-O-acetyl-a-D-galactopyr anosyl amine
(108l)
AcO —OAc
ﬁ?\/N H NHCb
4
AcO
AcO \[(])/\/

'H-NMR (400 MHz, CDC}, 25°C):8 = 7.47-7.28 (m, 5H, Ph), 6.36 (@n1 = 9.2Hz, 1H, NH),
5.43 (d,Js.4= 3.2 Hz, 1H, H-4), 5.35 (m, 1H, NHCbz), 5.21 Jn1 = 9.2Hz, 1H, H-1), 5.18-
5.05 (m, 4H, H-2, H-3, CyD), 4.15-3.98 (m, 3H, H-5, H-6, H-6"), 3.46 (m, 261H,), 2.42 (m,
2H, CH,CO), 2.13 (s, 3H, OAc), 2.04-1.98 (m, 9 H, 3xOABC-NMR (100 MHz, CDC,
25°C): 6 = 172, 171.7, 170.7, 170.3, 170.1, 156.6 (659, 136.7 (Gso, 128.9, 128.5, 128.4
(5XCa;), 78.7 (C-1), 72.7 (C-5), 71.1, 68.7, 67.4, 67CH{O), 61.4 (C-6), 36.9 (C}), 36.4
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(CH,CO), 21.0, 20.9, 20.9 (4xOAcMS (FAB): m/iz = 553 [M + HJ. [0]®s = + 13.9 (c 1,
CHCls). Rr= 0.21 (hexane:AcOEt 40:60).

N“-(benzyloxycarbonyl)-Na-(2,3,4,6-tetra—O-acetyI-B-D-fucopyranosyl)-L-asparagineO-
Methyl Ester (109j)

OAC
OAc
E/LOAC
HiC -0 NHY\(COOMe

(@] NHCbz

'H-NMR (400 MHz, CDC}, 25°C): 6 = 7.45-7.27 (m, 5H, Ph), 6.30 (dd\1 = 8.8 Hz, 1H,
NH), 5-78 (d,J = 7.2 Hz, 1H, NHCbz), 5.29 (s, 1H, H-4), 5,26 (bs, H42), 5.20-5.02 (m, 4H,
H-1, H-3, CHO), 4.58 (m, 1H, CH), 3.88 (ds 6= 6.4 Hz, 1H, H-5), 3.75 (s, 3H, OGH 2.94

(dd, Jnanp = 16.2 Hz,hacr = 3.6 Hz, 1H, B CH,), 2.71 (ddJuanp = 16.2 Hz,Jhp.ch = 4 Hz,

1H, Hy, CHy), 2.16 (s, 3H, OAc), 2.02-1.97 (m, 6 H, 2xOAc)12(d,Js 6= 6.4 Hz, 3H, H-6).
13C-NMR (100 MHz, CDC}, 25°C):6 = 171.4, 170.7, 170.1, 128.9, 128.6, 128.4 (5x(78.6

C-1, 71.5, 71.3 (C-5), 70.6 (C-4), 68.8, 67.5 (0N 53.1 (OCH), 50.8 (CH), 38.5 (Cb}, 20.9,

20.9, 16.4 (C-6). MS (FAB)mz = 553 [M + HI. [¢]%s = -3.1(c 0.4, CHG). R = 0.33

(hexane:AcOEt 40:60).

N"-(benzyloxycarbonyl)-Na-(2,3,4,6-tetra—O-acetyI-B-D-fucopyranosyl)-L-gIutamineO-
Methyl Ester (109k)

OAcC

PAc NHCbz
OAc A
HC A0 Wi .
Y coome

@)

'H-NMR (400 MHz, CDC}4, 25°C):d = 7.44-7.28 (m, 5H, Ph), 6.35 @1 = 8.8 Hz, 1H, NH),
5.52 (d,J = 7.2 Hz, 1H, NHCbz), 5.26 (bs, 1H, H-4), 5.20-5.6%, 6H, H-1, H-2, H-3, CkD),
4.35 (m, 1H, CH), 3.89 (bg, 1H, H-5), 3.74 (s, 3BCHs), 2.38-1.94 (m, 11H, Ckl 3xOAC),
1.17 (d,Js6= 6.4 Hz, 3H, H-6)*C-NMR (100 MHz, CDC}, 25°C):6 = 172.5, 172.3, 171.9,
170.7, 170.2, 156.3 (G&2), 136.5 (Gso), 128.9, 128.6, 128.5 (5%, 78.7 (C-1), 71.6, 71.2
(C-5), 70.7 (C-4), 68.7, 67.4 (GA), 53.7 (CH), 52.9 (OCH), 32.5 (CHCO), 27.9 (CH), 21.1,
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20.9, 20.8 (3xOAC), 16.4 (C-6). MS (FABVz =567 [M + HJ. [¢]®5=- 7.1 (c 0.7, CHG). R
= 0.30 (hexane:AcOEt 40:60).

N-(N-Benzyloxycar bonyl-g-alanyl)-2,3,4-tri-O-acetyl-B-L-fucopyranosyl amine (1091)

'H-NMR (400 MHz, CDC}, 25°C):d = 7.40-7.27 (m,5H, Ph), 6.34 (1= 8.8 Hz, 1H, NH),
5.36 (M, 1H, NHCbz), 5.27 (bdg 4 = 2.4 Hz, 1H, H-4), 5.18 (tly41 = 8.8 Hz, 1H, H-1), 5.15-
5.02 (m, 4H, H-2, H-3, CD), 3.92 (0,56 = 6.4 Hz, 1H, H-5), 3.46 (bq, 2H, GH 2.49-2.32
(m, 2H, CHCO), 2.17 (s, 3H, OAc), 2.04-1.98 (m, 6 H, 2xOAt)N8 (d,Js¢ = 6.4 Hz, 3H, H-
6). *C-NMR (100 MHz, CDG, 25°C):§ = 172.0, 171.8, 170.7, 170.2, 156.7(66), 136.8
(Cipso), 128.8, 128.4, 128.4 (5%, 78.6 (C-1), 71.5 (C-5), 71.2, 70.6 (C-4), 6&38,1 (CHO),
36.9 (CH), 36.3 (CHCO), 21.0, 20.9, 20.9 (3xOAc), 16.4 (C-6). MS (FABYz = 495 [M +
H]". [a]P5 = - 19.6 (c 1, CHG). R = 0.23 (hexane:AcOEt 40:60).

N-(N-Benzyloxycar bonylglycyl)-2,3,4-tri-O-acetyl-B-L-fucopyranosyl amine (109m)

OAc

OAc
OAc
Y\NHCbz
(@]

'H-NMR (400 MHz, CDC4, 25°C): 6 = 7.45-7.28 (m, 5H, Ph), 6.90 (@= 8.8 Hz, 1H, NH),
6.43 (d,J = 8.8 Hz, 1H, NH), 5.27-5.11 (m, 6 H, H-1, H-2,3{H-4, CHO), 3.96-3.88 (m, 2H,
H-5, Ha, CHy), 3.80 (dd,J = 6 Hz,Jnarp = 17.2 Hz, 1H, I, CHy), 2.22 (s, 3H, OAc), 2.17 (s,
3H, OAc), 1.99 (s, 3H, OAc), 1.18 (d, 3B6 = 6.4 Hz, H-6).C-NMR (100 MHz, CDGC4,
25°C):6 = 172.9, 170.1, 169.9, 169.6, 156.4 (G6), 136.1 (Gso, 128.8, 128.7, 128.4 (5%,
78.6 (C-1), 71.2 (C-5), 72.0, 70.5, 68.5, 67.6 4O} 44.8 (CH), 20.9, 20.8, 20.7 (3xOAC), 16.2
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(C-6). MS (ESI):m/z = 503.5 [M + Nal. [0]°s = - 16.1 (c 0.7, CHG). Ry = 0.28
(hexane:AcOEt 40:60).

N-(N-tert-Butoxycar bonyl-L-prolyl)-2,3,4-tri-O-acetyl-B-L-fucopyranosyl amine (109n)

'H-NMR (400 MHz, CDC}, 25°C):6 = 5.27 (s, 1H, H-4), 5.25-5.05 (m, 3H, H-1, H-23}
4.30-4.23 (m, 1H, CH), 3.91 (dss= 6.4 Hz, 1H, H-5), 3.53-3.30 (m, 2H, G}12.24-1.81 (m,
13H, 2xCH, 3xOAc), 1.16 (d, 3H, H-6)"*C-NMR (100 MHz, CDCJ, 25°C):6 = 173.3, 171,
170.6, 170.1, 78.5 (C-1), 71.6, 71.1 (C-5), 70.64JC60.9 (CH), 48.0 (C}), 29.8 (CH), 28.5
(CH,), 20.8, 20.7 (3xOAc), 16.2 (C-6). MS (EShvz = 487.2 [M + HJ. [¢]®s5 = - 61.5 (c 1,
CHCI3). Rs = 0.38 (hexane:AcOEt 40:60).

N“-(Benzyloxycar bonyl)-N-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy)-B-D-glucopyr anosyl-
L-asparagine-O-Methyl Ester (110j)

OAc

@]
AcO
Aco%rLNH\(\(COOMe

AcHN O  NHChz

'H-NMR (400 MHz, CDC4, 25°C):6 = 7.42-7.28 (m, 5H, Ph), 7.08 (@1 = 3.6 Hz, 1H, NH),
5.87 (bd, 2H, NH), 5.05 (m, 1H, H-4), 5.05 (s, 2BH,0), 4.96-4.91 (bt, 2H, H-1, H-3), 4.52
(M, 1H, CH), 4.22 (ddJs = 4.0 Hz,Js5 = 12.4 Hz, 1H, H-6), 4.06-3.99 (m, 2H, H-2, H-6"),
3.66 (s, 3H, OCH), 3.67-3.62 (M, 1H, H-5), 2.65 (bd, 1HaHCH,), 2.05 (ddJuams = 16.5 Hz,
Jhb.cr = 4.3 Hz, 1H, i, CHy), 2.01 (s, 3H, OAc), 2.00 (s, 3H, OAc), 1.97 (8, ®AC), 1.90 (s,
3H, NHAC). *C-NMR (100 MHz, CDCJ, 25°C):6 = 172.4, 170.1, 169.5, 128.9, 128.4 (G3C
80.8 (C-1), 74.5 (C-3), 73.1 (C-5), 67.8 (C-4),%{CH;0), 61.9 (C-6), 53.9 (C-2), 53.0 (OGH
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50.7 (CH), 38.0, 30.0 (C#} 23.4 (NHAC), 21.0, 20.9 (3xOAc). MS (FAB)z = 610 [M + HT.
[0]P25 = + 6.4 (c 0.6, CHG). R = 0.55 (hexane:AcOEt 40:60).

N-(N-Benzyloxycar bonyl-g-alanyl)-2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-3-D-
glucopyranosyl amine (110I)

OAc

AcO Q
AcO NH \fr\/ NHCbz
AcHN

O

'H-NMR (400 MHz, CDC}, 25°C):6 = 7.41-7.28 (m, 5H, Ph), 7.07 @ 1= 8.4 Hz, 1H, NH),
6.06 (d,J = 7.6 Hz, 1H, NHAc), 5.42 (bs, 1H, NHCbz), 5.098.(m, 5H, H-1, H-3, H-4,
CH,0), 4.28 (ddJs 6= 4.2 Hz,Jss = 12.6 Hz, 1H, H-6), 4.1-4.03 (m, 2H, H-2, H-6'.73 (m,
1H, H-5), 3.44 (q, 2H, Ch), 2.51-2.31 (m, 2H, C}), 2.09-1.98 (m, 9 H, 3xOAc), 1.91 (s, 3H,
NHAc). *C-NMR (100 MHz, CDGJ, 25°C):6 = 172.3, 172.1, 170.8, 169.4, 156.4 (€9,
136.7 (Gpso), 128.6, 128.3, 128.2 (5%§, 80.4 (C-1), 73.7 (C-5), 73.1, 67.8, 66.8 (CH, 61.8
(C-6), 53.7 (C-2), 36.8 (CH}, 36.2 (CHCO), 23.2 (NHAC), 20.9, 20.8, 20.7 (3xOAc). MS (ESI
m/'z=551.2 [M + HJ. [a]®s5 = + 2.75 (c 0.8, CHG). R = 0.23 (hexane:AcOEt 40:60).

146



Chapter 5

5.5 References

! Heinicke, J.; Kohler, M.; Peulecke, N.; He, Mindermann, M. K.; Keim, W.; Fink, GChem. Eur. J. 2003, 9,
6093-6107.

2 Nisic, F.; Bernardi, ACarbohydr. Res. 2008, 343, 1636—1643.

®  Paulsen, H.; Gydrgydéak, Z.; Friedmann,@em. Ber. 1974, 107, 1590-1613.

4 Dedola, S.; Hughes, D.L.; Nepogodiev, S.A.; RiejMd.; Field, R.A.Carbohydr. Res. 2010, 345, 1123-1134.

Similar yields have been reported for the saniestsate with a different functionalized phosphaHe; Y.;

Hinklin, R. J.; Chang, J. Y.; Kiessling, L. Drg. Lett. 2004, 6, 4479.

®  Angyal, S. JCarbohydr. Res. 1994, 263, 1-11.

" Doores, K. J.; Mimura, Y.; Dwek, R. A.; Rudd, |.; Elliott, T.; Davis, B. G.Chem. Commun. 2006, 1401—
1403.

8 Bianchi, A.; Bernardi, AJ. Org. Chem. 2006, 71, 4565-4577, and references cited therein.

°  Ratcliffe, A. J.; Fraser-Reid, B. Chem. Soc. Perkin Trans. 1 1989, 1805-1810; Ratcliffe, A. J.; Konradsson,
P.; Fraser- Reid, BCarbohydr. Res. 1991, 216, 323-335.

1% Damkaci, F.; DeShong, B.Am. Chem. Soc. 2003, 125, 4408—44009.

' Wang, C. C.; Lee, J. C.; Luo, S.-Y.; Kulkarni,; Huang, Y.W.; Lee, C. C.; Chang, K. L.; HungC Nature
2007, 446, 896—-899.

2 Cardona, F.; La Ferla, B. Carbohydr. Chem. 2008, 27, 203-213.

13 saloranta, T.; Muller, C.; Vogt, D.; Leino, Rhem. Eur. J. 2008, 14, 10539-10542.

' Davis, B. GChem. Rev. 2002, 102, 579-602.

5 Sjolin, P.; Elofsson, M.; Kihlberg, J. Org. Chem. 1996, 61, 560-565; Kunz, HAngew. Chem. Int. Ed. Engl.
1987, 26, 294-308.

8 Norris, P.Curr. Top. Med. Chem. 2008, 8, 101-113.

" Timpano, G.; Tabarani, G.; Anderluh, M.; InvemijD.; Vasile, F.; Potenza, D.; Nieto, P. M.; Raja Fieschi,
F.; Bernardi, AChemBioChem 2008, 9, 1921-1930.

147



Chapter 6

Ster eoselective synthesis of glycofuranosyl amides



Chapter 6

6.1 Glycofuranosyl amides: preliminary studies

The formation of glucofuranosideds in Staudinger ligation reactions of glucosyl azide
(Chapter 4) drew our attention towards this atylpidass of compounds ( Scheme 1). In
particular the furanose form @f-glucose is known to be unstablend rarely isolated only as

bis-acetonide$ or esters of boronic acid.

OH
HO Q
HO
7
1) 40 °C. DMA. 18 h
+
PPh, 2) H,0, 40 °C. 2 h
OT]/R
0
81

Scheme 1. Formation ofa-gluco-furanosyl amide in the Staudinger ligatidry o

Usually, at 40°C the reaction of with functionalized phosphine8l afforded thea-
glucofuranosyl amide85 in average yield of 5-15 % depending on the abgirt. The amount
of furanose increases at higher temperatures. Buha ligation of particular acyl chains (for
instanceBle), up to 50 % of furanose was obtain88g Scheme 2 and entries 6 and 7 of Table
C, Chapter 4f.

7 81e 95¢ 93e
y=52% y=9%

Scheme 2. Formation ofN-3-methyl-2-butenoyt-D-glucofuranosylamid@5e

Other interesting observations were obtained durthg screening performed on-

glucopyranosyl azideg and 10 with fluorinated phosphine83 for the transfer of amino acids
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residues (Chapter 4 and 5). With theglucosyl azide7 variable amounts of furanosylamide
were formed, depending on the nature of the aainctransferred during the ligatigantries 1-
4, Tablel, Chapter 5). When the same reaction tiondi were extended to unprotect@d
glucosyl azidedlO, formations of95 was not observed and onBypyranosyl amide®4 were
obtained (Scheme 3 and entries 5-9 in Tablel, @hapt

OH
HO 0
HO
HO

N, OH

7 HO o

HOHN_ R

\—o

PPh,

93j-m

F OH
83j HO Q § R
-n
’ ol

OH HO 0
HO O N ,
HO 3 94j-m
OH
10 83j R= CHZ?HCOzMe 83k R= CH2CH2fHC02Me
NHCbz NHCbz

831 R= CH,CH,NHCbz 83m  R=CH,NHCbz

Scheme 3. Synthesis obi- and- glucosyl aminoacid93j-m and94 j-m

On the other hand, ligation of unprotect@egalactopyranosyl azidd3 with fluorinated
phosphines3j-m under similar conditions affordemifuranosyl amided11 in average vyield of
5-15 % (Scheme 4, and entries 1-9 in Table 3, @&yt

HO %H PPh, O HO %H HO_gH H
k &:; 40°C H
N: 4 R N._R + HO,
T /©)L Ho il 1o NHCOR
F HO 0 4 H OH
43 83j-m 105)-m 111j-m
y=5-1%

Scheme 4. Formation ofa-galactofuranosyl amidell1j-m as by-products in the ligation 48
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The propensity of glucose and galactose to givanosides in non-aqueous media was described
in the literaturé. Data show (Table 1) that no furanose is observedglficose. Galactose forms
ca. 30 % of furanose, and tAduranose configuration (1,2ans) is more stable than tlee(1,2-

cis) one. So, the Staudinger ligation ©fand43 appears to promote only the formation of the

less stabl@ furanosyl compounds.

Table 1. Furanose configuration of monosaccharide, in DMS&lid

B-pyranose a-pyranose B-furanose a-furanose

Entry Monosaccharide (%) (%) (%) (%)
1 Glucose 63.1 36.9 - -
2 Galactose 39 28 24 9

a) Fromref 1

This series of experiments allowed us to draw thiewing general conclusion:

e The formation ofa-furanosyl amide®5 and 111 is favored by a temperature increase
and can be increased by running the ligation ap&gaiures above 40°C.

* The nature of the acyl chains transferred playsnaldmental and still unpredictable role
for the furanosyl ring formation.

* In each of the reactions evaluated the glycofurgdnamide was formed as a uniquae
furanose isomer.

» Strikingly, despite the pyranose-furanose isoméoramust involve a ring opening step,
formation of the3-pyranosyl amide, a more obvious candidate prodiiah equilibration

process, is not observed.

To clarify the mechanism of this intriguing reactiand to analyze the potential activity of
furanosyl compounds as sugar mimics, a new setpEranents was performed starting from the
[-D-galactofuranosyl azidg3{D-Galf azide, Scheme 5) as a model substrate. The systbesi
penta©-acetyl-galactofuranos®{AcGalf) 35 was describefiWe reasoned that the reactivity of
the corresponding azid# could shed light on the formation of the unusua alternativen-
furanosyl by-products obtained in the ligation oftotecteda-pyranosyl azides. Furthermore,
D-Galf derivatives have been reported to posses biolbgictvity againstMycobacterium
tubercolosis,” ® and thus the corresponding amides constitute kynselves an interesting

synthetic target.
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6.2 Synthesis of a- and (3-galactofuranosyl amides

The starting galactofuranosyl azidé was prepared in 90 % yields from known pe@tacetyl-
galactofuranos&5 ° using TMSN/SnCl, (Scheme 5). Zemplen's deacetylation afforded the
unprotected Gélazide37, whose anomeric configuration was established RENlifference
experiments, showing a clear correlation betweetops H1 and H3.

A
AcQ_gH PAC TMSN;.SnCl, AcQ_oH N3 MeO'Na* HO o H N3
AcO, AcO, HO,
ACOiM DCM dry ACOiM—I MecOH dry HO\Mh
H H OAc H H OAc H H; OH
35 36 w
NCE

cotrelation

Scheme 5. Synthesis of Gélkzide

Initial studies focused on the functionalization 36 using standard methodology, such as
catalytic hydrogenation followed by situ acetylation or intermolecular Staudinger reaction
with PhgP/AcOH (Scheme 6). However, both methods led toistume@ of epimers at the

anomeric carbon. Similar results were obtained upsstment oB7 with H, and Pd/C.

N
RC_gH '3 H,. Pd/C RO_oH
RO, or ~NHCOCH,
RO\M{ A0 pph, AcoH ROW

H H OR DCM dry H H OR
R= OAc (36)

Scheme 6. Derivatization of36 with conventional methods leads to mixtures ofrepis
The reaction mixtures could be analyzed'ByNMR spectrscopy. As shown in Figure 1, the
anomeric protons of all four isomeric galactosyli@es are clearly observed in thé-NMR of
the reaction mixture (Figure 1, peaks 1-4). Theywaell separated from one another, as well as
from the starting azide (doublet at 5.22 ppm, rwiven in Figure 1) and from the hydrolysis
products ¢- and [3-galactose, peaks 5 and 6 in Figure 1, respecjiwehich originate from

incomplete acyl transfer in the intermediate iminogphorane.
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HO/O H HO/O H NHCGCR HO OH
HOHO,, HO, 0
' NHCOR HO - 4 HO S&MOH

g H CH H H GH OH
5.6
Ho —OH
0
o NHCOR
Ho —OH 3 on
| q . |
! HO H ‘ B 6
‘ HONHCOR H B |
2/ s I I
.J| l il r||1 f I|‘| || | IR ’| ||
J Woof I,,Lru J Wil e and ¥ I“h'\..-\.,.—'l""""r U o ) l\_'.ll |'-‘___1_

P

T T T T T T T T T T T T T T T T T T T T T T T T
570 565 5.60 555 5.50 545 5.40 535 530 525 5.20 A 1[_'3 5.10 5.05 5.00 4.95 4.90 4.85 480 475 470 4.65 4.50 4.55 4
1 (ppm)

Figure 1. 'H-NMR (D,O) spectra of the anomeric proton of the four iseengalactosyl amides

(peaks 1-4). Doublets 5 and 6 correspond-tandf-glucose, respectively

On the contrary, traceless Staudinger ligatioB&®Wwith 2-diphenylphosphanyl-phenyl valeroate
81b in a 98:2 DMA:DMPU solvent mixture for 4h at 70°C' ?afforded the corresponding tetra-
O-acetyl-galactofuranosylamidel2b in 60% yield as a single anon{&cheme 7). The structure
and anomeric configuration @i2b were confirmed by NMR after deacetylation (cat.Q/Na in
MeOH) to yield the unprotected amidé3b. The chemical shift of C4 i13b at 83.6 ppm is
diagnostic for the furanose form and NOESY expenits¢D,0O) showed the expected crosspeak
between protons H1 and H3. The deprotection step faand to be critical to preserve the
configurational integrity of the anomeric carbonhi¥ 0.05 M MeONa solutions and short
contact times (1h) were used successfully, expostirgl2b to more concentrated (0.1 M)
MeONa in MeOH caused partial anomeric epimerizatiorillb, presumably via MeONa

induced deprotonation of the amide nitrogen.
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AcO_oHNs
N H NHCOC,H
g H. OAc AcO_oH NHEOCH HO o H o
36 ab AcO, ¢ HO,
+ ACO . H HO ‘. H1
PPh, H H o OAc H H@ NOESY
(0] contact
\ﬂ/\/\ 112b 113b
0 y =60 %, B 100 %
81b

a) 70°C, 4h, DMA/DMPU; b) H,0, 2 h, 70°C; ¢) 0.05M MeONa, MeOH

Scheme 7. Synthesis of-furanosyl amide412b by ligation 0f36

Surprisingly ligation of unprotectefg-Galf-azide37 with 81b under the same conditions used
for 36 afforded only amidd11b with complete inversion of anomeric configuration (Scheme 8).

Products from the Staudinger ligation 3f were isolated by water extraction from the crude
reaction mixtures and purified by silica gel chraoggraphy. Anomeric ratio were evaluated on
the crude byH-NMR spectroscopy. The structure t¥lb was confirmed by the C4 chemical

shift (84.4 ppm) and by the absence of crosspeaksden protons H1 and H3 in the NOESY
spectrum (CEOD; H1 and H3 ofl11b are isochronous in4® at 400 MHz).

PPh,
HO o 0 HO_oH H
HO, \n/\/\ a) 70°C. 4h. DMA/CMPU HO
HO_ . + HO
H o . . NHCOC,H,
) H,0. 2 b, 70°C
i H OH 4 H OH
37 81b 111b

y =60 %, o 100 %

Scheme 8. Synthesis obi-furanosyl amide411b by ligation of37
Compoundl1lb was fully characterized as the Lj2-isomer after acetylation ttl4b (Scheme

9), by the presence of crosspeaks between protbrasti H4 in the NOESY spectrum (CR@tL
400 MHz).
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NOESY
H, contact
HO_o 1 1 AcO o3
HoHO, Ac,O. CMAP A0,
‘ NHCOC,H, Pyridine RN NHCOC,Hj

H H OH H H OAc

111b 114b

Scheme 9. Acetylation of111b and NOESY characterization b14b

6.3 Synthesis of arabinofuranosyl and ribofuranosyl amides

In Chapter 1 we showed that the reaction of phosd8 with tetraO-acetyla-glucopyranosyl
azides2 was non-stereoconservativg¢Scheme 10), and th@tglycosyl amides are obtained in

good yield and complete stereoselectivity startingh botha- andf3-azides.

SAC PPh, 1Y DMF, 70 °C. 20 h SAC
AcO . 0L _R AcC NHCOR
AcO il AcO

AcC g 0 2)H,0.70°C.2 h OAc

2 9 B-anomer

Scheme 10. Staudinger ligation of tetr@®-acetyl azides is non-stereoconservative

Usually tetra©-acetyl-pyranosyl azides givB-anomerization, while unprotected pyranosyl

azides give complete retention of the anomericigardition (Scheme 11).

PG =
o A
OPG
PPh2 o
PG-O
PG-O
PGO \ OAc
lucosyl azid A SNR
o-21ucos azidaes C
g y PG =-Ac b Ac I@r

Scheme 11. B-anomerization of the teti@-acetyla-pyranosyl azides
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It was surprising, therefore, to establish thatrat€-acetylf3-furanosyl azides36 do not
anomerize, but unprotected furanosyl azi@&sdo, and afford 1,2ts compounds with total
inversion on the anomeric carbon. The inversioncohfiguration during the reaction of
unprotected galactofuranosyl azidegygests that an unexpected mechanism may be @ud/oiv
the formation ofx-galactofuranosyl amides.

To further explore the scope of this reaction amdnvestigate the reasons of this unexpected
result, a new set of experiments were designedgysiosphine8lb as the standard substrate.
The ribofuranosyl azided4l and 53 (Scheme 12) and the arabinofuranosyl azdi@snd 49
(Scheme 14) were subjected to traceless ligatiah wompound8lb in the same reaction
conditions used above (70°C for 4h in 98:2 DMA:DM)P Both ribofuranosyl and
arabinofuranosyl azides present a ttghs configuration but with the opposite absolute

configuration at C2.

HO— o _oHNs
53

HO H oH
HO OH - ]
1,2-cis
a) 70°C, 4h, DMA/DMPU NHCOC4H,
b) H,0, 2 h, 70°C HO OH
PPh 115b
? yield =59 %
O\[(\/\
O
AcO H oH N3
81b
AO OAc 1,2-trans
a) 70°C, 4h, DMA/DMPU
b) H,O, 2 h, 70°C HO OH
¢) MeONa 0.05M, MeOH 116b

yield = 55 %

Scheme 12. Staudinger ligation d81b with B-ribofuranosyl azided4l and53

Reaction of thg3-tetra-O-acetyl ribofuranosyl azidél with 81b yielded a3-amide. Its anomeric
configuration of was characterized after Zempledesicetylation (Scheme 12), which afforded

the unprotected 1,2-trans ribofuranosyl anfidléb. NOESY correlation between protons H1
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and H4, and the high value of C4 (83.5 ppm)LiGb are diagnostic for &-furanosyl ring.
Reaction of the unprotectgdribofuranosyl azidé3 gave thex-anomerl15b. After acetylation

(Scheme 13) o0115b the structure o117b was assigned on the basis of strong crosspedkdor
H1 and H3 protons in the NOESY spectrum ¢OD).

NOESY
/\ correlation

HO AcO— H; 4 H
Holl H Ac,O, DMAP 305 Hi
NHCOC,Hy Pyridine NHCOC,Hy

HO OH AcO  OAc

115b 117b
1,2-cis

Scheme 13. Acetylation of theN-pentanoyle-D-ribofuranosylamidé.15b

HO— H _oOH
49

N; HO H_(.OH NHCOC,Hy
HO H 1,2-cis
a) 70°C, 4h, DMA/DMPU
b) H,0, 2 h, 70°C HO H
118b
PPh, yield = 57 %
OT‘/\/\
(¢
AcO™\ H_(.OAc
81b 40
N; HO
H_oOH
AcO H 1,2-trans
a) 70°C, 4h, DMA/DMPU NHCOC,H,
b) H,0, 2 h, 70°C HO H
¢) MeONa 0.05M, MeOH 119b
yield =53 %

Scheme 14. Staudinger ligation d81b with a-arabinofuranosyl azidet® and49

Similarly inversion of configuration was observedon reaction of the unprotected

arabinofuranosyl azidel9 to give 118b. NOESY experiments oril8b, showed a clear

157



Chapter 6

correlation between protons H1 and H4, and alsehieeical shift of C4 ii118b at 85.4 ppm is
diagnostic for the furanose form. On the contrasynversion was observed upon ligation of the
tetraO-acetyl azidel0, which gavel19b.

Thus, under the conditions developed all reactioosurred with selective inversion on the
anomeric carbon to afford 1¢2s compounds for the unprotected azi88s49 and37 while they
were stereoconservative for tieacetyl azidesdl, 40 and 36, leading to 1,2rans amides.
Products from the Staudinger ligation of the ungectéd ribofuranosyl azide$3 and
arabinofuranosy¥9 were isolated by water extraction from the crudactien mixtures and
purified by silica gel chromatography (CH@GleOH 85:15). Also in this case to facilitate
products isolation from phosphine oxide, the t€raeetyl ribofuranosyl and teti@-acetyl
arabinofuranosyl amides were not directly isolatédt first deacetylated to afford the
corresponding deprotected amidd$b and119b. Finally the compounds were isolated by water
extraction and purified by flash chromatographysdita gel. Under this conditions the 1Gi&-
(115b and 118b) and 1,2trans (116b and 119b) furanosyl amides were generally obtained in
moderate yields and excellent anomeric ratio.

For comparison purpose and to fully characterize ligation products, the corresponding
pyranosyl azideg-ribopyranosyl azide9 (tri-O-acetyl) and45 (unprotected) (Scheme 15) and
B-arabinopyranosyl azide8 (tri-O-acetyl) and48 (unprotected) (Scheme 16) were subjected to
Staudinger ligation witl81lb. They afforded the corresponding Irans glycopyranosyl amides
120b and 121b in good yields and without anomeric inversioH. NMR analysis of the crude
reaction mixtures showed no trace of isomeric azigeo starting from unprotected 1rans
azides45 and48. The anomeric configuration d20b was confirmed by the typical high value
of the trans-diaxial coupling constardt § = 8 Hz) for the} compounds and also the chemical

shift of C4 (68.8 ppm) is diagnostic for the pyraadorm.
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45 HO% 3
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OH
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b) H,0. 2 h. 70°C

o
ACO%N3
29 OAc

QAc

a) 70°C, 4h, DMA/DMPU
b) H,0. 2 h, 70°C
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HO/%O/NHCOCA,HQ
OH

CH 1.2-trans

120b
yield = 68 %

HO/V&/NHCOCA,HQ
OH

OH 1.2-trans
120b
yield= 25 %

Scheme 15. Staudinger ligation d1b with B-ribopyranosyl azide29 and45

The structure o121b was established on the basis of the chemical shifie C4 carbon at 68.8

ppm, which is consistent with the pyranose form ahtheJ; ,of 8.8 Hz consistent with taans

configuration of C1-C2.

PPh,

81b

0
48 HomNa

OH

a) 70°C, 4h, DMA/DMPU
b) H,0. 2 h, 70°C

OAc

0
28 Acoml\h

QAc

a) 70°C, 4h, DMA/DMPU
b) H,O, 2 h, 70°C
¢) MeONa, MeOH

OH

QO
1o X2 Hcoc

OH 1.2-trans

121b
yield =70 %

OH

HO &&/NHCOQ&%

OH
1,2-trans

121b
yield =27 %

Scheme 16. Staudinger ligation d1b with B-arabinopyranosyl azide8 and48
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In conclusion, the ligation d1b with a-arabinopyranosyl anfi-ribopyranosyl azides confirm
the previous observation on the stereoselectiatytfie intramolecular Staudinger ligation of

glucopyranosyl azide:

6.4 Proposed mechanism for the a-furanosylamide formation

The ligation of unprotected,2-trans furanosyl azides37, 53 and 49 with phosphines8lb
afforded glycofuranosyl amides with the opposiacds anomeric configuration respect to the
starting azide precursor. This anomeric epimeratnust derive from a ring-opening process
occurring after the azide reduction step. A liketgchanism is shown in Scheme 17 for the
reaction of81b with 3-galactofuranosyl azid&7. Upon azide reduction, the iminophosphorane
122 (Scheme 17) is formed and ring openind.22 affords phosphinimin&23. From this open-
chain intermediate, the ring clousure step couldbibsed by the unprotected hydroxyl group at
position 2, which can trap the phosphorous atoml28 as the cyclic oxazaphospholane
intermediatel24, thus enforcing, after ring clousure, the formated the a-iminophosphorane
125. In other words, the anomeric carbon of the sughatdsked by chelation of phosphorous in
an intermediatd24 which can only affordx-amides upon ring closure. Finally, intramolecular
acyl transfer and subsequent hydrolysis givgalactofuranosyl amid&l1b with total inversion
on the anomeric carbon.

This mechanism implies that ligation of the unpctee furanosyl azides will enforce a Lj2-
configuration in the resulting amides by coordioatiof the free OH in positon 2 with the
phosphorous atom of the iminophosphorane and camséeé to clarify also the epimerizations
observed during the ligation @lb with unprotected arabinofuranosy® and ribofuranosyl
azidesh3.
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HO o N:
HO,
HO “ H ©)
~PPh: O
H On N, Ho/of\@ : HO o~ 1
37 :‘ HO HO, =N
+ HO. ™ — - HO ‘. |
; ®FFh:
122 123
0O
-iminophosphorane phosphinimmine
81b (T
HO o_ H R HO o_ H HO/()@”}H

HO, o O =~— H(L ) HO —
1010 S 0)< o, © noto, X
H 0—// H O0—/ H Q—PPh.
P @ P / 2
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a-iminophosphorane

Ho o H R H,0 HO o_ H Ph,P=0
HO, /¥o = HO, 4 OH
HO > N HO > NHCOR
i 0—/ i OH
~
thh/ \Q 111b
Ho a-galactofuranosyl amide
1.2 CIS

Scheme 17. Proposed mechanism for the anomeric epimerizati&7

To support this mechanistic picture, we attempteexiamine the ligation of the isomeric Lj2-
a-galactofuranosyl azidd6 (Scheme 20), with the expectation that anomeriension should

be no longer observed on this isomer. This compdwaginever been described. However, the
conversion of free galactopyranosd9 into 2,3,5,6-tetrd-tert-butyldimethylsilyl{3-
galactofuranosyl iodid8 127 (Scheme 19) has been recently reported by BaldiotiMarino.
The authors treated the free hexose sugar withxeesse oftert-butyldimethylsilyl chloride in
dimethylformamide and in the presence of imidazaileoom temperature obtaining 1,2,3,5,6-
pentaO-tert-butyldimethylsilyl{3-galactofuranosel26 which was isolated from the reaction

mixture in 75 % yield by crystallization from mett@ (Scheme 18).
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OH
HO TBSO_o 1 OTBS
0O TBSCL, Imidazole TBSO
HO OH DME, 48h, r.1. TBSO__ H
HO H H  OTBS

y=75%
19 126

Scheme 18. Stereoselective synthesis of 1,2,3,5,6-p&art-butyldimethylsilyl{3-

galactofuranosé26

Treating126 with 1.2 equiv. of tri-methylsilyliodide (TMSI) imnhydrous 1,2-dichloromethane
at 0°C for 30 minutes, the anomeric iodide is fadfewhen TLC examination showed a total
consumption of the starting materie6, tetra-butylammonium azide (nBusNN3) was added
and the mixture was stirred overnight at room terajpee. The reaction afforded good yields
and an optimal stereoselectivity for the 2,3,416at©-tert-butyldimethylsilyl-a-galactofuranose
azidel28, the structure was confirmed by NOESY correlabetween H1-H4 (Scheme 19).

NGESY contact

H H
BSC_oH (1BS TBSC o H | \RO_oH |
¢l T™MSI 0+ nBu,NN: G~
TBSC, TBSO, _ MW . TBSO,
TBSO. ~ | CHyCldry. (°C | TBSO_ ~ o CH,Cly. C°Ctort TBSC. ~ N,
H H OTBS H H OTBS DIPEA dry H H CTBS
y=15%
126 127 128
R=TBS

Scheme 19. Synthesis ofi-galactofuranosyl azid&28 via in situ formed galactofuranosyl iodide

Removal of the TBS groups froi28 was accomplished with tetra-butylammonium floride
(nBusNF) in THF *? and afforded unprotectenl-galactofuranose azidds (Scheme 20). The
anomeric configuration o#l6 was confirmed by NOESY experiments that showedearc
correlation between protons H1 and H4 (Scheme @@y & 2), and alsthe chemical shift of C4

in 46 at 84.5 ppm is diagnostic for the furanose form.
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NOESY contact

RO_oH nBu,NF HO_o H
TBSO, HO,
TBSO\M1 THF Ho. . 1
0 H  OTBS g H oH
128 46

Scheme 20. Deprotection 0fl28

NOESY contact
N
H“HO/O\H H a-D-galactofuranosyl azide
H o
HOM3 H-NMR (400 MHz, CROD, 25°C)
H H OH
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)
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Figure 2. '"H-NMR (CDs;OD) spectra ofi-D-galactofuranosyl azioés

Acetylation of the unprotecteatgalactofuranosyl azidé6 (Scheme 21, Figure 3), with classical
procedure (acetic anhydride in pyridine) affordé ©2,3,5,6-tetra-acetyl-galactofuranosyl

azide P9. Also in this case we observed a NOESY contastvéen H1-H4 (CDG).
NOESY contact

N
H H,

HO oH H \RO_oH

HO, Ac,0, DMAF AcO,

HO\M; pyridine ACOME
O H  oH 0 H  OAc

46 129
R = OAc

Scheme 21. Acetylation of unprotected-galactofuranosyl azidéo
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NOESY contact
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4 1
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Figure 3. 'H-NMR (CDCL) spectra of tetr®-acetyla-D-galactofuranosyl azide29

The unprotected and tet@acetyla-galactofuranosyl azide46 and 129 (Scheme 22) were
subjected to traceless ligation with compo@id in the same reaction conditions used for the
ligation of protected and unprotect@dgalactofuranosyl azide86 and 37 (70°C for 4h in
solvent mixture DMA:DMPU 98:2).

The ligation of unprotected-galactofuranosyl azidé6 with phosphineglb afforded the amide
130b with the same anomeric configuration of the gtgrtiazide precursor, in a
stereoconservative process. Unproteatefliranosyl azidest6, thus, did not anomerize but
afforded the 1,2is azide, as it would be expected based on the pedpesechanism.
Surprisingly, ligation of the of tetr®-acetyla-furanosyl azided29 afforded a 4:13:a ratio,
thus revealing that an equilibration process ign@lace for this acetylated azide, which favors
the 1,2trans amide113b with inversion on the anomeric carbon (Scheme 2B inversion of
configuration during the reaction of protected galfuranosyl azidel29 suggests that this

configuration may be more stable for the tetraydattd compound.
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HO oH H
HO,
46 1O N3 HO oH H |
H H OH HO, 1,2-cis
a) 70°C, 4h, DMA/DMPU HO > NHCOC,H,
b) H,0, 2 h, 70°C H H OH
111b
PPh,
O\H/\/\
0
AcO_oH H
81b AcO,
AcO_ ™. N,
129 40 oac HO_oH NHCOC,H,
H OHO/,, 1,2-trans
a) 70°C, 4h, DMA/DMPU ' H
b) H,0, 2 h, 70°C H H OH 4:1
¢) MeONa 0.05M, MeOH 113b 113b:111b

Scheme 22. Staudinger ligation d81b with a-galactofuranosyl azidés and129

After these observations the mechanism proposé&theme 17 foa-furanosylamide formation
appears totally confirmed. The full implications thfis proposed mechanism relative to the

ligation of furanosyl and pyranosyl azides willdiscussed in Chapter 7.

6.5 Synthesis of small library of a and 3 galactofuranosylamides asinhibitors

of Mycobacteria

The arabinogalactan constituent of mycobacterithhvgals contains a galactan polymer made of
galactose residues in their furanose form. In paldr galactofuranos@®{Galf ) was found to be

an important coustituent of the cell wall of mycotmia the causative agent of tuberculosis
(TB).” 8 The development of new drugs for tuberculosisthken on some urgency in the recent
years. The World Health Organization reports thatdlobal incidence rate ot TB is rising, and
more than 4000 people die of TB everydyMore new cases are expected since TB is also the
main cause of death in AIDS patients. Inhibitiontlodé incorporation oD-galactofuranoseDf-

Galf ) has become a potential therapeutic strategy dBmecontaining oligosaccharides are

14, 15

critical for survival and infectivity of mycobacteria. Incorporation of Galnto
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oligosaccharides involves two steps. First, thévattd precursor UDP-galactofuranose (UDP-
Galf 1) is synthesized from UDP-galactopyranose (UDB@ain a reaction catalyzed by UDP-
galactopyranose mutase (UGM). Subsequentlyf @Galtransferred from UDP-Gall onto
acceptors to form various Galontaining oligosaccharides by UDP-galactofuraticeysferase
(GaffT).*% Y

The furanose form of D-galactose, €ak uknown in mammals and UDP-galactopyranose
(UDP-Galp 2) mutase has become an interestingttéog¢éhe development of drugs against the
many pathogens which contain Gahost prominentlyMycobacterium tuberculosis. UDP-Galp

2 mutase inhibitors have been reported and showtoti mycobacterial growtlf: 19 20 2. 22. 23
Various molecules containing a structural unit noking the Gdl monosaccharide have been
synthesised, including iminosugars, thiosugars,adafuranosyl thioglycosides and C-
glycosides (Figure 4), but no galactofuranosylamidave been described so faine ability of
some of these compounds to inhibit bacterial gromvkes galactofuranose mimics interesting
biological targets with potential therapeutic vafuié > 2

iminosugar 1% 26 C-glycoside 2 carbasugar %6 thiosugar 26
HQ 0 (CH2]nCHE HQ 0 (CHZJnCH HQ (”) (CHZJHCH
HO\)/I S_< HO\)“" SN HO\)/I ﬁ_N
(CH2]nCHE [ (CHZJnCH (0] (CHZJHCH
HO OH HO OH HO OH
n=33579"¢ n=33579"¢ n=33579"¢

Figure 4. Some analogues @fgalactofuranose which have shown activity against

Mycobacterium tubercolosis

To explore the scope of galactofuranosyl amidedagerial growth inhibitors, we used the
stereodivergent ligation of furanosyl azides justdvered and applied it to a set of phosphines
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variously functionalized, to obtain a small libraofa- andp-galactofuranosyl amides (Scheme
23).

HO_oHNa
HO,
37 HC_ ~ H HC o HH
HH HO HO,
HO\MHCOR
a) 70°C, 4h, DMA/DMPU 4 H OH
E) HyC. 2 h, 70°C 111b-i
PPh,
O\H/R
Q
N
S1bi e AcC_gH 3
C .,
36 ACOM HO_oH YHCEOR
81b R = -(CH,);CH, H H  OAc uolo,
8lc R = -CH,CH(CH5), a) 70°C. 4h, DMA/DMPU ' !
81e R= -CH=C(CHj), B RO 2 b 70°C H H OH
- N ) 2 :
811 R = -(CHy)14CH; ¢) 0.05M MeGNa, MeCH 113b-h

8]g R= '(CszGCH3
81h R= 'CHQCH(CH3I(CHQJQCH=C(CH3]2
81i R= -Ph

Scheme 23. Traceless Staudinger ligation 3§ and37 with phosphine8l1b-i

The results of this screening are collecetd in &dhl Transfer of linear aliphati@ib, f, g),
branched aliphatic3(c, €), unsaturatedd(e, h) and aromaticgli) amide chains was performed
with uniform results. All reactions gave the exgecproducts in moderate yields. As previously
reported for unprotected glycopyranosyl azitlesjcrowaves were found to accelerate the
ligation of 37 (entries 7 and 11). The stereoselectivity was detapas determined Byi-NMR

of the crudes. In all casef;anomers were obtained from the tedra&cetyl azide36 and a-
anomers from the unprotected azid®. Experimental procedures, purification and

characterization data were performed as describ&ddinpar. 6.2.
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Table 2. Ligation of 36 and37 with phosphine81b-i.*
Entr Azid

, . Phosphine R Product a/B°  Yields
1 3 81b “(CH2):CHs 113 2:98 60
2 36 8ic _CH,CH(CHy), 113c  >1:99 53
3 36 8le -CH=C(CH), 113e 2:98 48
4 36 81f -(CH2)14CH3 113f >1:99 60
5 36 81g -(CHy)6CHs 1139 >1:99 56
6 36 8lh  -CH,CH(CHy)(CH,),CH=C(CHy), 113h  >1:99 51
7 37 81b -(CHy)sCHs 111 >99:° 60
8 37 8ic _CH,CH(CHy), 111 >99:1 57
9 37 8le -CH=C(CH), 111e >99:1 51
10 37 81f ~(CH)14CHs 111f  >99:1 55
11 37 81g -(CH)eCHz 111g >99:1° 63
12 37 8lh  -CH,CH(CHy)(CH,),CH=C(CHy), 111h  >99:1 56
13 37 81i -Ph 111i >99:1 62

a) Unless otherwise stated, all reactions were pegdrin 98:2 DMA:DMPU mixtures for 4h at 70°C. Theater
was added and the solution stirred for additiome&270°C before work up. #J-NMR ratio of the crude. c)

Reaction performed under microwave: irradiatioB@&imin, 70°C.

All these compounds were tested in minimal inhdmtconcentration (MIC) tests against a panel
of bacteria. One compound, tlegalactofuranosyl amide$11f displayed a modest activity
againstMycobacterium bovis with a MIC value of 64ug/ml. The 3-anomer113f showed no
activity.

This finding may represent the discovery of a neteptial class of antibacterial agents, because
the totality of the molecules reported so far whiontain a structural unit mimicking Galre all

in the B-configuration. More work is required to verify shiinding and to optimize the structure

and activity of these compounds.
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6.6 Experimental Section

Solvents were dried by standard procedures: dichlethane, methanol, N,N-
diisopropylethylamine and triethylamine were driedver calcium hydride; N,N-
dimethylacetamide (DMA), 1,3-dimethyltetrahydro-Bjpyrimidinone (DMPU), chloroform
and pyridine were dried over activated moleculagves. Reactions requiring anhydrous
conditions were performed under nitrogé, **C and*'P-NMR spectra were recorded at 400
MHz on a Bruker AVANCE-400 instrument. Chemical fshi(s) for *H and **C spectra are
expressed in ppm relative to internal j8eas standard. Signals were abbreviated as desing
bs, broad singlet; d, doublet; t, triplet; q, geartn, multiplet. Mass spectra were obtained with a
Bruker ion-trap Esquire 3000 apparatus (ESI iomratand FT-ICR Mass Spectrometer APEX
II & Xmass software (Bruker Daltonics) - 4.7 Magn&hin layer chromatography (TLC) was
carried out with pre-coated Mercksk silica gel plates. Flash chromatography (FC) wasied
out with Macherey-Nagel silica gel 60 (230-400 mesh

General procedure for stereoselective ligation of protected and unprotected glycosyl azides
in DMA:DMPU mixtures.

The phosphine (1.2 eq) was added, at room temperatua 0.1 M solution of glycosyl azide (1
eq) in 98:2N,N-dimethylacetamide and DMPU. The solution was etirfor 4 h at 70 °C, then
water was added and the mixture was stirred foadatitional 2 h at the same temperature. The
solvent was evaporated under reduced pressurdharrésidue was purified as indicated below

for each compound.

General procedurefor acetylation of unprotected glycosyl amides.

Acetic anhydride (10 eq) and a catalytic amounNM-dimethylaminopyridine were added, at
room temperature, to a solution of subst(ateq) in pyridine dried on molecular sieves (0.1 M
The solution was stirred for 24 h and then was eotrated in vacuo. The residue was dissolved
in AcOEt and washed with aqueous 5 % HCI, aqueots RaHCQ and water. The organic

layer was dried over N&O, and concentrated to give the product in quanigagield
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N-pentanoyl-a-D-galactofuranosyl amide (111b)

Ho ol H g
HC

HOWNJ\/\/
qgH onhH

The compound was purified by flash chromatogra@iCls:MeOH 80:20) yield = 60 %.
'H-NMR (400 MHz, CROD, 25°C):6 = 5.69 (d,J1 .= 4.4 Hz, 1H, H-1), 4.13 (th 3= 3.4,J34=
3.6 Hz, 1H, H-3), 3.88 (dd} 2= 4.4,J, 3= 3.4 Hz, 1H, H-2), 3.80 (ddgz 4= 3.6,J45= 3 Hz, 1H,
H-4), 3.74 (dddJs5= 3,J56= 6,Js56 = 6.8 Hz, 1H, H-5), 3.62 (dds6= 6, Jsc = 11.6 Hz, 1H,
H-6), 3.57 (ddJs ¢ = 6.8,Js6 = 11.6 Hz, 1H, H-6"), 2.29 (1]= 7.6 Hz, 2H, CH), 1.64-1.56 (m,
2H, CHp), 1.43-1.32 (m, 2H, C}), 0.95 (t,J= 7.4 Hz, 3H, CH). **C-NMR (100 MHz, CROD,
25°C):6 = 176.7, 84.4 (C-4), 82.2 (C-1), 78.5 (C-3), 7{TA2), 73 (C-5), 64.3 (C-6), 37 (GH
28.9 (CH), 23.5 (CH), 14.3 (CH). [0]®s = +18.1 (c 1, MeOH). FT-ICR (ESI) calcd. for
Ci11H21N106 [M+Na]* 286.12611; found 286.12597.

HOcH H g
HO

N
4 H ouf

N-pentanoyle-D-galactofuranosyl amide
'H-NMR (400 MHz, CROD, 25°C)

t l

\ | i
| L S _-,,_._._._,.dall'l lll--\__JL._ SR | — AL | L.&J o k-.__ai R

U T T T T T T T T T T T T T T T T T T T T T T T T T
B 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 1.2 1.0 0.8
f1 (ppm)
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2,3,5,6-tetr a-O-acetyl-N-pentanoyl-a-D-galactofuranosyl amide (114b)

Aca.ocH H g
AcC,
AcO\;/ﬂ—P< NJ\/\/
H

H H OAc

'H-NMR (400 MHz, CDC}, 25°C):6 = 6.14 (d,Jyw.1 = 10 Hz, 1H, NH), 6.06 (d}.»= 4.4 Hz,
w1 = 10, 1H, H-1), 5.34 (dddl 5= 6.8,J56= 3.6,J5 6 = 6.8 Hz, 1H, H-5), 5.21 (dd; .= 4.4,
J,3= 1.8 Hz, 1H, H-2),5.07 (dd 3= 1.8,J34= 3.2 Hz, 1H, H-3), 4.38 (dds 6= 3.6,J56 = 12
Hz, 1H, H-6), 4.09 (ddJs ¢ = 6.8,Js.6 = 12 Hz, 1H, H-6"), 3.92 (ddls 4= 3.2,J45= 6.8 Hz, 1H,
H-4), 2.23 (t,J= 7.6 Hz, 2H, CH), 2.18 (s, 3H, OAc), 2.12 (s, 3H, OAc), 2.10 (sl, DAcC),
2.05 (s, 3H, OAc), 1.61-1.56 (m, 2H, @H1.41-1.32 (m, 2H, CH), 0.92 (t,J= 7.6 Hz, 3H,
CHs). *C-NMR (100 MHz, CDG, 25°C):é = 176.7, 173, 170.7, 169.8, 169.1, 79.9 (C-1)779.
(C-4), 76.7 (C-3), 75.1 (C-2), 70.3 (C-5), 62.9€¥;-36.7 (CH), 29.9 (CH), 22.5 (CH), 21.1-
20.8 (4x0OAc), 14.3 (Ck). NOESY (400 MHz, CDG| 25°C): contact between H-1/H-4.

174

AcQ.cH H g 2,3,5,6-tetra@-acetylN-pentanoyle-D-galactofuranosyl amide

AcC
<G, 'H-NMR (400 MHz, CDC}, 25°C)

AcQ .,
H H OAc

Tz

T T T T T T T T T T T T T T T T T T T T T T T T T
63 62 61 &0 59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 35 3
f1 (ppm)
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N-(3-Methylbutanoyl)-a-D-galactofuranosyl amide (111c)

HO cH H g

qHu ont
The compound was purified by flash chromatogra@iCls:MeOH 80:20) yield = 57 %.
'H-NMR (400 MHz, CROD, 25°C):6 = 5.72 (d,J1 2= 4.4 Hz, 1H, H-1), 4.16 (th 3= 3.2,J54=
3.6 Hz, 1H, H-3), 3.92 (ddl»= 4.4,J, 5= 3.2 Hz, 1H, H-2), 3.84 (ddz 4= 3.6,J45= 3.2 Hz,
1H, H-4), 3.78 (dddJs 5= 3.2,J56= 5.6,J5¢6 = 6.8 Hz, 1H, H-5), 3.65 (dds 6= 5.6,J.6 = 11.2
Hz, 1H, H-6), 3.61 (ddJs = 6.8,Js ¢ = 11.2 Hz, 1H, H-6"), 2.18 (dl = 6.4 Hz, 2H, CH), 2.16-
2.08 (m, 1H, CH), 1.01 (dl = 2.4 Hz, 3H, CH), 0.99 (d,J = 2.4 Hz, 3H, CH). **C-NMR (100
MHz, CD;0OD, 25°C):5 = 176, 85.6 (C-4), 84.5 (C-1), 82.2 (C-3), 77.42C73 (C-5), 64.3 (C-
6), 46.5 (CH), 27.3 (CH), 22.9 (CH. [0]°s = +33.4 (c 1, MeOH). FT-ICR (ESI) calcd. for
C11H21N106 [M+Na]* 286.12611; found 286.12591.

N-3-methyl-2-butenoyl-a-D-galactofuranosyl amide (111e)

HC.oH H g
HO, M
HOWN Z
an onH

The compound was purified by flash chromatogra@iCls:MeOH 85:15) yield = 51 %.
'H-NMR (400 MHz, CRQOD, 25°C):6 = 5.86 (s, 1H, CH), 5.77 (d1 .= 4 Hz, 1H, H-1), 4.17 (¢,
Jo3= 3.2,J34= 3.6 Hz, 1H, H-3), 3.94 (dd »= 4, J»3= 3.2 Hz, 1H, H-2), 3.85 (bls 4= 3.6,
Jas= 3.2 Hz, 1H, H-4), 3.79 (ddd, 5= 3.2,J56= 6, Js.¢ = 6.8 Hz, 1H, H-5), 3.68 (ddls 6= 6,
Js.e= 11.2 Hz, 1H, H-6), 3.62 (dds e = 6.8,J56 = 11.2 Hz, 1H, H-6"), 2.20 (s, 3H, GH 1.94
(s, 3H, CH). *C-NMR (100 MHz, CROD, 25°C):d = 169.5, 154.2, 119.4 (CH), 84.4 (C-4),
82.1 (C-1), 78.7 (C-3), 77.5 (C-2), 73.1 (C-5),5C-6), 27.4 (Ch), 20.3 (CH). [0]°25 = +30.2
(c 0.8, MeOH). FT-ICR (ESI) calcd. for;¢H,:N:0s [M+Na]* 284.11046; found 284.11044,
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N-palmitoyl-a-D-galactofuranosyl amide (111f)

HC.oH H g

HO,
HO MN MCPB
H

g H OH 1

The compound was purified by flash chromatogra@iCls:MeOH 90:10) yield = 55 %.
'H-NMR (400 MHz, CROD, 25°C):6 = 5.74 (d,J12= 4 Hz, 1H, H-1), 4.18 (t)23= 3.2,J34=
3.6 Hz, 1H, H-3), 3.94 (ddj ,= 4, J, 3= 3.2 Hz, 1H, H-2), 3.85 (bfls 4= 3.6,J45= 2.8 Hz, 1H,
H-4), 3.79 (ddd,)s 5= 2.8,J56= 6,Js56 = 6.8 Hz, 1H, H-5), 3.67 (dds 6= 6,Js6 = 11.2 Hz, 1H,
H-6), 3.63 (ddJs e = 6.8,Js¢ = 11.2 Hz, 1H, H-6'), 2.33 () = 7.2 Hz, 2H, CH), 1.68 (bt,J=
7.2 Hz, 2H, CH), 1.44-1.28 (m, 24H), 0.96 (f = 6.8 Hz, 3H, CH). *C-NMR (100 MHz,
CD;0D, 25°C):§ = 176.7, 84.4 (C-4), 82.2 (C-1), 78.5 (C-3), 7{CA2), 73 (C-5), 64.4 (C-6),
37.3, 33.2, 30.9, 30.8, 30.6, 30.4, 26.8, 23.% (@H). [0]®25 = +9 (c 1, MeOH). FT-ICR (ESI)
calcd. for GoHa3N:10g [M+Na]™ 440.29826; found 440.29797.

N-capryloyl-a-D-galactofuranosyl amide (1119)

HOocH H ¢

HO_ ~ N
qH ont
The compound was purified by flash chromatogra@iCls:MeOH 85:15) yield = 63 %.
'H-NMR (400 MHz, CROD, 25°C):6 = 5.68 (d,J1 2= 4.4 Hz, 1H, H-1), 4.12 (3= 3.6,J3.4=
3.2 Hz, 1H, H-3), 3.87 (ddj »= 4.4,J,5= 3.6 Hz, 1H, H-2), 3.79 (tls 4= 3.2,J45= 2.8 Hz, 1H,
H-4), 3.73 (ddd,), 5= 2.8,J56= 6,Js56 = 6.8 Hz, 1H, H-5), 3.61 (dds 6= 6,Js6 = 11.2 Hz, 1H,
H-6), 3.57 (ddJs e = 6.8,Js¢ = 11.2 Hz, 1H, H-6'), 2.27 ()= 7.2 Hz, 2H, CH), 1.62 (bt,J=
7.2 Hz, 2H, CH), 1.40-1.24 (m, 8H, 4xCH, 0.91 (t,J= 6.4,J= 7.2 Hz, 3H, CH). °C-NMR
(100 MHz, CROD, 25°C):6 = 176.7, 84.4 (C-4), 82.2 (C-1), 78.5 (C-3), 7(C32), 72.9 (C-5),
64.3 (C-6), 37.3 (Ch), 33.0, 30.4, 30.3 (3xCi{ 26.8 (CH), 23.8 (1xCH), 14.6 (CH). [0] 25 =
+12.2 (c 1, MeOH). FT-ICR (ESI) calcd. for,7N;0 [M+Na]* 328.17306; found 328.17314.
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N-citronelloyl-a-D-galactofuranosyl amide (111h)

HOcH H ¢
HO. w
HOWN =
gH onht

The compound was purified by flash chromatogra@iCl;:MeOH 90:10) yield = 56 %.
'H-NMR (400 MHz, CROD, 25°C):60 = 5.74 (d,J1 2= 4 Hz, 1H, H-1), 5.17 (t) = 5.8 Hz, 1H,
CH) 4.18 (t,J,3= 3.4,J34= 3.6 Hz, 1H, H-3), 3.93 (dd; .= 4, J, 3= 3.4 Hz, 1H, H-2), 3.85 (dd,
J34=3.6,J45= 3.2 Hz, 1H, H-4), 3.79 (ddd, 5= 3.2,J56= 5.6,J5¢ = 6.8 Hz, 1H, H-5), 3.68
(dd, Js6=5.6,J6 6= 11.2 Hz, 1H, H-6), 3.63 (dds ¢ = 6.8, 6= 11.2 Hz, 1H, H-6"), 2.34 (dd, J
=13.6, J = 6 Hz, 1H, Ha, GH 2.18-1.98 (m, 4H), 1.73 (s, 3H, @H1.67 (s, 3H, Ch), 1.48-
1.40 (m, 1H), 1.33-1.22 (m, 1H), 0.95 (= 6.8 Hz, 3H, Ch). **C-NMR (100 MHz, CROD,
25°C): 6 = 175.9, 132.4, 125.7 (CH), 84.5 (C-4), 82.3 (C78.5 (C-3), 77.4 (C-2), 73 (C-5),
64.4 (C-6), 44.9, 38.1, 31.7, 26.6, 26, 19.9, 1fu¥s = +13.2 (¢ 1, MeOH). FT-ICR (ESI)
calcd. for GgHogN1Og [M+Na]™ 354.18871; found 354.18864.

N-benzoyl-a-D-galactofuranosyl amide (111i)

HOoH H g
HO,
HOWN
qH onht

The compound was purified by flash chromatogra@iCls:MeOH 85:15) yield = 62 %.
'H-NMR (400 MHz, CROD, 25°C):6 = 7.91 (m, 2H, ko), 7.60 (m, 1H, By, 7.53 (M,2H,
Hmetd, 5.94 (d,J12= 4.8 Hz, 1H, H-1), 4.27 (3= 4.2,J34= 4.4 Hz, 1H, H-3), 4.13 (], =
4.8,J,3= 4.2 Hz, 1H, H-2), 3.93 (dds 4= 3.6,d45= 2.8 Hz, 1H, H-4), 3.84 (ddd, 5= 2.8,
=5.4,J56 = 6.8 Hz, 1H, H-5), 3.70 (dds 6= 5.6,Js 6 = 11.2 Hz, 1H, H-6), 3.66 (ddJs ¢ = 6.8,
Jss = 11.2 Hz, 1H, H-6")*C-NMR (100 MHz, CROD, 25°C):6 = 169.8, 135.4, 133.2, 129.8,
128.6, 84.5 (C-4), 82.7 (C-1), 78.2 (C-3), 77.920C72.7 (C-5), 64.4 (C-6)a]°»5 = +7.9 (c 1,
MeOH). FT-ICR (ESI) calcd. for GH17N10g [M+Na]" 306.09481; found 306.09465.
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N-pentanoyl-B-D-galactofuranosyl amide (113b)

a

J\/\/
HQC,

HO_ ~ H
o H oH

After Zemplen deacetylation the compound was pedifiby flash chromatography
(CHCI5:MeOH 80:20) yield = 60 %.

'H-NMR (400 MHz, CROD, 25°C):6 = 5.38 (dJ12= 5.2 Hz, 1H, H-1), 4.14 (tb 3= 5.8,J34=
6.4 Hz, 1H, H-3), 3.95 (th 2= 5.2,J,3= 5.8 Hz, 1H, H-2), 3.90 (ddz 4= 6.4,J45= 2.8 Hz, 1H,
H-4), 3.68-3.63 (m,1H, H-5), 3.62-3.57 (m, 2H, HF6H"), 2.22 (t,J= 7.4 Hz ,2H, CH), 1.71-
1.54 (m, 2H, CH), 1.48-1.32 (m, 2H, C}), 0.95 (t,J= 7.2 Hz, 3H, CH). **C-NMR (100 MHz,
CD30D, 25°C):6 = 177.4, 85.5 (C-1), 83.6 (C-4), 81.1 (C-2), 7(LC53), 72.7 (C-5), 64.4 (C-6),
37.1 (CH), 28.9 (CH), 23.5 (CH), 14.3 (CH). NOESY (400 MHz, CBOD, 25°C): contact
between H-1/H-3.

[a]P25 = -17.9 (c 0.2, MeOH). FT-ICR (ESI) calcd. for:8,1N:06 [M+Na]* 286.12611; found
286.12586.

N-pentanoylB-D-galactofuranosyl amide
'H-NMR (400 MHz, CDC}, 25°C)

|
__._JL,_H_J"‘ 'Lﬂw.ﬂ__ L Lm - '«.___A_AW,__.H,A_J\ A Jwb ﬁ'xw N

T T T T T T T T T T T T T T T T T T T
5.5 5.0 4.5 4.0 3.5 3.0
f1 (ppm)
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N-(3-M ethylbutanoyl)-f3-D-galactofuranosyl amide (113c)

H H GCH

After Zemplen deacetylation the compound was pedifiby flash chromatography
(CHCI3:MeOH 85:15) yield = 53 %.

'H-NMR (400 MHz, CROD, 25°C):6 = 5.40 (dJ1.= 5.2 Hz, 1H, H-1), 4.15 (thb 3= 5.8,J54=
6.4 Hz, 1H, H-3), 3.97 (th .= 5.2,J,3= 5.8 Hz, 1H, H-2), 3.92 (ddz 4= 6.4,J45= 2.8 Hz, 1H,
H-4), 3.71-3.65 (m,1H, H-5), 3.63-3.58 (m, 2H, HF6H’), 2.35 (d,J= 7.2 Hz, 2H, CH), 1.01
(d,J=6.4 Hz , 3H, CH), 0.97 (dJ= 6 Hz, 3H, CH). **C-NMR (100 MHz, CROD, 25°C):5 =
176.6, 85.6 (C-1), 83.7 (C-4), 81.2 (C-2), 77.53)C72.7 (C-5), 64.4 (C-6), 46.5 (GH 22.9
(CHg), 22.7 (CH). [0]P25 = -24.5 (c 1, MeOH). FT-ICR (ESI) calcd. fori€21N10s [M+Na]*
286.12611; found 286.12584.

N-3-methyl-2-butenoyl-B-D-galactofuranosyl amide (113e).

o H oH

After Zemplen deacetylation the compound was pedifiby flash chromatography
(CHCI3:MeOH 85:15) yield = 48 %.

'H-NMR (400 MHz, CROD, 25°C):6 = 5.74 (s, 1H, CH), 5.41 (dy»= 5.6 Hz, 1H, H-1), 4.15
(t, J23=5.8,J3.4= 6.4 Hz, 1H, H-3), 3.96 (il »= 5.6,J23= 5.8 Hz, 1H, H-2), 3.90 (ddz 4= 6.4,
Js5= 2.8 Hz, 1H, H-4), 3.68-3.63 (m,1H, H-5), 3.61-B(n, 2H, H-6, H-6"), 2.15 (s, 3H, GH
1.89 (s, 3H, CH). *C-NMR (100 MHz, CROD, 25°C):6 = 170.2, 154.3, 119.3 (CH), 85.4 (C-
1), 83.4 (C-4), 81.1 (C-2), 77.5 (C-3), 72.8 (C&3,4 (C-6), 27.5 (Ch), 20.3 (CH). [0]°25 = -
27.8 (c 0.2, MeOH). FT-ICR (ESI) calcd. fori8,:N:0s [M+Na]® 284.11046; found
284.11027.

176



Chapter 6

N-palmitoyl-B-D-galactofuranosyl amide (113f).

Q
CH,
HOo o H HN
HO, 14

H H GCH

HO

After Zemplen deacetylation the compound was pedifiby flash chromatography
(CHCI3:MeOH 90:10) yield = 60 %.

'H-NMR (400 MHz, CROD, 25°C):6 = 5.40 (dJ12= 5.2 Hz, 1H, H-1), 4.15 (th 3= 6,J34= 6
Hz, 1H, H-3), 3.96 (tJ)12=5.2,J,3= 5.6 Hz, 1H, H-2), 3.93 (dds 4= 6.4,J45= 2.8 Hz, 1H, H-
4), 3.70-3.65 (m, 1H, H-5), 3.63-3.58 (m, 2H, HFBE'), 2.24 (t,J= 8 Hz, 2H, CH), 1.63 (m,
2H, CH), 1.41-1.25 (m, 24 H, 12x G 0.92 (t,J = 6.8 Hz, 3H, CH). *C-NMR (100 MHz,
CD30D, 25°C):6 = 177.1, 85.7 (C-1), 83.8 (C-4), 81.2 (C-2), 7(C83), 72.8 (C-5), 64.4 (C-6),
37.4, 33.2, 30.9, 30.7, 30.6, 30.4, 26.8, 23.86 1&Hs). [0]°25 = -37.3 (c 1, MeOH). FT-ICR
(ESI) calcd. for GH43N10s [M+Na]* 440.29826; found 440.29844.

N-capryloyl-B-D-galactofuranosyl amide (113g)

o H oOH

After Zemplen deacetylation the compound was pedifiby flash chromatography
(CHCI3:MeOH 85:15) yield = 56 %.

'H-NMR (400 MHz, CQOD, 25°C):6 = 5.42 (d,J12= 5.2 Hz, 1H, H-1), 4.17 (3= 5.8,J34=
6.4 Hz, 1H, H-3), 3.98 () 2= 5.2,J, 3= 5.8 Hz, 1H, H-2), 3.95 (ddz 4= 6.4,J45= 2.8 Hz, 1H,
H-4), 3.73-3.68 (m, 1H, H-5), 3.65-3.59 (m, 2H, HK66'), 2.28 (t,J=7.2,J= 8 Hz, 2H, CH),
1.65 (m, 2H, CH), 1.47-1.27 (m, 8H, 4xCH, 0.94 (t,J = 6.8 Hz, 3H, CH). **C-NMR (100
MHz, CD;0D, 25°C):0 = 177.1, 85.4 (C-1), 83.6 (C-4), 81 (C-2), 77.33)c72.6 (C-5), 64.2
(C-6), 37.2, 32.8, 30.2, 30.1, 26.7, 23.6, 14.4{CH] 25 = -50.4 (c 0.9, MeOH). FT-ICR (ESI)
calcd. for G4H,7N:Os [M+Na]* 328.17306; found 328.17317.
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N-citronelloyl-B-D-galactofuranosyl amide (113h)

H H GCH

After Zemplen deacetylation the compound was pedifiby flash chromatography
(CHClI3:MeOH 90:10) yield = 51 %.

'H-NMR (400 MHz, CROD, 25°C):6 = 5.45 (d 1 2= 5.2 Hz, 1H, H-1), 5.16 (] = 6.8 Hz, 1H,
CH) 4.20 (t,J2,3=5.6,J34= 6.2 Hz, 1H, H-3), 4.01 (1, ,=5.2,J,3= 5.6 Hz, 1H, H-2), 3.97 (dd,
J34=6.2,J45= 2.8 Hz, 1H, H-4), 3.71 (ddd, 5= 2.8,J= 6,J= 6.8 Hz, 1H, H-5), 3.68-3.63 (m,
2H, H-6, H-6"), 2.29 (dd, J = 13.6, J = 6 Hz, 1Hg,KCH), 2.18-1.98 (m, 4H), 1.73 (s, 3H, GH
1.67 (s, 3H, Ch), 1.48-1.40 (m, 1H), 1.33-1.22 (m, 1H), 1.01 Jds 6.4 Hz, 3H, CH). °C-
NMR (100 MHz, CROD, 25°C):¢ =176.6, 132.4, 125.7, 85.7 (C-1), 83.8 (C-4), 8L2),
77.6 (C-3), 72.8 (C-5), 64.4 (C-6), 44.9, 38.1,93®6.6, 26, 19.9, 17.9a] 25 = -55.8 (c 0.9,
MeOH). FT-ICR (ESI) calcd. for fgH2oN10s [M+Na]" 354.18871; found 354.18866.

N-pentanoyl-a-D-ribofuranosyl amide (115b)

HO
HoH Hqg

NN
Ho conf
The compound was purified by flash chromatogra@iCls:MeOH 80:20) yield = 59 %.
H-NMR (400 MHz, CROD, 25°C):6 = 5.67 (dJ; 2= 4.8 Hz, 1H, H-1), 4.12-4.06 (m, 2H, H-2,
H-3), 3.93-3.87 (qJ45= 3.2 Hz,Js 5= 4.4 Hz, 1H, H-4), 3.69 (dd,5= 3.2 Hz,Js 5= 12 Hz, 1H,
H-5), 3.55 (ddJs 5 = 4.4 Hz,Js 5= 12 Hz, 1H, H-5') 2.24 (t)= 7.2 Hz ,2H, CH)), 1.65-1.57 (m,
2H, CHp), 1.43-1.33 (m, 2H, C}), 0.95 (t,J= 7.2 Hz, 3H, CH). **C-NMR (100 MHz, CROD,
25°C): 6 = 176.6, 84.2 (C-4), 81.5 (C-1), 72.6, 71.8, 6@9%5), 36.9 (CH), 28.8 (CH), 23.3
(CH,), 14.1 (CH).
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HO N-pentanoyle-D-ribofuranosyl amide

N _~_~  '™H-NMR (400 MHz, CDC4, 25°C)
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N-pentanoyl-B-D-ribofuranosyl amide (116b)

0

A~

H
HC GCH

~

After Zemplen deacetylation the compound was pedifiby flash chromatography
(CHCl3:MeOH 80:20) yield = 55 %.

'H-NMR (400 MHz, CROD, 25°C):6 = 5.38 (d,J1 2= 4.8 Hz, 1H, H-1), 4.06 (th 3= 5.2,J34=
5.2 Hz, 1H, H-3), 3.91 (1)1 2= 4.8,J,3= 5.2 Hz, 1H, H-2), 3.88-3.83 (445= 3.6 Hz,J45= 4.4
Hz, 1H, H-4), 3.70 (ddJs 5= 3.6 Hz,Js 5= 12 Hz, 1H, H-5), 3.61 (dd, 5= 4.4 Hz,Js 5= 12 Hz,
1H, H-5’) 2.23 (t,J= 7.2 Hz ,2H, CH)), 1.65-1.57 (m, 2H, C}J, 1.43-1.33 (m, 2H, C}§), 0.95
(t, J= 7.2 Hz, 3H, CH). *C-NMR (100 MHz, CROD, 25°C):5 = 176.8, 85.8 (C-1), 85.1 (C-4),
75.9 (C-2), 71.9 (C-3), 63.3 (C-5), 37.1 (§H28.9 (CH), 23.5 (CH), 14.3 (CH). NOESY (400
MHz, CD;0D, 25°C): contact between H-1/H-4.
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0
Ho— N )J\/\/ N-pentanoylB-D-ribofuranosyl amide
o 'H-NMR (400 MHz, CDC}, 25°C)
H
HC OH
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Tetra-O-acetyl N-pentanoyl-B-D-ribofuranosyl amide (117b)

AcC
HgoH Hqg
N)J\/\/
H
C

AcQ CA

'H-NMR (400 MHz, CROD, 25°C):6 = 6.06 (d,J1.= 4.8 Hz, 1H, H-1), 5.45 (th, 2= 4.8,J,3=

5.6 Hz, 1H, H-2), 5.36 (),3= 5.6 Hz, 1H, H-3), 4.36-4.31 (m, 2H, H-4, H-5)2%.(dd,Js 5 =
4.8,J55= 12 Hz, 1H, H-5") 2.23 (tJ= 7.2 Hz ,2H, CH), 2.19 (s, 3H, OAc), 2.15 (s, 3H, OAc),
2.12 (s, 3H, OAc), 1.67-1.59 (m, 2H, ©H1.44-1.35 (m, 2H, CH, 0.99 (t,J = 7.2 Hz, 3H,
CHs). *C-NMR (100 MHz, CROD, 25°C):6 = 176.1, 172.2, 171.5, 171.3, 80.8 (C-1), 79.2 (C-
4), 72.9 (C-3), 71.9 (C-2), 64.8 (C-5), 36.8 (F+29 (CH), 23.4 (CH),20.7-20.5 (3xOAC), 14.2
(CHs3). NOESY (400 MHz, CBOD, 25°C): contact between H-1/H-3 and H-1/H-5.
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N-pentanoyl-p-D-arabinobofuranosyl amide (118b)

HO H_q.OH HN
H

HC H

q

A~

The compound was purified by flash chromatogra@iCls:MeOH 80:20) yield = 57 %.
'H-NMR (400 MHz, CROD, 25°C):6 = 5.72 (dJ1 2= 4.4 Hz, 1H, H-1), 4.01 (3= 3.6 Hz,
Js3.4= 3.6 Hz, 1H, H-3), 3.90 (ddy = 4.4 Hz,J; 3= 3.6 Hz, 1H, H-2), 3.76 (ddd; .= 3.6 Hz,J45
= 3.6 Hz,J45= 5.2 Hz, 1H, H-4), 3.70 (dds5= 3.6 Hz,J5 5= 11.6 Hz, 1H, H-5), 3.64 (dd, 5
= 5.2 Hz,J55= 11.6 Hz, 1H, H-5") 2.28 ()= 7.6 Hz ,2H, CH), 1.65-1.57 (m, 2H, Ch), 1.43-
1.33 (m, 2H, CH), 0.94 (t,J = 7.6 Hz, 3H, CH). *C-NMR (100 MHz, CROD, 25°C):J =
176.8, 84.4 (C-4), 82.2 (C-1), 78.3 (C-3), 77.3263.5 (C-5), 36.9 (Ch), 28.9 (CH), 23.5
(CHy), 14.3 (CH). NOESY (400 MHz, CBOD, 25°C): contact between H-1/H-4.

0
HO HLo.CH HNJ\/\/
w N-pentanoylB-D-arabinobofuranosyl amide
H
1 [
b W H-NMR (400 MHz, CDC4, 25°C)

I S ¥, LJJJL____N_J :L_,Am____.u ) lb|.k_¢ J'L_
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A

35
fi (com)
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N-pentanoyl-a-D-arabinobofuranosyl amide (119b)

H
0 HoOHH C
NJJ\/\/
H

HC H

After Zemplen deacetylation the compound was pedifiby flash chromatography
(CHCI3:MeOH 80:20) yield = 53 %.

'H-NMR (400 MHz, CROD, 25°C):6 = 5.39 (d,J; 2= 4.8 Hz, 1H, H-1), 4.03 (tl3= 5.2 Hz,
1H, H-3), 3.88 (t,J1 2= 4.8,J,3= 5.2 Hz, 1H, H-2), 3.84 (5= 3.6 Hz,Js 5= 4.4 Hz, 1H, H-4),
3.67 (ddJs5= 3.6,J55= 12 Hz, 1H, H-5), 3.55 (dd 5 = 4.4 Hz,Js 5= 12 Hz, 1H, H-5') 2.20 {(t,
J=7.6 Hz ,2H, CH), 1.60-1.54 (m, 2H, C§), 1.40-1.29 (m, 2H, C§), 0.92 (t,J= 7.2 Hz, 3H,
CHy).

HO oH
HoLOHo N-pentanoyle-D-arabinobofuranosyl amid
NJ\/\/ 'H-NMR (400 MHz, CDC}, 25°C)

Ho ng H
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N-pentanoyl-B-D-ribopyranosyl amide (120b)

O H
HQ N
e

CH o)

The compound was purified by flash chromatogra@iCls:MeOH 80:20) yield = 68 %.
'H-NMR (400 MHz, CRQOD, 25°C):d = 5.15 (dJ; 2= 9.2 Hz, 1H, H-1), 4.07 (dl 3= 2.8 Hz,
1H, H-3), 3.73-3.57 (m, 3H, H-4, H-5, H-5"), 3.38d(J; ,= 9.2,J, 3= 2.8 Hz, 1H, H-2), 2.22 (t,
J=7.6 Hz ,2H, CH), 1.64-1.56 (m, 2H, C§), 1.43-1.32 (m, 2H, Ch), 0.94 (t,J= 7.6 Hz, 3H,
CHs). *C-NMR (100 MHz, CROD, 25°C):6 = 177.5, 78 (C-1), 72.4 (C-3), 71.3 (C-2), 68.8 (C
4), 65.7 (C-5), 37 (Ch), 28.9 (CH), 23.5 (CH), 14.3 (CH).

HO%{} N-pentanoylB-D-ribopyranosyl amide
OH T 'H-NMR (400 MHz, CDC}, 25°C)
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N-pentanoyl-B-D-arabinopyranosyl amide (121b)

The compound was purified by flash chromatogra@iCls:MeOH 80:20) yield = 70 %.
'H-NMR (400 MHz, CQOD, 25°C):6 = 4.90 (d,J;»= 8 Hz, 1H, H-1), 3.95-3.88 (m, 2H, H-3,
H-5), 3.73-3.66 (m, 3H, H-2, H-4, H-5), 2.34 {t= 7.6 Hz ,2H, CH), 1.74-1.67 (m, 2H, C}),
1.53-1.42 (m, 2H, Ch), 1.03 (t,J= 7.6 Hz, 3H, CH). *C-NMR (100 MHz, CROD, 25°C):6 =
177.2, 81.8 (C-1), 75.3 (C-2), 71.4 (C-4), 70.33)C68.9 (C-5), 37.1 (Chl, 29 (CH), 23.5
(CHy), 14.2 (CH).

CH N-pentanoylB-D-arabinopyranosyl amide

Q H
HomN\”/\/\ 'H-NMR (400 MHz, CDC}, 25°C)
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Synthesis of 1,2,3,5,6-penta-O-tert-butyldimethylsislyl-B-D-galactofur anose (126)

TBSQ_ g H CTBS

TBSC,
TBSO_ ~ H

H H OTBS

To a solution oD-galactose (0.5 g, 2.77 mmol) in dry DMF (14mL),dawole (2.74 g, 18.25
mmol) and TBSCI (3 g, 20.08 mmol) were added, d&dreaction mixture was stirred at room
temperature. After 48h TLC (Hexane/AcOEt 10:1) nomng showed total consumption of the
starting material. The solution was poured intovieger and was diluted with GBIl,. The
organic layer was washed with HCI (5 %), water, I8&¥ (ss), and water, dried (h&Q,), and
concentrated. Addition of MeOH (5 mL) to the syafforded crystalline compouri®6.

'H-NMR (400 MHz, CDC}, 25°C):6 = 4.41 (d,J = 7.1 Hz, 1H, H-1), 4.00 (d} = 2.3 Hz, 1H,
H-4), 3.85 (ddJ = 10.0, 5.8, 2.9 Hz, 1H, H-6), 3.71 (dd= 10.0, 5.8 Hz, 1H, H-6"), 3.57 (m,
2H, H-2, H-3), 3.38 (ddd] = 9.3, 5.4, 2.9 Hz, 1H, H-5), 0.93-0.87 (m, 45k;&H3)3), 0.14-
0.04 (m, 30H, Si(Ch),). *C-NMR (100 MHz, CDGJ, 25°C):6 = 98.7, 76.2, 75.2, 74.1, 69.2,
61.6, 26.3-18.0, -3.2 to -4.45.

Synthesis of 2,3,5,6-tetr a-O-tert-butyldimethylsislyl-a-D-galactofur anosyl azide (128)

TBSO g H H
TBSC,
TBSO_ ™ N
H H OTBS

A solution of 126 (200 mg, 0.26 mmol) in anhydrous &, (10 mL) was cooled to 0°C and
stirred for 10 min. under nitrogen. Then, iodotrimdsilane (1.2 eq.,0.042 mL, 0.32 mmol) was
added, and the solution was stirred at 0°C untiCTHexane/AcOEt 10:1) monitoring showed
complete transformation of 129 in two products=R).70 and R= 0.54. In parallel a solution of
tetrabutylammonium hydroxide was prepared by aolli280uL of 10M sodium hydroxide
solution (an excess) to 383.3 mg (0.2 mol) of teitplammonium hydrogene sulphate in 360

of water.

A solution of 147 mg (0.4 mol) of sodium azide i802uL of water was added and
tetrabutylammonium azide extracted with 1 mL ofhificomethane. The organic layer, was

separated off and the aqueous phase again extragtedl mL of dichloromethane. The
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combined organic phases were evaporatedcuo at 40°C to yield a crude tetrabutylammonium
azide as a colourless oil. The solutions thus obthwere used directly in the following step.
Then EIN{Pr), (0.054 mL, 0.032 mmol) and a solution of the azige added, and the stirring
was continued until consumption of the componeh&:e& 0.70 and R= 0.54. The solution was
diluted with CHCI, washed with HCI 5 %, NaHC{(ss) and water, dried (M&0O,), and
concentrated. The syrup obtained was purified &shflcolumn chromatography (Hexane:AcOEt
98:2). Yield =75 %

'H-NMR (400 MHz, CDC}4, 25°C):6 = 5.11 (dJ1 2= 4 Hz, 1H, H-1), 4.24 (th 3= 4.4,J34= 4.6
Hz, 1H, H-3), 3.99 (t)12=4,J,3= 4.4 Hz, 1H, H-2), 3.87 (t34= 4.6,J45= 4.4 Hz, 1H, H-4),
3.79 (dddJs5=4.4,J56= 6,J56 = 5.6 Hz, 1H, H-5), 3.66 (ddss= 6, Js.¢ = 10 Hz, 1H, H-6),
3.60 (ddJs 6= 5.6,Js 6= 10 Hz, 1H, H-6"), 0.92-0.84 (m, 36H, SiC(g)s), 0.18-0.06 (m, 24 H,
Si(CHa)2). *C-NMR (100 MHz, CDGJ, 25°C):6 = 90.9 (C-1), 85.5 (C-4), 79.5 (C-2), 76.3 (C-
3), 73 (C-5), 65 (C-6), 26.2, 26.1, 26, 25.9, -50t@ -0.5. NOESY (400 MHz, CDg;125°C):
contact between H-1/H-4.

Synthesis of a-D-galactofuranosyl azide (46)

o H OH

A solution 0f128 (60 mg, 0.09 mmol, 1 eq.) in anhydrous THF dryO(u8,) was cooled to 0°C
and stirred for 10 min. under nitrogen. Then, tattglammonium fluoride 1M in THF (15HL,
0.54 mmol, 5 eqg.) was added, and the solution viaed at room temperature until TLC
(Hexane/AcOEt 60:40 and CH#MeOH 80.20) monitoring showed complete transforamaof
128 in 46.

The solution was diluted with watemwashed with dichloromethane and AcOEt and then
concentrated.The syrup obtained was purified bghfleolumn chromatography (CH{WeOH
90:10). Quantitative yield

'H-NMR (400 MHz, CROD, 25°C):6 = 5.17 (dJ1.= 4.8 Hz, 1H, H-1), 4.08 (thb 3= 6.4,J34=

6 Hz, 1H, H-3), 4.04 (t)1.= 4.8,J,3= 6.4 Hz, 1H, H-2), 3.77 (ddz 4= 6, Js5= 4.4 Hz, 1H, H-
4), 3.69 (dddJs 5= 4.4,J56= 5.2,J56 = 6.8 Hz, 1H, H-5), 3.66 (dds = 5.2,J56= 11.2 Hz, 1H,
H-6), 3.60 (ddJs¢ = 6.8,Js6 = 11.2 Hz, 1H, H-6")*C-NMR (100 MHz, CROD, 25°C):6 =
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92.8 (C-1), 84.5 (C-4), 79 (C-2), 76.2 (C-3), 7@B5), 64.1 (C-6). NOESY (400 MHz, GDD,
25°C): contact between H-1/H-4.

Hy H,
o HG oM a-D-galactofuranosyl azide
HO ™ N, H-NMR (400 MHz, CROD, 25°C)
H H CH
) ﬂ
| ‘ | NJ IM ‘
‘ N \ ““ I |
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Synthesis of 2,3,4,6-tetr a-O-acetyl-a-D-galactofur anosyl azide (129)

AcQ gH H

AcC,
AcO “, N 3

H H OAc

Acetic anhydride (10 eq) and a catalytic amounNM-dimethylaminopyridine were added, at
room temperature, to a solution of substdg€1 eq) in pyridine dried on molecular sieves (0.1
M). The solution was stirred for 24 h and then wascentrated in vacuo. The residue was
dissolved in AcOEt and washed with aqueous 5 % l@lieous 5 % NaHCGCand water. The
organic layer was dried over pEO, and concentrated to give the proddi2® in quantitative
yield.

'H-NMR (400 MHz, CDC}4, 25°C):6 = 5.55 (d,J1.2= 5.6 Hz, 1H, H-1), 5.41 (ths= 6.8,J34=

6.4 Hz, 1H, H-3), 5.28 (ddds 5= 2,J56= 4.8,J56 = 6.4 Hz, 1H, H-5), 5.14 (t}; 2= 5.6,J,3=

6.8 Hz, 1H, H-2), 4.35 (ddls = 4.8,Js6 = 12 Hz, 1H, H-6), 4.17 (ddls ¢ = 6.4,Js¢ = 12 Hz,
1H, H-6"), 4.13 (ddJs; 4= 6,Js5= 4.4 Hz, 1H, H-4), 2.13 (s, 3H, OAc), 2.10 (s, IAc), 2.08
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(s, 3H, OAc), 2.05 (s, 3H, OAc)*C-NMR (100 MHz, CDGJ, 25°C):¢ = 170.6, 170.2, 170.1,
169.9, 88.8 (C-1), 79.1 (C-4), 75.9 (C-2), 73.63)C69.6 (C-5), 62.4 (C-6) 20.9-20.6 (4XOAC).

NOESY (400 MHz, CDGC], 25°C): contact between H-1/H-4.

AcC_gH H

AcO
AcO N3

H H CAc

TetraO-acetyla-D-galactofuranosyl azide
'H-NMR (400 MHz, CDC}, 25°C)

i

h I| ||.|.

— i

5.0 4.9 4.8 47 46 4.5
fl {ppm})
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7.1 M echanistic consider ations

Although the Staudinger reaction has been knowm fi®19, and was actually described before
the Wittig counterpart, the mechanism of this reects still poorly understood. The number of
the intermediates and of the possible reactionyegh connecting them to each other and to the
starting and final products is high and the potdr@nergy surface extremely complex.

The mechanism of the Staudinger reaction has beensively studied by using computatiohal

23 and experimental method's®

Kinetic studies of the classical Staudinger reactiave shown that the process can be first- or
second-order overall depending on the exact natfirthe reactants. For example, the rate-
limiting step in the reaction between triphenylpbluse and benzenesulfonyl azide (R’ = -
SO,Ph) is the unimolecular decompositida, (Scheme 1) of the phosphazide compiiaa.°

In contrast, the reaction of benzoyl azide (R’ ©#h) with triphenylphosphine follows second
order kinetics, indicating that the bimolecularpsteading to the formation of the phosphazide
130 (k;, Scheme 1) is rate-limiting.In reactions between substituted phenyl azides and
substituted triphenylphosphines, deviations frocoad-order kinetics are observed, presumably

due to the reversibility of formation of the phoaphile intermediat&30 (k1, Scheme 1.

. @ @ ©
O® 1 R;P kez  RyP N—R'
PR; + N:N:N\ P — \N:N\ b — \N:N/
R' kg N—R' kzr
130-E 130-Z
ky
N; N—N i
ks ® O o
O=PR; + HN_ H,0 + RP—N_ RyP----N_
R' R & & KR

131
Scheme 1. Schematic mechanism of the classical Staudingetiosa
Phosphotriazadienes have been isolated from Sgerdawide reductions: these intermediates

are stabilised by electron-donating groups on th@sphine, or electron-withdrawing groups on

the azide, or sterically hindering groups on botthogphine and azide. Some
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phosphotriazadienes have been characterised by &ryatallography and other technique$?
% 1%they all have been found to be consistent withviterionic structure corresponding 180
(Scheme 1) displaying a partial double bond charaof the central N-N linkage. The E
configuration of the N-N double bond (Schemel3)-E) is generally observetiwhile thecis-
configuration has rarely been isolaf&d.

In the reaction mixturel30-E can isomerise to the Z isomé&B0-Z, which spontaneously
decomposes to afford,Mind the aza-ylidé31.

Iminophosphoraned431 are relatively stable species and have been isbliatea number of
instances. In particular, glycosyl iminophosphoranes fr@racetyl protected sugars are rather
stable, and many have been isolated and charatdrisNMR spectroscopy’

Mechanistic investigations of the traceless Stagelidigation with phosphin&é32 (Scheme 2)
were recently reported by the Bertozzi grdtithey determined the kinetic parameters of the
Staudinger ligation of phosphiri82 and benzyl azidé33 using®*P-NMR spectroscopy. When
132 (0.041 M) and133 (0.41 M) were combined in GON with 5 % water (v/v) (2.78 M),
consumption ofl132 followed pseudo-first-order kinetics. Under thesanditions, the only

species detectable BY¥P-NMR were the starting materit82 and the ligation produdt34.

step 1
©/\ [ j\ ;O
®
P OR +P<_.. CR
PR Ph "N
h No o~
132 133 P Ph

WP=C DL
PR} NH Ph | PR SNO
Ph & step 4 Ph step 3 Ph k
Ph S) Ph Ph
134 RC
+ RCH

Scheme 2. Mechanistic investigations of the traceless Stagyetifigation**
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For this reaction the results can be summarisddilasvs:

1. The reaction proceeded faster in solvents with drgHielectric constants. These
observations suggest that the rate-limiting steplires a polar transition state that can be
stabilised by polar solvents.

2. The kinetic studies suggest that the rate-limistgp of the reaction occurs prior to the
intramolecular reaction of the aza-ylide group wifib ester functionality and consists of
the initial bimolecular reaction between the phasphand the benzyl azide. The acyl
transfer step, however, competes with the hydrslgéithe aza-ylide if the ester leaving
group is bulky (R #-Bu).

3. The overall rate of the reaction increases whemtizsphine is substituted with electron-

donating groups.

Different conclusions can be drawn from the reactietweenl32 and phenyl azide. In this

instance, a stable aza-ylide intermedidt®-NMR signal +13 ppm) is formed and only slowly
converted to the ligation product. Thus, the ratgedmining step in the Staudinger ligation of
aryl azides appears to be the intramolecular arbmled formation. This difference is likely

associated to the lower basicity / nucleophilicdly the N atom in the iminophosphorane

intermediatée??

More recently, Raines and coworkers discussed tkehamistic aspects of the Staudinger
ligation of peptides mediated by (diphenylphosplimethanethiof* *°

The mechanism proposed by Raines and co-worketse(Se 3)° for the ligation mediated by
(diphenylphosphino)methanethid@9, show that the imminophosphorar®0 can form a
tetrahedral intermediat&01, which collapses to give an amidophosphonium & that is

hydrolyzed in aqueous solution, to afford the fiaadide.
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R)J\S/\PPhQ j\ NN
- PP
99 2(gas) PN © F
—_— —_—
+ R™ S 1|3Ph2 O%N\
Nop R R'
NyR' 100 © 101

o)
0 0 R
2 |
PPh
("
S
o
102
Scheme 3. Mechanism for the Traceless Staudinger ligati@diated by
(diphenylphosphino)methanthiol

To obtain insight on the ability of nonpolar solt®ro provide higher yields of the desired
peptide product, the author performed DFT calcoketion the effect of solvent on the electron
density on phosphorus in tetrahedral intermedififie(R = R’ = CH;). The calculation indicated

that this electron density increases in nonpoldvests (Table 1), presumably due to the

dispersal of charge into the phenyl groups.

Table 1. Effect of solvent polarity on the calculated etentdensity on P and N @01

Parameter H,O THE
P, charge +0.082 +0.028
N, charge -0.348 -0.335

All of the experimental and theoretical resultsniroeactions with different phenyl substituents
and in solvents of different polarity are consistéfhese results indicate that increasing the
electron density on phosphorus leads to a highedd yf amide products. This finding can be
depicted by the dissection of tetrahedral intermiediol into resonance forn1p* (which has

less charge dispersal) ad01p®. To emphasize the importance 1p* and 101p®" to the
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product distribution, Raines refined the mechangdnthe Staudinger ligation as reported in

Scheme 4.

0
R)J\S/\

PPh, 0

- Na(eas) ® A® PG
9 R)J\S/\PPhQ oS~ "PPh oS~ PPh,
TLI G N G N
OR R R R R
N4-R'
3 100 101p* 101p3*
0
Q Q M w
A r Hs_ Pph Lo KN
R™ N’ * 2 PPh
H \/ (® 2
S
&)
102

Scheme 4. Refined mechanism including the resonance footp®*

Previous studies from our laboratdfyexamined the mechanism of the reaction ofcthetra-
O-benzyl glucosyl azid® with phosphines81 (Scheme 5). The accepted mechanism for the
Staudinger reduction of azides with phosphiBésrequires the formation of two sequential
intermediates. The initial nucleophilic attack difetphosphine on the azide is expected to
proceed through a phosphotriazadiel8® (often called phosphotriazene or phosphazene or
phosphazide), which should be present as an eraiihily Z-E mixture of zwitterions 136-Z and
136-E). This intermediate is stabilized by electron-dorg@groups on the phosphine, electron-
withdrawing groups on the azide, or sterically lendg groups on both the phosphine and the
azide!’

In the course of reactions performed in solventsowf polarity (toluene, CGJ CHCL) and
starting from a-tetraO-benzyl glucosyl azide8, intermediates that are consistent with the
structuresl36 were indeed isolated,with a ratio that probably depends on the steindfance

of the acyl group that is transferred (86:14 ré&tion 81b, and 50:50 fron81)).
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PPh2 OBn
BnO I BnO Q
BnO BnO
BnO

N N
SN X pph,
135 ROCO
OBn ROCOJ@ OBn
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BnO /= PhyP - BnO
BnO ©) i — BnO
QN/ O>N" T pph,
ROCO
136-Z 136-E
N,

OBn OBn
COR (e OBn
- O
n
BnO BnO| J@ BnO jij BnO

Scheme 5. Proposed mechanism for the traceless Staudingdidigof81 with a-tetraO-

benzyl-glucosyl azid8

The configuration of the two intermediates was hdly assigned, but it could be clearly
differentiated analysing the coupling constant leetmvthe anomeric proton and the phosphorous
atom. Unfortunately, these compounds, once isolatemm the reaction mixture by
chromatography, rapidly undergo nitrogen extruseord are not stable enough to allow a
complete characterisation. Furthermore, in apotdvesits, sunlamp irradiation appeared to
accelerate the decomposition of some, but nobathe intermediates. In any case, acyl transfer
appeared to occur with retention of configuratiantl@e anomeric carbon, leading to the
formation of the correspondingtetraO-benzyl-glucosyl amides.

Acceleration of the acyl transfer was obtained nret@bly using aprotic dipolar solvents. The

intermediates were isolated only for the reactibB with 81j, and found to be identical to those
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isolated from toluene. The/[3 selectivity was also improved in these solvents,ghosphinelj
represents one exception, because the reactiomeeuan-stereoconservative.

Finally, upon reaction of thea-tetraO-acetyl glucosyl azide2with 81j in N,N-
dimethylacetamide at 40 °C formation of the phospapadiene could not be characterized, but
the corresponding aza-ylide (iminophosphoraneynméeliatel39 was directly isolated and fully
characterised by NMRBpectroscopy (1H NMR, CDCI3, 400 MHz: H1, 5.29 ppuid, J;.,= 3.7
Hz, Ji.»= 22.6 Hz, Scheme 8J.This is in agreement with previous reports on $t@udinger

reaction ofO-acetyl glycosyl azide$® °

OAc PPh, 1)DMA. 14.2h CAc O NHCtz
o 0
AcO o COOMe AcC
AcO * AcOA=T Q COCMe
AcO O  NHCtz 2)40°C, 4 h «al
N, =P
2 81 139

OCAc
Q H
AcQ /g/N

AcQC -
0] NHCtz

104j
Scheme 6. Staudinger ligation of azidewith phosphine3l]

Interestingly, upon water work up at 40 °C or 7Q tids intermediate afforded ttglucosyl
amide104j only. This behavior is not limited to phosphi@%, but is ageneral feature of the
ligation reaction ofi-tetra-O-acetl-glycopyranosyl azides.

In general, the anomeric iminophosphoranesOedicetyl pyranoses appear to react more
sluggishly than the correspondi@gbenzyl derivatives with acylating agents and tovala to 3
anomerization to occur prior to acyl transfer. Wali the ligation of tetr&®-benzyl-
glycopyranosyl azides, the reduction-acylation efraO-acetyl-glycopyranosyl azides is a
nonstereoconservative process, and acyl transfeur®anore slowly than iminophosphorane

anomerisation.
These results are in agreement with recent litezateports obtained by the Kiessling group
using dialkylphosphino-(borane)methanethioestérs.
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We speculated that tetf-acetyl-glycopyranosyl iminophosphoranes may bectilested
toward acyl transfer by the electron-withdrawindeef of the acetates, which delocalize the
negative charge on the nitrogen atom and allow @nignequilibration to occur before the acyl
transfer step. On the contrary, the stereoconseevatocess obtained with tet@benzyl and
unprotected glycopyranoses was interpreted as ebaltrof a stronger localization of the
negative charge on the anomeric nitrogen, leadniggter acyl transfer and blocking the ring-

opening anomerization process (Scheme 7).

OAc PPh, CAc

Q R DMA/DMPU 98:2 /gg/ﬁ

AcC AcO N
Aco/% + ©/ bl AcO WR

AcC N, C AcC 3
2 81 [-anomerization via ring opening
CR' PPh, CR'
R'C Q R DMA/DMPU 98:2 RO Q
R‘O + \”/ - R'O
RC N, C R‘OHN

7R'=H, 81 Q
§R'=B .
stereoconservative rocess
no ring opening involved ?

Scheme 7. Stereochemical course of the staudinger ligatidetoa-O-acetyl-, tetra®-benzyl-

and unprotected-glucopyranosyl azide? 8, and7 with phosphine$l

However, closer inspection of the results from wotgeted a-glycopiranosyl azides and
furanosyl azides revealed a more complex picture.

Indeed, formation of variable quantities of glugafuosyl amide by-products from unprotected
a-glucopyranosyl azid€ both in the reaction witl81 and 83 (Scheme 8) suggests that the
Staudinger intermediates must, also in these caselergo a ring-opening process, at least to
some extent. This however, is not leadingit@ equilibration, but rather to a ring-contraction,

which is most unusual for pyranoses particularlthiegluco configuration.
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OH
HO Q
HO
HO
7 OH
1)40 °C, DMA., 18 h 0
+ HO +
HO
PPh, 2) H,0, 40 °C, 2 h HOHN- R
o_R B
T 0
X o 93 95
catl%
X =H (81). F (83)

Scheme 8. Formation ofa-glucofuranosyl amid@5 from a-glucopyranosyl azidé

Other elements are gathered from the ligation re@e&tof 3-glucopyranosyl azidd0 and 3-
galactopyranosyl azidé3 with phosphine83j-m (Scheme 9)B-glucopyranosyl azid&0 reacts
with 83 to afford-pyranosyl amide®4 only and no ring contraction products are idesdifin
the crude reaction mixtures. Howevergalactofuranosyl amidekll are formed as by-products
in the ligation of the3-galactopyranosyl amidé3 with 83. Again, the unusual and unstaloie

anomer is the only furanose form isolated.

OH PPh, O OH
HO F HO 0
10 83j-m 94j-m
HO —OH PPh, O HO -OH HO oH I
HO + HO N\WR * HO_ NHCOR
HO F HO o g H OH
43 83j-m 105j-m 111j-m
10-15%

Scheme 9. B-glucopyranosyl amid&0 does not afford ring contraction products in thaation

with 83; 3-galactopyranosyl azidé3 does

Finally, and perhaps more strikingly, the reactafrpyranosyl and furanosyl azides appear, at

first sight, to follow opposite stereochemical pedlys. In fact 1,2rans O-acetyl-furanosyl
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azides of the galacto-, ribo- and arabino- sef3és41 and40) do not isomerize upon ligation
with 81b, whereas the same Ityans furanosyl azides do when they are unprotected
(compounds37, 53 and49, respectively). This behaviour, exemplified in 8cte 10 for the-

galactofuranosyl azide86 and 37, is exactly the opposite as that described Zcand 7 in

Scheme 7
AcO_oH N3
AcO,
AcO ‘. H
H H, OAc
36 AcO_oH NHCOC,H, HO oH NHCOC,H,
a, b AcO, c HO,
+ AcO ., H HO ~ H
pPh, H H OAc H H OH
O
\H/\/\ 112b 113b
o) y=60%, B 100%
81b stereoconservative
process
PPh,
HO_oH N3 o HO o M H
HO// N \”/\/\ a,b HO,
HO_ - H 0 HO NHCOC H,
H H OH H H OH
37 81b 111b

y = 60%, o 100%

complete
inversion

a) 70°C, 4h, DMA/DMPU; b) H,0, 2 h, 70°C; ¢) 0.05M MeONa, MeOH

Scheme 10. Stereochemical course of the Staudinger ligatiaetw&O-acetyl and unprotected

B-glycofuranosyl azide86 and37 with phopshine81b
The remaining sections of this chapter will be dathd to a full discussion of the reaction

selectivity for unprotected ar@-acetyl-glycosyl azides in the context of a commuechanistic

framework.

7.2 Mechanism of theligation of unprotected glycosyl azides

We have shown in this thesis that the behaviohefunprotectefiranosyl azides may be traced
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to ring opening of the intermediate iminophospherdeading to a phosphinimiri23 which
allows coordination of the phosphorous atom byhy@roxy group in position 2 of the sugar to

afford the oxaphospholari®4, which leads to the 1,8s isomer after closure of the furanose
ring (Scheme 11).

HO o N
HO,
HO g H o
/PPh
H OH N, HO o) N HO o~ H
37 HO, =N
i HO_ . |
@FPPh:
FPh, H OH )
OT]/\/\ u
122 123
0O
B-iminophosphorane phosphinimmine
81b ‘T
H H R HO H
HO, o 0 ———| HO o HO, =N
HO N O HO N HO ’
H 0—y/ H O~ H O—FPPh
P @ F
P I\© H “Ph H
Ph L i
125 124
‘ a-iminophosphorane
H Ph,P=
H,0 HO_o 2F=0
k HO, + OH
HO 5 NHCOR
O\F H OH
h \Q 111b
P . .
o a-galactofuranosyl amide
1,2 CIS

Scheme 11. Proposed mechanism for the anomeric epimerizati&7

This hypothesis was confirmed by the observati@ the unprotected 1@s galactofuranosyl
azide46 reacted with81b with total retentiorof configuration (Scheme 12), thus showing that

1,2cis compounds are formed from furanosyl azides regasdbf the configuration of the
starting material
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PPh,

H
HO o1 o ) HO_oH H
HOHO,,, . \”/\/\ a. HOH O,,
; N: 0 ' NHCOC 4Hy
g H OH g H OH
46 81b 111b

complete retention

a) 70<C. 4h, DMA/DMPU: b) H.C, 2 h, 70°C

Scheme 12. Synthesis ofi-galactofuranosyl amid&llb by ligation of 46 with81b

The mechanistic path shown in Scheme 11 can be toseelconcile the apparently opposite
behaviors of pyranosyl and furanosyl azides inlidpgtion process. The full mechanistic picture
is shown in Scheme 13, using unprotected galactmgles as substrates.

The reaction course is dominated by the competitietween acyl transfer and ring opening
process, as discussed in the opening sectionssothisis. However, for unprotectedgars the
behavior of the intermediated phosphinimine is nameplex than previously discussed. In fact,
once the phosphinimine is formed, the phosphortars & probably trapped by the 2 hydroxy
group of the sugar in a 5-membered oxazaphosphailageexemplified inl24. Once this cycle
is formed, the ring closure process can no longeernt tof3-isomers of the iminophosphorane
and only the left half side of the Scheme 13 i atiailable. In particulad24 can cyclize by
attack of O4 to the anomeric carbon and form dh@ranosyl iminophosphorant5, which,
upon acyl transfer leads to tlefuranosyl amideslll. An alternative pathway fofl24 is
represented by O5 attack to the anomeric carbaxjrig to thex-pyranosyl iminophosphorane
140, from which acyl transfer would generate thgalactopyranosyl amideil2. This pathway
does not appear to be followed, sincempyranosyl azide is observed in the ligation of the
furanosyl azideg6 and37. But the reverse pathway, leading fraa0 to 124, is the source of
a-furanosyl amide formation in the ligation of tigpyranosyl azidd7 and of the corresponding
azide in the gluco-series7)( Acyl transfer in thea-pyranosyl iminophosphoraneki0 is
relatively slow, allowing for ring opening and plpb®rous coordination by the 2 hydroxy group.
The latter event preventx- isomerization of the pyranose ring t@-pyranosyl
iminophosphoran&41, and rather redirects the open sugar throughutambse pathway. Hence,
O4 attack on the anomeric carbon, lead42® and thus to the-furanosyl amide by-products

both in the galacto-141) and gluco- series.
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Scheme 13. Full mechanistic pathway fcr the reacticn of unprotected galactesyl azides
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When the ligation is performed starting fr@¥pyranosyl azides, a more facile acyl transfer is
expected. Thus, in the gluco seriBspyranosyl amides are the only reaction productvéicer,

if ring opening of theg3-pyranosyl iminophosphorarigll can occur, the reaction can again be
funnelled through the cyclic oxazaphosphold2d, thus providing a path for pyranose de
furanose isomerization. This appears to be the wétbep-galactopyranosyl azidé3 (Scheme
13). Finally, the-furanosyl iminophosphorank2 must initially be formed upon reduction of
B-galacto furanosyl azid87. This, however, appears to be unable of direct aeysfer but
undergoes fast ring opening leading throagh and125 to thea-furanosyl amideg&11.

In this rather complex framework, the mechanistitesne shown in Chapter 4 for the reaction of
a-gluco pyranosyl azidg with 9 (Scheme 4, Chapter 4) can be riformulated as shown
Scheme 14. The iminophosphora®® formed in the first steps of the ligation canhert
transfer the acyl group to the anomeric N leadmng-glucopyranosyl amidé3, or can undergo
ring opening to97. This is probably not an equilibrium reaction, &ase the resulting
phosphinimined7 is blocked in the oxazaphospholane which strofegrs the formation of 5-

5-fused bicyclic systems and hence of the furanasytie9s.

OH
L trans Ho— 1%
acyl transfer Ho H  g-glucopyranosyl amide
/ HOHN\H/R 93
@)

OH

OH OH
0
0 Hoﬁ \H o®
H]Q]O#/H 81 HO ® ring opening HI-(IJO H
HO “Og\!—Pth o Il @
N—PPh,
96 O\IrR 97 0 R
! Y

pyranose/furanose \
isomerization

OH
HO HO o
Un My
HO
R ON—PPh, \

HO
N R H_Og /
H oon | g Ph,P
o-glucofuranosyl amide 0 o_ _R
. T

Scheme 14. Mechanism for the formation of furanosyl amgfein the ligation of7 with 81
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Indirect proof of this is the absence of pyranaaylides in the ligation products of furanosyl
azides. The amount 86 formed in this reaction increases with the reactemperature because

higher temperatures favour ring openin@6fand reduce the acyl transfer selectivity.

7.3 Mechanism of theligation of O-acetyl-glycosyl azides

The results obtained in the ligation of te@eaacetyl-glycosyl azides, 2, 31, 36 and129 with the
pentanoyl phosphing&lb are summarized in Scheme 15.

Ligation of tetra©-acetylf3-glucopyranosyl azidé procedes uneventfully to afford tBeamide
104b (Scheme 15, eq. 1). The same product is form lgatibn of a-tetraO-acetyl-
glucopyranosyl azide (Scheme 15, eq 2) As seen in Chapter 1 and prdyioegorted®’ the
complete inversion of configuration observed irstreaction can be explained by ring opening
of the intermediate iminophosphorane, facilitated the electron-withdrawing effect of the
acetyl groups, which favors phosphinimine formati@®ing contraction paths are not available
to these O-acetyl substrates). A similar behaviour is obsegnfer the a-tetraO-acetyl-
galactopyranosyl azidgl (Scheme 15, eq 3), although the anomeric invernsiarot complete
and a 4:13:a mixture of anomeric amide®8b and143b is formed. This suggests that either the
acyl transfer is faster for the-galactopyranosyl iminophosphorane than for theesmponding
gluco- derivative, or that the anomeric equilibriumthe galactopyranose series is less shifted
toward theB3-isomer.

Given the propensity of acetylated glycosyl iminogbhoranes to undergo ring opening upon
formation of the iminophosphorane, it is ratherpsising to observe a totally stereoconservative
process in the ligation @-tetraO-acetyl-galactofuranosyl azid6 (Scheme 15, eq 4). Indeed,
all literature data support small energetic diffexes for thex andp isomers of furanoseés Ring
opening would be expected to produce a mixturesafner iminophosphoranes and there is no
reason why36 should be stabilized against it. Indeed, ligatioh the a-tetraO-acetyl-
galactofuranosyl azid&29 (Scheme 15, eq 5) affords a 4:1 mixturgBefanda- isomersl12b
and114b, which must originate from a ring opening everite partial inversion of the anomeric
configuration observed in this reaction suggestt twhen ring opening occurs for these
galactofuranose substrates, the subsequent risgrelas biased towards the formationlg?-

trans-amides, presumably for steric reasons.
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OAc OAc
0o stereoconservative 0]
AcO N- 1 AcO NHCOC4Hyq
AcO ; 81b AcO
AcO eq 1 AcO
1 104b
OAc OAc
AcO 0 s1h fB-anomerization ACO/&/NHCOQHg
AcO . : AcO
AcO N via ring opening AcO
eq2
2 104b
AcO —OAc
0 AcO _—OAc AcO _—OAc
81b O
AcO 3 ES/NHCOQHg
AcO N, eq AcO AcO
: AcO AcO
NHCOC,H,
31 108b 4 : 1 143b
AcO_oH . stereoconservative AcO_oH NHCOC,Hy
AcO, 81b AcO,
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Scheme 15. Ligation of tetra©-acetyl-glycosyl azides, 2, 31, 36 and129

With these observations we think we have now bdguarify the mechanistic picture of these
ligation processes to the point where predicticars be made concerning the stereochemistry of
the reaction on new substrates and with new cortibmsof reagents. Work is in progress in our

laboratory to test hypotheses generated by the imdédscribed above.
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