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Abstract 
 

 Development of next generation therapeutics derived from bacterial secondary 

metabolites has been limited due to the prevalence of 2-deoxy sugars within a 

significant portion of this class of compounds. A general method for the stereoselective 

synthesis of either h - or ̡ -linked 2-deoxy glycosides remains elusive despite extensive 

work by the greater scientific community. This dissertation explores the applicability of 

glycosyl sulfonates as 2-deoxy donors for the construction of both ̡- and h -selective 

glycosides, and the relationship between donor configuration and glycosylation 

selectivity. 

 The applicability of glycosyl sulfonates as donors for the synthesis of complex 

oligosaccharides was studied through the synthesis of the pentasaccharide fragment of 

saquayamycin Z. It was shown that while olivose (2,6-dideoxy glucose) donors showed 

high specificity for the synthesis of ̡-glycosides, rhodinose (2,3,6-trideoxy galactose) 

donors, in conjunction with bulky sulfonyl chloride promoters, showed high selectivity 

for the synthesis of h -glycosides.  

 This unusual selectivity was further explored through studies on digitoxose (2,6-

dideoxy allose) donors. Similarly to rhodinose, digitoxose showed bias towards 

formation of h -glycosides. Studies with more and less reactive benzenesulfonyl chloride 

promoters showed that selectivity for the h-glycosides could be optimized through use 

of the less-reactive, electron rich 4-O-isopropylbenzenesulfonyl chloride. The 
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applicability of this chemistry was demonstrated through the synthesis of the -hlinked 

digitoxose trisaccharide fragment of Kijanimicin.  

 Further explorations on the relationship between donor structure and selectivity 

were explored through studies on configuration isomers of the 2,6-dideoxy series. It was 

seen that the presence of axial groups on the pyran ring lead to increased favorability 

for the synthesis of h-glycosides, with the C3 position being more influential that the 

further remote C4 position. Match-mismatch studies with enantiomeric acceptors 

indicated that the observed selectivity is more likely attributable to the properties of the 

donor rather than interactions between the donor-acceptor pair, suggesting a change in 

mechanism for donors with axial substituents.   
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1.1: Introduction and Aim of the work  
Oligosaccharides, also known as glycans, in addition to nucleic acids and proteins, are 

one of the most important macromolecules in biological systems.1,2 Although classically sugars 

were thought to mainly be involved in structural features and energy storage, more recently 

they have been shown to have important roles in processes such as the folding3,4 and post-

translational modification of proteins,5 and to be key mediators in cell-cell interactions.6 This 

latter role has been shown to have implications for cell infection by extraneous virus and 

bacteria, and for the immune response to such events.7ς9 Despite the significance of these 

roles, an direct relationship between glycan structure and the effect on biological function has 

yet to be fully elucidated. While progress towards decoding the functions of oligosaccharides 

has seen advancement through the development of technologies such as early automated 

oligosaccharide synthesizers,10ς12 and the glycan microarray for screening glycan-protein 

interactions,13 a rules for a generally and broadly applicable structure-activity relationship have 

yet to be established. While much current research is largely focused on mammalian and 

eukaryotic glycosides, bacterial glycosides represent an untapped potential in the search of 

next-generation pharmaceutiical compounds.  

Bacterial secondary metabolites have been shown to have desirable biophysical 

properties.14 Among bacterial secondary metabolites, roughly 20% are estimated to contain 

oligosaccharide functionalities.15 However, unlike the eukaryotic glycome, the bacterial 

glycome contains a much more structurally diverse pool of sugars, presenting a significant 

challenge for the chemical synthesis of these compounds and derivatives thereof for further 

study. Bacterial sugars feature modifications unseen in mammalian sugars, such as unusual 

deoxygenation, amination, methylation, and over-oxidation (Figure 1.1).15 One prominent and 
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recurring feature is deoxygenation at the C2 position. These 2-deoxy sugars are found in wealth 

of bacterial secondary metabolites with promising biological properties such as the 

landomycins,16 saquayamycins,17ς19 as well as in compounds that are already being used as 

medications, such as the antibiotic vancomycin,20 digitoxin, which is used for the treatment of 

cardiac arrhythmia,21 and doxo- and daunorubicin22,23 which are front-line cancer treatments 

(Figure 1.2). In the extreme example of the saccharomycins, deoxy sugars compose the majority 

of the heptadecasaccharide molecule.24 Like eukaryotic glycosides, the exact role that the 

oligosaccharide fragments play in the action of these compounds is largely unknown. However, 

it is known that altering the oligosaccharide functionality can have a significant impact on the 

pharmacodynamic properties of the compound.  

Figure 1.1: Representative examples of 2-deoxy sugars found in bacterial natural products 
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Differences in the oligosaccharide structures has been shown to have a significant 

impact on the biological activities of glycosylated compounds. In the case of the landomycins, 

members of the family have been identified with oligosaccharides ranging from a single residue 

in Landomycin I, to up to the hexasaccharide fragment found in landomycin A.16,25 While highly 

influential, the length of the oligosaccharide chain is not directly related to the activity of 

landomycins in a length-dependent manner. Landomycin A 1.14, with a hexasaccharide 

fragment shows superior activity against MCF-7 (GI50 = 1.8 ˃ M), LL/2 (GI50 = 0.7 ˃ M), and NCI-

H460 (GI50 = 2.1 ˃ M) cancer lines compared to those containing shorted oligosaccharides. 

Contrastingly, Landomycin E 1.19 with a trisaccharide fragment, showed reduced activity 

against MCF7 be nearly an order of magnitude (GI50 = 13.0 ˃ M), while also showing comparable 

Figure 1.2: Examples of 2-deoxy-sugar containing natural products 
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activity against LL/2 cell lines (GI50 = 0.7 ˃ M).26 Interestingly, the aglycone 1.22 alone showed 

activity comparable to landomycin A (Table 1.1). 

Chemically altering glycosylation patterns to affect bioactivity has been applied to the 

synthesis of unnatural analogues of natural glycosylated compounds as well. In the case of 

apoptolidin 1.23, which has been shown to inhibit certain cancers at nanomolar concentrations 

through selective induction of apoptosis by inhibiting activity of Fo-F1-ATPase, analogues with 

selective removal of the sugar residues showed severe reduction in activity against MATU 

breast cancer cell lines of nearly six orders of magniture (IC50 = 1 nM vs IC50 >100˃ M) compared 

to the fully glycosylated natural product (Table 1.2).27  

 Furthering of this approach by extensive modification of oligosaccharide fragment of 

compound, a method termed glycorandomization, has the potential to open pathways to 

develop lead molecules into compounds with more desirable medicinal properties and 

ŘŜŎǊŜŀǎŜŘ ǘƻȄƛŎƛǘȅΦ hΩ5ƻƘŜǊǘȅ Ƙŀǎ ǎǘǳŘƛŜŘ ŀƴŀƭƻƎǳŜǎ ƻŦ ŘƛƎƛǘƻȄƛƴ ŀǎ ōƻǘƘ h-glycosides 1.27-1.29 

and MeON-neoglycosides 1.30-1.32 to assess the influence of the chain length on the anti-

cancer activity of digitoxose (Figure 1.3). Against a panel of cancer cell lines, it was seen that, 

while the MeON neo-glycosides generally showed lower activity, the monosaccharide 

Table 1.1: Anti-cancer activity of landomycins A-I is dependent upon oligosaccharide chain length 
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analogues of both the O- and MeON-glycosides showed improved activity compared to the 

respective di- and tri-saccharide compounds.28 This is in agreement with earlier studies on the 

binding affinity of digitoxse to the Na/K-ATPase pump which saw a similarly improved binding 

affinity for digitoxin with an truncated oligosaccharide fragment.29 Additional cytotoxicity 

screenings with analogues featuring varying monosaccharides noted that h-L-amecitose 

glycosylated digitoxigenin showed further improved activity against a variety of cancer cell 

lines.30 Work by Thorson also on digitoxin neo-glycoside studied a library of 78 digitoxin neo-

glycoside analogues featuring fully substituted sugars, deoxy sugars, pentoses, and amino 

glycosides as both D- and L-enantiomers, as well as with both h- and ̡ -linkages to the aglycone. 

Table 1.2: Activity of apoptolidin 1.23 and partially glycosylated derivatives  



8 
 

While the majority of the analogues showed decreased activity compared to digitoxin, a few of 

the library compounds screened showed increased cyctoxicity. Interestingly pyrano-pentose 

neoglycosides (xylose, ribose, arabinose, lyxose) generally showed enhanced anti-cancer 

properties.31 !ŘŘƛǘƛƻƴŀƭ ǿƻǊƪ ōȅ hΩ5ƻƘŜǊǘȅ ǎǘǳŘying digitoxin analogues for anti-viral properties 

again noted that the L-amecitose analogue of digitoxin showed improved anti-viral activity.32 

Although digitoxin has been traditionally used in the treatment of congestive heart failure,21 

these studies indicate that it may be applicable in a wider array of medicinal roles. In the course 

of these studies it was seen that both the sugars used, as well as their handedness and the 

anomeric configuration of their connection to the aglycone portion of digitoxin had a significant 

influence on their activity of the compound, validating the glycorandomization approach to 

drug discovery and optimization. 

 

 Another study emphasizing the influence of oligosaccharide functionality was 

undertaken by Townsend et al. through their studies of hybrids of doxorubicin and 

daunorubicin aglycones with the oligosaccharide fragment of the potent antiproliferative 

Figure 1.3: Digitoxose O-analogues and N(OMe)-neoglycoside analogues 
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anthocycline  arimetamicin A.33 The unusual branched-aminosugar containing disaccharide 

fragment of arimetamycin A is believed to be responsible for the increased activity of 

arimietamycin A compared to other members of the arimetamycin family. Glycosylating the 

doxorubicin aglycone with this disaccharide was shown to increase the activity of doxorubicin 

against HCT116 and MDA-MB231 cell lines, and was able to completely recover activity by 

doxorubicin and daunorubicin against the multi-drug resistant H69AR cancer cell lines (TC50: 

doxorubicin 14,900 nM, DOX-AMA: 30 nM).33  

These studies emphasize the crucial relationship between oligosaccharide structure and 

compound activity. Furthermore, they note how small changes in glycoside structure and 

glycosyic bond orientation (h vs ̡ ) can radically alter the activity of glycosylated compounds. 

Given the prevalence of 2-deoxy sugars in compounds of pharmaceutical interest, there is a  

need to be able to construct 2-deoxy-sugar-containing oligosaccharides in a stereoselective 

Table 1.3: Activity of arimetamycin-doxorubicin and -daunoribicin analogues 
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manner to further develop methods for the rational design and study of analogues of 

glycosylated bacterial secondary metabolites. 

1.2: Background and Approach 

1.2.1: The glycosylation reaction 
At the most fundamental level, chemical glycosylation is a condensation reaction 

between an electrophilic glycosyl donor and a nucleophilic acceptor. The chemical synthesis of 

glycosides was first reported in the late 19th century in works by Emile Fischer34 and 

contemporaneous work by Arthur Michael.35 Both methods, while crude by modern standards, 

ǿŜǊŜ ŜŦŦŜŎǘƛǾŜ ƛƴ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ǎƛƳǇƭŜ ƎƭȅŎƻǎƛŘŜǎΣ ǿƛǘƘ CƛǎŎƘŜǊΩǎ ƎƭȅŎƻǎƛŘŀǘƛƻƴ ōŜƛƴƎ ŀƴ ŀŎƛŘ 

ŎŀǘŀƭȅȊŜŘ ǎƻƭǾƻƭȅǎƛǎ ƻŦ ŀƴ ǳƴǇǊƻǘŜŎǘŜŘ ƎƭȅŎƻǎƛŘŜΣ ŀƴŘ aƛŎƘŀŜƭΩǎ ōŜƛƴƎ ōŀǎŜ ǇǊƻƳƻǘŜŘ 

condensation between an phenoxide and glucosyl chloride. However, due to the harsh 

conditions in both reactions as well as being limited to simple alcohol acceptors, neither 

method was compatible for use in the synthesis of more complex oligosaccharides. However, 

both methods remain useful method for the synthesis of simple alkyl glycosides.36,37 

In more modern glycosylation chemistry glycosyl donors are functionalized at the 

anomeric position with a latent leaving group that can be activated under controllable 

conditions to form a highly reactive electrophilic species. A wealth of glycosyl donors have been 

reported in the literature, but some of the most commonly used donors include thioglycosides, 

glycosyl imidates, and glycosyl halides.38,39 In a typical glycosylation reaction, the donor 

glycoside is treated with a promoter which activates the latent functional group into a highly 

reactive species, followed by the introduction of a nucleophilic acceptor to form a new 

glycosidic bond (Scheme 1.1). Different donors offer advantages and disadvantages, with the 
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choice of donor often being dependent upon the particulars of the donor-acceptor pair and 

compatibility with other functional groups in the donor and acceptor.40  

 The most often invoked mechanism of glycosylation involves activation of the glycosyl 

donor, elimination of the anomeric leaving group to generate an intermediate oxocarbenium 

ion, and interception of the oxocarbenium ion by a nucleophile (Scheme 1.1). While this 

mechanism has been often invoked, evidence for the actual oxocarbenium intermediate is 

limited, with it only being identified by NMR under superacid conditions.41 The implication of 

this being that under typical activation conditions the oxocarbenium ion, if it does exist as a 

distinct species, is expected to be extremely short lived.42,43 However, the invocation of an 

oxocarbenium intermediate has been useful in modelling and predicting the selectivity of a 

glycosylation reaction.44,45 A more accurate explanation of the mechanism would be that the 

Scheme 1.1: Multiple pathways for chemical glycosylation spanning the SN1-SN2 manifold. 
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invoked oxocarbenium ion is present as a close ion pair with some covalent character, 

explaining the tendency of a glycosylation reaction to have both SN1 and SN2-like properties.  

A recurring problem for any chemical glycosylation is controlling the regiochemical and 

stereochemical outcome of the reaction. As previously stated, the inherent complexity of 

oligosaccharides due to the introduction of branched structures and additional stereocenters 

presents a challenge in the synthesis of a given target structure. In the biological synthesis of 

glycans both regio- and stereoselectivity are controlled by the nature of the glycosyl transferase 

catalyzing the reaction.46 In chemical synthesis, regioselectivity is largely controlled through the 

installation of orthogonal protecting groups. However, it should be noted that there have been 

successful methods for the regioselective synthesis of short oligosaccharides without the need 

for protecting groups on the glycosyl acceptor. A prominent example of this comes from the 

Taylor group, who have made use of boronic and borininc acid catalysts to selectively activate 

individual hydroxyl groups on unprotected and partially protected glycosyl acceptors.47,48 While 

this represents a step towards regioselective glycosylation without the aid of protecting groups, 

the current state of the chemistry is limited to certain acceptors and particular hydroxyl groups 

on the acceptors. Further advances would be necessary for more widespread application. As 

such, orthogonal protecting groups remain the dominant strategy for regioselective control. 

Stereoselectivity is a more significant challenge in the synthesis of oligosaccharides. Any 

given pair of glycosyl donor and acceptors can form a glycosidic bond in either the -h or ̡ -

configuration. In pyranohexoses, this is denoted in the relationship between the C1 hydroxyl 

group and the C5 hydroxyl group in a Fischer projection, with matched configuration being the 

-hanomer, and mis-matched configuration being the ̡-anomer. For most sugars the h-
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configuration corresponds to an axial glycosidic bond, and the -̡configuration to an equatorial 

bond. The proportion of each stereoisomer formed during a glycosylation reaction depends 

upon a wide range of factors, including, but not limited to, the structure of the donor and 

acceptor (i.e. glucose, galactose, mannose, etc), the choice of promoter, the solvent used, the 

reaction temperature, etc.40 Frustratingly, these factoǊǎ ŘƻƴΩǘ ǘȅǇƛŎŀƭƭȅ ŀŦŦŜŎǘ ƛƴŘƛǾƛŘǳŀƭ 

glycosylation reactions in the same manner, making the determination of ideal conditions often 

reliant upon empirical screenings.  

Arguably, the most important factor in biasing the stereochemical outcome of a given 

glycosylation predictably is the choice of protecting groups.49 As previously stated, the synthesis 

of a target oligosaccharide relies heavily on orthogonal protecting groups. However, different 

protecting groups can affect the behavior of a donor-acceptor pair.50 This is the most impactful 

at the C2 position, being adjacent to the reaction center. At the position, protecting groups can 

be generally grouped into two families: participating, and non-participating protection groups. 

Participating groups generally contain weakly nucleophilic heteroatoms 5-6 bonds away from 

Scheme 1.2: Synthesis of 1,2-trans glycosides with and without neighboring group participation 
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the anomeric position. These groups are able to intercept the oxocarbenium ion generated 

during the glycosylation reaction, forming a cyclic species. This group effectively blocks one face 

of the molecule, limiting the incoming nucleophile to a single direction of attack. Glycosyl 

donors bearing participating groups at C2 show a strong bias for the construction of 1,2-trans 

glycosides (̡-glycosides in the gluco- and galacto- series, h -glycosides in the manno-series). If a 

non-participating group, most commonly etherial protecting groups, are present at the C2 

position, then the outcome of the reaction will be more driven by kinetic and thermodynamic 

effects.51 For a reaction under thermodynamic control, this will favor the -hglycoside due to the 

anomeric effect. In the pyran ring, the lone pair on the oxygen are proposed to overlap with the 

antibonding ̀ * orbital from the C-O bond at the adjacent carbon. This overlap lowers the 

energy of the axial glycoside compared to the equatorial glycoside. For reactions under kinetic 

control, the outcome is more dependent upon the structure and energetics of the transition 

state. Work from the Woerpel group has robustly studied this relationship between transition-

state structure and anomeric selectivity.45,52ς54  But both thermodynamic and kinetic effects 

generally favor formation of h-glycosides. 

1.2.2: The challenge of 2-deoxy glycosylation 
As with the mammalian glycome, the chemical synthesis of 2-deoxy glycosides remains a 

challenge, with an added emphasis in respect to controlling stereoselectivity. While a degree of 

control could be accomplished in C2-substituted sugars with participating and non-participating 

groups at the C2 position, such as approach is not possible in glycosylation with 2-deoxy 

donors. The creates a unique challenge, as the distribution of product enantiomers is much 

more sensitive to the donor-acceptor pair and the reaction conditions. Furthermore, 2-deoxy 
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sugars are generally more reactive than their fully substituted analogues55 which can act to 

destabilize any reactive intermediates that affect the outcome of a glycosylation.  

Approaches to 2-deoxy glycosylation can largely be grouped into two approaches: direct 

and indirect. Indirect glycosylation can be seen as a middle-ground approach to the synthesis of 

2-deoxy glycosides. This method makes use of temporary prosthetic groups at the C2 position 

to either block one face, or to direct the approaching nucleophile to the desired face of the 

molecule to form either the h- or ̡ -glycoside. Following the synthesis of the desired anomer, 

the prosthetic group is then cleaved from the molecule to reveal the target 2-deoxy species. 

Commonly used prosthetic groups have included halogens,56,57 sulfides,58 selenides,59 and 

thioacetates.60  These groups have been favored as they can be readily removed selectively 

under reductive conditions. This approach, while effective for the selective synthesis of 

glycosides, does necessitate the use of additional synthetic steps towards the target structure 

through both the final reductive elimination of the prosthetic group, and through the additional 

derivatization steps of the individual sugar donors to include the necessary prosthetic groups. 

The inclusion of these additional steps has largely driven the focus towards the direct approach 

to the synthesis of 2-deoxy glycosides. 

 In contrast to the indirect approach, direct glycosylation is the activation of a 2-deoxy 

donor to form the desired glycoside in a single synthetic step. While the approach does avoid 

the inclusion of additional steps that were seen in the indirect approach, control over the 

stereochemical outcomes of the glycosylation is a more significant challenge. Absent directing 

groups at the C2 position any stereoselective directing effects must arise from the inclusion of 

specific reagents and the reaction conditions.41 In particular, the direct synthesis of 2-deoxy- -̡
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glycosides represents a very difficult transformation, as the -̡glycoside is both 

thermodynamically and kinetically disfavored under SN1-like reaction conditions.61 

 It should be noted that there are a handful of examples of selective glycosylation with 2-

deoxy donors that do not fit easily into the direct-indirect categorization, including de novo and 

umpolung approaches. De novo approaches do not rely upon glycosylation in the traditional 

sense. Rather, the glycosidic bond is constructed with a sugar precursor which is then 

chemically transformed into the desired residue. This can be seen in work by the McDonald 

group who used a tungsten-catalyzed cyclization to prepare glycosides from non-sugar 

precursors.62,63 Another prominent example of de novo glycoside synthesis is in work by the 

hΩ5ƻƘŜǊǘȅ ƎǊƻǳǇ64,65 who made use of a palladium catalyzed Tsuji-Trost reaction for the 

selective synthesis of sugar precursors. As with the indirect approach, these methods typically 

will involve the inclusion of additional synthetic steps, as well as the use of bespoke precursor 

compounds, limiting the appeal of such methods.  

Umpolung methods invert the typical donor-acceptor scheme by reacting a nucleophilic 

donor with an electrophilic acceptor. This has been prominently used by the Zhu group for both 

the synthesis of O-glycosides66,67 as well as S-glycosides.68,69 In these instances the selectivity of 

the reaction is governed by the orientation of the intermediate O-alkoxide. In the case of gluo- 

and galacto-configured donors the alkoxide is believed to exist in equilibrium between the -h

and ̡ -configurations. Due to repulsive effects from the pyran oxygen lone pairs, the -̡alkoxide 

is more reactive, favoring formation of the ̡-glycoside.67 In the case of digitoxose and boivinose 

donors, a bridging sodium counterion locks the alkoxide into the -hconfiguration, leading to the 
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selective synthesis of the h-glycoside.66 A similar approach was also used by Shair to synthesize 

-hglycosides by reacting anomeric alkoxides at cryogenic temperatures where the distribution 

of the alkoxide largely favors the h-conformation.70 The synthesis of S-glycosides by Zhu follows 

a slightly different approach. Using thioglycosides as donors, reductive lithiation with LiDBB 

generates an intermediate anomeric carbanion-lithium ion. This nucleophile was then reacted 

with electrophilic disulfide acceptors to produce the desired S-glycosides.68 This methods was 

expanded upon to synthesize the S-linked analogues of the hexasaccharide fragment of 

Landomycin-A.71 The use of anomeric lithium-carbanions was further developed by Herzon to 

be applicable to the synthesis of O-glycosides through the use of methyl-tetrahydropyranosyl 

peroxide (MTP) electrophiles as άacceptorsέ (Scheme 1.3). MTP-protected acceptors act as a 

source of electrophilic oxygen to couple with the nucleophilic carbanion. Using this chemistry it 

was shown that the selectivity of the glycosylation can be controlled by allowing the 

intermediate lithium-carbanion to equilibrate at different temperatures to favor either the -h 

or ̡ -glycoside.72 While a powerful approach, it is limited by the need for the preparation of 

specially functionalized acceptors to be compatible with the nucleophilic donors, as well as the 

use of LiDBB, which is both highly reactive and does not have a significantly stable shelf life.  

  Several reviews have been compiled detailing the reported methods for the selective 

synthesis of 2-deoxy glycosides. A review by Franck and Marzabadi covered developments from 

Scheme 1.3: Selective glycosylation of -h and ̡ -2-deoxyglycosides by lithation 
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1988-1999.73 A following review from Lowary and Hou covered developments from 1999-

2009,74 with a review by Wan covered development from 2011-2017.75 A 2012 review from 

Nagorny and Borovika covered specifically developments in the synthesis of 2-deoxy- -̡

glycosides, with a focus on natural product synthesis.76 A comprehensive review of the field was 

published by Galan and Bennett in 2018.77 Most recently a 2021 review from Meng, Li, and Zhu 

covered advances in direct 2-deoxy glycosylation.78 Given this thorough background of the field, 

the rest of this chapter will be focused on the development of glycosyl sulfonates and their 

implementation as donors for the synthesis of 2-deoxy- -̡glycosides. 

1.2.3: Glycosyl sulfonates as donors 
 Glycosyl sulfates were first reported by Helferich and Gootz in 1929.79 Glucosyl tosylate 

was prepared by heating tetra-actyl-glucobromide with silver tosylate (Scheme 1.4). Following 

filtration of the resulting silver bromide, glucosyl tosylate could be isolated by crystallization. In 

1938 Helferich and Gnuchet reported the synthesis of glucosyl mesylate by a similar method.80 

Following these reports, no further studies on glycosyl sulfonates took place until the mid-

мфтлΩǎΦ 

The first reported use of glycosyl sulfonates as a donor for a glycosylation reaction was 

reported by Scheurch in 1974.81,82 Building upon the earlier work by Helferich, glucosyl 

tosylates were prepared through reacting glucosyl bromide with silver tosylate. The resulting 

Scheme 1.4Υ IŜƭŦŜǊƛŎΩǎ мфнф ǎȅƴǘƘŜǎƛǎ ƻŦ ƎƭǳŎƻǎȅƭ ǘƻǎȅƭŀǘŜ 
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tosylate was confirmed by NMR (h-sulfonate: ɻ  = 6.1, J1,3 = 3.5 Hz ̡-sulfonate: ɻ  = 5.5, J1,3 = 8.0 

Hz), but was unstable and could not be isolated from solution. The glycosyl tosylate, when 

treated with an alcohol acceptor following tosylation, produced the desired glycoside in good 

yield, albeit as a mixture of the h- and ̡ -glycosides. The proportion of anomers formed was 

shown to be highly dependent upon the choice of solvent as well as the protecting group at the 

C6 position. This method for the preparation of glycosyl sulfonates was also used for the 

synthesis of galactosyl sulfonates,83 as well as rhamnosyl and mannosyl sulfonates.84 Treatment 

of the latter sulfonates with alcohols in acetonitrile afforded -̡glycosides in high selectivity, in 

an early example of ̡-mannosylation and ̡-rhamnosylation (Scheme 1.5). 

 Contemporaneous work by Koto reported glycosylation of 2,3,4,6-tetrabenzyl glucose 

with a system of p-nitrobenzenesulfonyl chloride (Nosyl chloride), silver triflate, and 

triethylamine.85,86 This system was shown to provide the product glycosides in good yield with 

some moderate selectivity for the ̡-glycoside. These same conditions, when applied to other 

non-glycosidic alcohols, produced nosylates as a product. This suggested that the active species 

of the reaction could be assumed to be the h-glycosyl nosylate, explaining the observed bias for 

Scheme 1.5: Synthesis of ̡-rhamnose and ̡-mannose from glycosyl tosylates 
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the ̡ -glycoside. It was noted that attempts to utilize other sulfonates as donors resulted in 

decreased yields and selectivity.  

 Glycosyl sulfonates have also be directly generated from glycosyl hemiacetals.87 Perlin 

demonstrated the conversion of 2,3,4,6-tetra-benzyl-glucose to the corresponding glucosyl 

triflate by reaction with triflic anhydride.88 While direct reactions of the triflate species with 

alcohols failed to produce glycosides, including tetrabutylammonium bromide (TBAB) rapidly 

afforded glycosides via an intermediate glycosyl bromide with high -hselectivity. Treatment of 

the same glucose hemiacetal with mesic anhydride also resulted in the formation of glycosyl 

mesylates, which could be directly displaced by alcohol acceptors to form glycosides without 

the need for TBAB. A similar approach was demonstrated by Pavia, where it was noted that 

glycosyl hemiacetals activated with triflic anhydride in the absence of an acceptor 

predominantly formed trehalose.89  In the presence of an acceptor alcohol, glycosides could be 

obtained in good yields with high selectivity for the -hglycoside.90 

Further invocation of glycosyl sulfonates generated from hemiacetals as an active 

species comes from studies by Gin on their system of activation of glycosyl hemiacetals by a 

Scheme 1.6: Generation of glycosyl phenylsulfonates by catalytic dibutyl sulfoxide 
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sulfoxide/sufonic anhydride system.91 In both their initial method, as well as the development 

of the catalytic sulfoxide variation,92 mechanistic studies through isotope labelling experiments 

and NMR monitoring indicated the active donor species to be a glycosyl sulfonate.93 This 

species arises through activation of dibutyl sulfoxide 1.59 by phenylsulfonic anhydride 1.58. The 

resulting sulfonium sulfoxide species 1.60 is then intercepted by the glycosyl hemiacetal at the 

sulfur(IV) center generating the temporary glycosyl O-sulfoxide cation 1.63. Subsequent 

displacement by phenylsulfonate ion 1.61 results in the stable glycosyl sulfonate intermediate 

1.64, which acts as the activated donor. This species can then proceed to react with an acceptor 

nucleophile to generate a new glycosidic bond (Scheme 1.6).  

More recently, glycosyl mesylates have been shown to be effective donors for use with 

borinic-catalyzed glycosylation by Taylor.47  In this work it was shown that while the mesylate, 

generated in situ, was at equilibrium between the major-  hand minor-  ̡mesylate, the glycosyl 

acceptor, activated by the borinic acid catalyst, was able to react with the -hmesylate, forming 

the ̡ -glycoside in high selectivity. This was explained as the borinic acid catalyst increasing the 

Scheme 1.7: ̡ -mannosylation via intermediate glycosyl triflate 
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nucleophilicity of the acceptor, which reacts more quickly with the more reactive -hmesylate to 

form the ̡ -glycoside. In the absence of the catalyst the reaction proceeded with moderate 

selectivity for the h -glycoside. 

A final study on the generation of intermediate glycosyl sulfonates from glycosyl 

ǎǳƭŦƻȄƛŘŜǎ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ /ǊƛŎƘΩǎ ǎǘǳŘƛŜǎ ƻƴ -̡mannosylation.94,95 From a conformationally 

restricted 4,6-O- benzilidene mannosyl sulfoxide, activation by triflic anhydride in the presence 

of an alcohol was seen to generate glycosides with high selectivity for the -̡mannoside. This 

was explained by the activated donor existing predominantly as the glycosyl triflate species in 

solution (Scheme 1.7). Significant loss of selectivity was seen when using 4,6-di-O-benzyl 

mannose sulfoxide as a donor, which was attributed to the more flexible donor existing with 

more oxocarbenium character rather than triflate character.96 Additional mechanistic studies, 

including measurement of 13C primary kinetic isotope effect, further reenforced the ̡-

mannoside arising from SN2 displacement of an h -triflate, and the minor ̡ -glycoside forming 

through an SN1-like pathway.97  

1.2.4: Developments by the Bennett lab in the use of sulfonates for 2-deoxy glycosylation 
Within the Bennett lab, there has been an effort over the past decade to advance the 

use of glycosyl sulfonates for ̡-selective glycosylation. As previously noted by Schuerch, 

glycosyl sulfonates tend to adopt an axial conformation.98 Furthermore, glucosyl tosylates 

generated from glycosyl halides could be used for the synthesis of difficult -̡glycosides.81,84 It 

was postulated that the generation and displacement of an axial sulfonate could provide a 

reliable route to the synthesis of 2-deoxy- -̡glycosides. Since glucosyl triflates were noted by 

Crich to be unstable outside of specific conditions,95 efforts were focused on the more stable 
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glycosyl tosylate.81 Based on work by Shair in their study on anomeric O-alkylation, where 

activation of glycosyl hemiacetals with KHMDS as a base in THF at -78 °C was observed to lead 

to h -glycosides,70 it was postulated this method could be used to install a tosyl group at the 

anomeric position in the h-configuration that could be subsequently displaced in an SN2-like 

reaction to afford the desired ̡-glycoside.  

The initial approach to this chemistry used tosyl imidazole to generate the glycosyl 

sulfonate in situ. This reagent was chosen as it had been previously shown to effectively 

convert alkyl alcohols to alkyl azides,99 sulfonate esters,100,101 epoxides,102 and to perform 

nucleobase coupling103 without forming nucleophilic byproducts. It was quickly found in initial 

Table 1.4: First generation synthesis of ̡-2-deoxy-S-glycosides 
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studies with a thiophenol acceptor that the more reactive tosyl nitroimidazole was necessary to 

not only optimize yield, but to reach complete selectivity for the ̡ -glycoside. For less 

nucleophilic alkyl thiol acceptors, it was necessary to use the potassium salt of the thiol to drive 

the reaction (Table 1.4). This method was also compatible with the synthesis of aryl-O-

glycosides, a feature commonly found for the linkage between glycosides and aglycones. 

However, when used for the synthesis of alkyl-O-glycosides there was a significant loss of yield   

(table 1.5). By this chemistry, ̡-selective glycosylation was performed with both 2-deoxy-

glucose and the more reactive 2,6-dideoxy-glucose.104 

Table 1.5: First generation selective synthesis of 2-deoxy- -̡O-glycosides 
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In an effort to increase the scope of this method to include hindered O-alkyl acceptors, 

it was found through screening of different sulfonylating agents that the more reactive tosic 

anhydride could be used as an effective promoter, overcoming the limitations of the 

tosylnitroimidazole promoter and permitting effective glycosylation with primary and 

secondary hydroxyl acceptors, with complete selectivity for the -̡glycoside.105 This change in 

promoter also did not require the use of diglyme as a co-solvent, which had been necessary in 

the first generation method, but did require the use of the hindered base tri-tert-

butylpyrimidine as an additive. This chemistry was successfully used for the coupling of several 

different hindered glycoside acceptors with both 2-deoxy- and 2,6-dideoxy donors. Low-

temperature proton and HSQC NMR studies were able to identify the intermediate -htosylate 

species, supporting the mechanism of an SN2-like displacement reaction.  

A significant issue with tosic anhydride as a promoter was seen during effort to scale the 

reaction in anticipation of its use in a target synthesis. On larger scales there was inconsistency 

Scheme 1.8: Third generation tosyl chloride promoted and synthesis of kigamicin E tetrasaccharide 
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in yield and selectivity, which was attributed to the instability of tosic anhydride. As a next 

generation approach, tosyl chloride was explored as a tosylating agent. This proved to be an 

extremely well suited reagent for this transformation, and has the added benefit of being both 

inexpensive, shelf stable, and can be easily purified by simple recrystallization.106 Using tosyl 

chloride as a promoter, multi-gram scale glycosylation was able to be performed with both high 

yield and complete selectivity for the ̡-glycoside. The utility of this chemistry was 

demonstrated through the synthesis of the tetrasaccharide fragment of Kigamicin D (Scheme 

1.8). Furthermore, diverse benzenesulfonyl chlorides are readily commercially available, 

allowing for the exploration of alternate promoters for glycosylation optimization. 

 More recently, we have expanded the scope of this chemistry to include the selective 

synthesis of ̡-C2-substituted sugars, and for use in the synthesis of C-glycosides with 

appropriate carbon nucleophiles. Our initial studies for -̡O-glycosylation with per-benzylated 

glucose donors, under the same activation conditions previously used, proved to be low 

Scheme 1.9: Promoter-Donor matching for ̡ -glycosylation with full sugars 
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yielding. Through screening of different bases and sulfonyl chlorides it was found that for fully 

substituted sugars, the electron deficient 3,5-bis-(trifluoromethyl)-benzenesulfonyl chloride 

proved to be a superior promoter. In expanding the scope of donors to include galactose and 

fucose, it was shown that the reactivity of the sulfonyl chlorides needed to be matched to the 

reactivity of the donor for an optimal glycosylation, especially with hindered acceptors (Scheme 

1.9).107 We also recently showed that carbon nucleophiles could be used to displace the 

intermediate glycosyl sulfonate to access ̡-C-glycosides of glucose and galactose (Scheme 

1.10).108 In both of these studies, KIE analysis of the product glycosides97,109,110 indicated a bi-

molecular transition state, suggesting a reaction pathway with significant SN2-like properties. 

 To date, we have demonstrated the utility of glycosyl arylsulfonates as donors for -̡

selective glycosylation reactions. However, the true test of any new chemistry is in its ability to 

be useful in less ideal situations. Given the wide chemical space that is encompassed by 

bacterial glycosides, we wanted to demonstrate the utility of this chemistry in the synthesis of 

Scheme 1.10: Selective synthesis of ̡-C-glycosides 
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naturally occurring complex oligosaccharide. The following chapters of this these will be 

focused on efforts to apply our 2-deoxy- -̡selective glycosylation methodology to 

representative natural targets. 
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2.1: Introduction 
 The selective synthesis of 2-deoxy- -̡glycosides remains a highly challenging reaction in 

carbohydrate chemistry. The lack of a functional group adjacent to the reactive anomeric 

center precludes the use of neighboring group participation, which is a common method for the 

synthesis of ̡-glycosides of fully substituted sugars. Furthermore, the thermodynamics and 

kinetics of glycosylation reactions with significant SN1-like character favor the formation of h-

glycosides.1 In addressing the challenge of the selective synthesis of 2-deoxy glycosides, 

extensive work has been conducted over the past four decades by numerous labs with the goal 

of developing such methods.2ς6 Within the Bennett Lab over the last ten years efforts have 

been made to develop a reagent-controlled approach to the synthesis of both 2-deoxy- 7hς9 and 

2-deoxy- -̡glycosides from glycosyl hemiacetals.10ς12 The method developed for the synthesis of 

2-deoxy- -̡glycosides, which is the main focus of this work, is based upon the in situ generation 

of an h -glycosyl tosylate, and subsequent displacement by a nucleophile in an SN2-like reaction. 

Studies by low temperature VT-NMR have confirmed the presence of an -htosylate species11,12 

and studies on the extension of this chemistry to the synthesis of ̡-C2-substituted sugars both 

confirmed the presence of an h-sulfonate species, as well as displacement of the tosylate in an 

SN2-like manner via kinetic isotope effect analysis.13 While we have seen this chemistry to be 

very effective for the synthesis of 2-deoxy- -̡glycosides in simple model systems, we wanted to 

demonstrate the utility of the chemistry by expanding the scope through the synthesis of a 

naturally occurring ̡-2-deoxy containing oligosaccahride. With this goal, we identified the 

pentasaccharide fragment of Saquayamycin Z as an ideal target for synthesis.  
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2.2: Saquayamycin Z 
Lƴ ƻǊŘŜǊ ǘƻ ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŜ ǳǘƛƭƛǘȅ ƻŦ ƻǳǊ ŎƘŜƳƛǎǘǊȅ ǘƻ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ нπŘŜƻȄȅπhπ ŀƴŘ нπ

ŘŜƻȄȅπ̡πƎƭȅŎƻǎƛŘŜǎ ƛƴ ŀ ŎƻƳǇƭŜȄ ǎŜǘǘƛƴƎΣ ǿŜ ŎƘƻǎŜ ǘƻ ŀǇǇƭȅ ƛǘ ǘƻ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ǘƘŜ 

ǇŜƴǘŀǎŀŎŎƘŀǊƛŘŜ ŦǊŀƎƳŜƴǘ ƻŦ ǎŀǉǳŀȅŀƳȅŎƛƴ ½ όCƛƎǳǊŜ мύΦ  CƛǊǎǘ ƛǎƻƭŀǘŜŘ ƛƴ нллр ōȅ {ǘǊƻŎƘ ŀƴŘ 

ŎƻǿƻǊƪŜǊǎΣ ǎŀǉǳŀȅŀƳȅŎƛƴ ½ ǿŀǎ ǎƘƻǿƴ ǘƻ ǇƻǎǎŜǎǎŜǎ ŀŎǘƛǾƛǘȅ ŀƎŀƛƴǎǘ ǾŀǊƛƻǳǎ DǊŀƳπǇƻǎƛǘƛǾŜ 

ōŀŎǘŜǊƛŀ όtΦ ŀǳǊŜƴǎŎŜƴǎΣ .Φ ǎǳōǘƛƭƛǎΣ {Φ ŀǳǊŜǳǎΣ aL/ Ґ лΦм ς м ɛaύ ŀǎ ǿŜƭƭ ŀǎ ŀƎŀƛƴǎǘ ǎŜǾŜǊŀƭ ƘǳƳŀƴ 

ŎŀƴŎŜǊ ŎŜƭƭ ƭƛƴŜǎ όIaлнΣ a/CтΣ ŀƴŘ IŜǇDнΣ DLрл ғ срл ƴa ύΦмпΣмр Lǘ ƛǎ ŀƭǎƻ ǘƘŜ ƭŀǊƎŜǎǘ ŀƴŘ Ƴƻǎǘ 

ǎǘǊǳŎǘǳǊŀƭƭȅ ŎƻƳǇƭŜȄ ƻŦ ǘƘŜ ǎŀǉǳŀȅƳȅŎƛƴ ŦŀƳƛƭȅΣ ǳƴƛǉǳŜƭȅ ǇƻǎǎŜǎǎƛƴƎ ǘŜǘǊŀπ ŀƴŘ ǇŜƴǘŀǎŀŎŎƘŀǊƛŘŜ 

ǎǳōǳƴƛǘǎΦмсςмф ! ƴǳƳōŜǊ ƻŦ ǘƘŜ ƎŜƴŜǎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ŜƴŎƻŘƛƴƎ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ǘƘŜ ǎǳƎŀǊǎ ŀƴŘ 

ǘƘŜ ƎƭȅŎƻǎȅƭǘǊŀƴǎŦŜǊŀǎŜǎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǘƘŜ ŀǎǎŜƳōƭȅ ƻƴ ǘƘŜ ƻƭƛƎƻǎŀŎŎƘŀǊƛŘŜ ŦǊŀƎƳŜƴǘǎ ƻŦ 

ǎŀǉǳŀȅŀƳȅŎƛƴ ½ ƘŀǾŜ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘΦнл IƻǿŜǾŜǊΣ ǘƻ ŘŀǘŜΣ ǘƘŜǊŜ ƘŀǾŜ ōŜŜƴ ƴƻ ǊŜǇƻǊǘŜŘ 

ŀǘǘŜƳǇǘǎ ŀǘ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ǎŀǉǳŀȅŀƳȅŎƛƴ ½Φ  

Figure 2.1: Saquayamycin Z, with target pentasaccharide highlighted in red 
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¢ƘŜ ǇŜƴǘŀǎŀŎŎƘŀǊƛŘŜ ŦǊŀƎƳŜƴǘ ƻŦ ƛƴǘŜǊŜǎǘ ƛƴ ǎŀǉǳŀȅŀƳȅŎƛƴ ½ ƛǎ ŎƻƳǇƻǎŜŘ ƻŦ ǘƘŜ ŘƛπŘŜƻȄȅ 

ǎǳƎŀǊ DπƻƭƛǾƻǎŜ ŀƴŘ ǘƘŜ ǘǊƛŘŜƻȄȅπǎǳƎŀǊ LπǊƘƻŘƛƴƻǎŜΣ ǿƛǘƘ ŀƭǘŜǊƴŀǘƛƴƎ aπ ŀƴŘ bπ ƎƭȅŎƻǎƛŘƛŎ 

ƭƛƴƪŀƎŜǎΦ .ŀǎŜŘ ƻƴ ǘƘŜ ƛƴŎƻǊǇƻǊŀǘƛƻƴ ƻŦ ǘƘŜǎŜ ƳƻǊŜ ǳƴǳǎǳŀƭ ǎǳƎŀǊǎ ŀƴŘ ǘƘŜ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ πh 

ŀƴŘ π̡ŀƴƻƳŜǊƛŎ ƭƛƴƪŀƎŜǎΣ ǿŜ ōŜƭƛŜǾŜŘ ǘƘŀǘ ǘƘƛǎ ŦǊŀƎƳŜƴǘ ǿƻǳƭŘ ǇǊƻǾƛŘŜ ŀƴ ƛŘŜŀƭ ǘŀǊƎŜǘ ǘƻ 

ŜȄŀƳƛƴŜ ǘƘŜ ǳǘƛƭƛǘȅ ƻŦ ƻǳǊ ŎƘŜƳƛǎǘǊȅ ƛƴ ŀ ƳƻǊŜ ƛƴǘǊƛŎŀǘŜ ǎȅǎǘŜƳΦ IŜǊŜƛƴΣ ǿŜ ǊŜǇƻǊǘ ǘƘŜ ŦƛǊǎǘ 

ǎȅƴǘƘŜǎƛǎ ƻŦ ǘƘƛǎ ǇŜƴǘŀǎŀŎŎƘŀǊƛŘŜΦ  

2.3: Retrosynthesis and Monosaccharide Synthesis 

2.3.1: Retrosynthetic analysis 
Our approach to the synthesis of the pentasaccharide fragment of saquayamicin Z was 

envisioned as a semi-convergent synthesis. We noted that the pentasaccharide contained a 

repeating h -rhodinose-(1Ą4)- -̡olivose disaccharide unit, capped by a terminal -hrhodinose 

Scheme 2.1: Retrosynthesis of saquayamycin Z pentasaccharide 
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residue at the non-reducing end. We reasoned that if we could synthesize the repeating 

disaccharide with the appropriate protecting group scheme that we could couple the two 

selective deprotected disaccharides together. As such, we envisioned pentasaccharide 2.02 

arising from tetrasaccharide 2.04 and L-rhodinose donor 2.03. Tetrasaccharide 2.04 would arise 

from coupling of two units of disaccharide 2.05. Disaccharide 2.05 in turn would be synthesized 

from D-olivose donor 2.07 and L-rhodinose acceptor 2.06. Ultimately, olivose would be 

synthesized from D-glucal, while rhodinose would be synthesized from L-rhamnal.  

2.3.2: Synthesis of D-olivose Donor 
The synthesis of D-olivose from the commercially available tri-O-acetyl-D-glucal 2.08 was 

adapted from the method used by Takahahsi.21. Following deacetylation under Zemplen 

conditions and isolation of the triol, in a one-pot reaction the C6 hydroxyl group was tosylated 

with tosyl chloride, and the remaining hydroxyl groups were acetylated. The tosyl group was 

subsequently displaced in a Finkelstein-like reaction with sodium bromide to form the C6 

Bromide. This was then subjected to reductive dehalogenation with tris-(trimethylsilyl)silane 

(TTMSS) and AIBN to afford di-O-acetyl D-rhamnal 2.09. 

 
Scheme 2.2: Synthesis of selectively protected D-olivose donor 
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D-rhamnal 2.09 was deacetylated under Zemplen conditions. The resulting diol 2.10 was 

selectively protected at the C3 position through formation of a stannane acetal with dibutyltin 

oxide, and subsequent reaction with naphthylmethyl bromide and TBAI to form the C3 

napthylated rhamnal 2.11. The remaining C4 hydroxyl group was then protected as a benzyl 

ether under with benzyl bromide under Willliamson ether synthesis conditions affording 2.12. 

Finally, the resulting glycal was hydrated using catalytic triphenylphosphine hydrobromide to 

afford olivose donor 2.07 (Scheme 2.2). 

2.3.3: Synthesis of L-rhodinose acceptor 
The synthesis of rhodinose was adapted from a procedure by Sulikowski.22 Starting from 

the commercially available di-O-acetyl-L-rhamnal 2.13, the acetyl groups were first removed 

under Zemplen conditions affording diol 2.14. Subsequent application of a modified Mitsunobu 

reaction with 4-methoxyphenol as a nucleophile resulted in a Ferrier-like rearrangement to 

afford the 2,3-anhydro sugar 2.15 exclusively as the h-anomer in 70% yield.23 The resulting 

alcohol was then treated with another Mitsunobu reaction with 4-nitrobenzoic acid as a 

nucleophile to afford the inverted nitrobenzoyl ester,24 which was liberated to the alcohol 

following removal of the nitrobenzoyl ester under Zemplen conditions affording 2.16. Lastly, 

Scheme 2.3: Synthesis of rhodinose acceptor 2.06 
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the alkene was reduced by hydrogenation over rhodium on alumina25 to afford L-rhodinose 

acceptor 2.06 (Scheme 2.3). While we initially envisioned being able to convert the acceptor 

directly into the rhodinose donor through acetylation and oxidative removal of the anomeric 

PMP group with ceric ammonium nitrate, this approach unfortunately led to decomposition of 

the starting material. As such, we sought an alternate approach to the preparation of the 

rhodinose donor.  

2.3.4: Synthesis of L-rhodinose donor 
A viable pathway to L-rhodinose donor 2.03 was found by adapting a synthesis of 6-

deoxy-L-talose described by Banaczek and co-workers.24 The synthesis of the rhodinose donor 

began again from di-O-acetyl-L-rhamnal 2.13. Via a Ferrier rearrangement promoted by boron 

trifluoride diethyl etherate with benzyl alcohol, followed by Zemplen deacetylation, we were 

able to access benzyl glycoside 2.17 as a mixture of anomers (h:  ̡= 8:1) in 68% yield over two 

steps.24,26 Following a Mitsunobu reaction with nitrobenzoic acid to invert the C4 position, 

saponification of the resulting nitrobenzoyl ester, and acetylation, anhydroglycoside 2.18 was 

isolated in 86% over three steps. Reduction by hydrogenation over palladium on carbon both 

Scheme 2.4: Synthesis of rhodinose donor 2.03 
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reduced the alkene and removed the benzyl ether, affording L-rhodinose donor 2.03 in 72% 

yield.  

2.4: Synthesis of repeating disaccharide and selective deprotections 
 With all of the necessary monosaccharides in hand, we were able to begin the synthesis 

of disaccharide 2.05. Using the optimized conditions from previous work,12 two equivalents of 

excess donor, tosyl chloride, and a 30 minute activation time were used as a starting point 

Table 2.1: Optimization of the synthesis of disaccharide 2.05 
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(Table 2.1, entry 1). We were thrilled to see that the glycosylation proceeded with complete 

selectivity for the ̡ -glycoside, albeit with a moderate 55% yield. Initial attempts at optimization 

looked at altering the activation time. We found that extended the activation time up to 180 

minutes did not lead to improvement of the yield, while shortening the activation time to 15 

minutes provided a very mild increase in yield to 59% (entries 2-4). Further optimization found 

that the more economical di-tert-butylmethylpyridine (DTBMP) could be used as a substitute 

for TTBP, and that reducing the equivalents of excess donor from 2:1 to 1.5:1 did not reduce 

the yield or selectivity of the glycosylation (entries 5-8), making the coupling more amenable to 

being run on larger scale. Additional optimization by further varying the pyridimidine additive 

was attempted, but did not lead to increase in yield. Upon increasing to a gram-scale reaction 

(entry 12) we found that lengthening the activation time was necessary to maintain high level 

of selectivity for the ̡-glycoside, which was albeit slightly reduced. While the yield of the 

coupling remained moderate, we decided that it was sufficient to continue forward with the 

synthesis.  

Scheme 2.5: Selective deprotection of 2.05 to yield donor 2.19 and acceptor 2.20 
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To prepare the necessary disaccharide donor and acceptor, we employed selective 

deprotections (Scheme 2.5). The naphthylmethyl ether was selectively removed by oxidative 

cleavage with DDQ and ̡ -pinene as a proton scavanger,27,28 affording acceptor disaccharide 

2.19 in 79% yield. Selective removal of the anomeric PMP group was performed using ceric 

ammonium nitrate, yielding disaccharide donor 2.20 in 93% yield. With both of the necessary 

disaccharide donors and acceptors in hand, we proceeded to the synthesis of the penultimate 

tetrasaccharide. 

2.5: Synthesis of tetrasaccharide 
 With both the desired disaccharide donor and disaccharide acceptor in hand we 

proceeded to the synthesis of tetrasaccharide 2.04. Our initial approach was to use chemistry 

developed in our lab for h-selective glycosylation using a bis-aryl-cyclopropeneone promoter 

activated by oxalyl bromide.7ς9 Unfortunately, the reaction conditions led to complete 

degradation of the starting materials. However, concurrent work in our lab had noted that the 

trideoxy sugar amecitose (2,3,6-trideoxy glucose) underwent h -selective glycosylation when 

promoted by 2,4,6-triisopropylbenzenesulfonyl chloride (TrisylCl), provided an acetate 

protecting group was employed at the C4 position.12 We reasoned that, due to the structural 

similarity of amecitose and rhodinose, this chemistry could be amenable to facilitate the 

coupling of 2.19 and 2.20.  

 Attempts to couple 2.19 and 2.20 using trisyl chloride afforded the desired 

tetrasaccharide in 65% yield, but as an inseparable 4:1 (a:b) mixture of isomers (Table 2.2, 

entry 1). Although not the coupling was not completely -hselective, we were extremely pleased 

with the observed selectivity. Using tosyl chloride as a promoter led to a complete loss of 
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selectivity (entry 2). Both shortening and extending the activation time led to losses in 

selectivity (entries 3-4). Ultimately maintaining the reaction at-78 °C, using freshly recrystallized 

trisyl chloride, and substituting DTBMP in place of TTBP led to a slight increase in selectivity to 

5:1 (Ŭ:ɓ) accompanied by a small decrease in yield (entry 6).  

To obtain complete h -selectivity with amecitose donors, the acetate protecting group 

was necessary. When nathylmethyl ether-protected amecitose was used as a donor, moderate 

-̡selectivity was observed. These new results with rhodinose suggested that -hselectivity could 

be achieved with rhodinose irrespective of arming vs disarming protecting groups.29  As such, 

we wanted to take a closer look at this coupling.  

Table 2.2: Optimization of synthesis of tetrasaccharide 2.04 
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2.6: Studies on L-rhodinose  
 In earlier works from our group, selective -hglycosylation with the 2,3,6,-trideoxy 

amecitose donor was only seen when an acetate protecting group was applied at the C4 

position.12,30 When a naphthylmethyl ether was used as the protecting group at the C4 position, 

the ̡ -selectivity was attenuated (5:1 ̡: )h when trisyl chloride was used as a promoter, though 

still heavily biased to the ̡-glycoside. Given this observation, we were surprised to find that the 

coupling to the tetrasaccharide proceeded with high levels of -hselectivity despite the lack of 

ester protecting group on the rhodinose hemiacetal donor. To explore this further, we studied 

the behavior of different rhodinose donors under the trisyl chloride promoter system.  

 Using acetate protected rhodinose 2.03, when coupled to PMP as an acceptor we 

observed complete selectivity for the h-glycoside (Table 2.3, entry 1). Similarly, when the same 

acetate protected donor 2.03 was glycosylated to disaccharide acceptor 2.19, we again 

Table 2.3: Studies on the influence of protecting group on selectivity with rhodinose donors 
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observed complete selectivity for the h-glycoside (Table 2.3, entry 2). When a naphthylmethyl 

ether protected rhodinose 2.21 was glycosylated to acceptor 2.19 we observed slightly reduced 

selectivity for the h -glycoside, comparable to what was seen in the synthesis of tetrasaccharide 

2.04 (table 2.3, entries 3-4). These results indicated that while the acetate protecting group had 

been essential for h-selectivity with amecitose, and was still necessary for complete selectivity 

for the h -glycoside of rhodinose, the change in configuration to the axial C4 group introduced 
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an inherent bias that favored the synthesis of the -hproduct, regardless of the protecting group 

employed. In hindsight, the role of this protecting group is not surprising, as the 4-O- acyl 

groups has been previously demonstrated to be Ŭ-directing with both galactose31ς33 and 

fucose34ς36 glycosyl donors.   

2.7: Synthesis of pentasaccharide and global deprotection 
 With a route to tetrasaccharide 2.04h ,̡ we proceeded to the final coupling. Firstly, the 

naphthylmethyl ether on tetrasaccharide 2.04 was selectively removed by oxidative cleavage 

with DDQ.27 Following removal of the protecting group, we fortunately found the anomers to 

be readily separable, allowing for the isolation of the desired tetrasaccharide 2.25 (Scheme 

2.6). 

Scheme 2.6: Selective deprotection of 2.04h̡ and isolation of 2.25h  
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 With acceptor 2.25 in hand, we were able to proceed to the final glycosylation. To this 

end, a trisyl chloride promoted glycosylation between 4-O-acetate rhodinose donor 2.03 and 

tetrasaccharide acceptor 2.25h  afforded pentasaccharide 2.26 in 66% yield as a single a-

isomer. Removal of the benzyl groups using Raney nickel afforded the corresponding diol 2.27 

in 60% yield.37,38 Finally, removal of the acetate protecting group with potassium carbonate in 

methanol proceeded in quantitatively yield to afford 2.02 (Scheme 2.7). Overall, we obtained 

the pentasaccharide in 2.5% total yield with 25 total steps and a longest linear sequence of 15 

steps. 

Scheme 2.7: Final glycosylation and global deprotection 
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2.8: Conclusions 
Lƴ ŎƻƴŎƭǳǎƛƻƴΣ ǿŜ ƘŀǾŜ ŎƻƳǇƭŜǘŜŘ ǘƘŜ ŦƛǊǎǘ ǎȅƴǘƘŜǎƛǎ ƻŦ ǘƘŜ ǇŜƴǘŀǎŀŎŎƘŀǊƛŘŜ ŦǊŀƎƳŜƴǘ ƻŦ 

ǎŀǉǳŀȅŀƳȅŎƛƴ ½ ǘƘǊƻǳƎƘ ŀ ώнҌнҌмϐ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǊƻǳǘŜΦ  .ȅ ǘŀƪƛƴƎ ŀŘǾŀƴǘŀƎŜ ƻŦ ƻǳǊ ǇǊŜǾƛƻǳǎƭȅ 

ǊŜǇƻǊǘŜŘ ¢ǎ/ƭπƳŜŘƛŀǘŜŘ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ŎƘŜƳƛǎǘǊƛŜǎΣ ǿŜ ǿŜǊŜ ŀōƭŜ ǘƻ ƛƴǎǘŀƭƭ ǘƘŜ ǊŜǉǳƛǎƛǘŜ ƻƭƛǾƻǎŜ 

ƳƻƛŜǘƛŜǎ ƛƴ ƎƻƻŘ ȅƛŜƭŘ ŀƴŘ ǎŜƭŜŎǘƛǾƛǘȅΦ  CǳǊǘƘŜǊƳƻǊŜΣ ǿŜ ŦƻǳƴŘ ǘƘŀǘ ¢Ǌƛǎȅƭ ŎƘƭƻǊƛŘŜ Ŏŀƴ ŜŦŦŜŎǘƛǾŜƭȅ 

ŀŎǘƛǾŀǘŜ ǊƘƻŘƛƴƻǎŜ ŘƻƴƻǊǎ ŦƻǊ ǎǘŜǊŜƻǎŜƭŜŎǘƛǾŜ πhƎƭȅŎƻǎȅƭŀǘƛƻƴΣ ŀƭǘƘƻǳƎƘ ǘƘŜ ǎŜƭŜŎǘƛǾƛǘȅ ƻŦ ǘƘŜ 

ǊŜŀŎǘƛƻƴ ǿŀǎ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇ ƻƴ ǘƘŜ ŀȄƛŀƭ /πп ŀƭŎƻƘƻƭΦ  ¢ŀƪŜƴ 

ǘƻƎŜǘƘŜǊΣ ǘƘŜǎŜ ǎǘǳŘƛŜǎ ŀǊŜ ƘŜƭǇƛƴƎ ǳǎ ǘƻ ŜǎǘŀōƭƛǎƘ ƎǳƛŘŜƭƛƴŜǎ ŦƻǊ ǘƘŜ ŎƻƴǎǘǊǳŎǘƛƻƴ ƻŦ ŘŜƻȄȅπǎǳƎŀǊ 

ƻƭƛƎƻǎŀŎŎƘŀǊƛŘŜǎΦ  ¦ƭǘƛƳŀǘŜƭȅΣ ǿŜ ŀƴǘƛŎƛǇŀǘŜ ǘƘŀǘ ǎǳŎƘ ƎǳƛŘŜƭƛƴŜǎ ǿƛƭƭ ǇŜǊƳƛǘ ǘƘŜ ŜŦŦƛŎƛŜƴǘ ŀƴŘ 

ǊƻǳǘƛƴŜ ŎƻƴǎǘǊǳŎǘƛƻƴ ƻŦ ǘƘŜǎŜ ƳƻƭŜŎǳƭŜǎΦ 

2.9: Material and Experimental Methods 

2.9.1 Recrystallization of sulfonyl chlorides: 
Recrystallization of tosyl chloride 

A solution of tosyl chloride (50g) in diethyl ether (400 mL) was washed twice with aqueous 2M 

NaOH (2 x100 mL), then dried over Na2SO4, and filtered. The receiving flask was covered with 

parafilm and placed in a crystalizing dish. The crystalizing dish was packed with powdered dry 

ice, and the flask left there for at least 4 h, refreshing dry ice as needed. The resulting colorless 

crystals were filtered then placed under vacuum overnight. The recrystallized material should 

be stored in the dark in a sealed container that had been purged with argon. 

 

Recrystallization of trisyl chloride 

Trisyl chloride (5g) was dissolved in 20 mL of anhydrous pentane by heating, then allowed to 

cool to room temperature and left to crystalize for at least three hours. The resulting crystals 
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were filtered and dried undere vacuum overnight. The recrystallized material should be stored 

in the dark in a sealed container that had been purged with argon. 

 
 
 

2.9.2: Experimental Procedures 
Synthesis of D-rhamnal 39 

 
 
 Synthesis of D-rhamnal was adapted from a procedure by Tanaka et al.39 Tri-O-acetyl-D-

glucal 2.08 (40.0 g, 146 mmol) was dissolved in 120 mL methanol. Sodium methoxide (3.28 g, 

44.1 mmol) was added as a solid and the reaction was stirred at room temperature. After 30 

minutes, the solvent was removed under reduced pressure to afford a thick syrup. The crude 

was purified by flash chromatography (5% to 30% methanol:dichloromethane) and dried on 

high vacuum overnight while stirring to afford D-glucal 2.28 (20.1 g, 95%) as a white solid.  

 The resulting D-glucal was dissolved in pyridine (452 mL) with DMAP (0.840 g, 6.85 

mmol) and cooled to 0 °C. Recrystallized tosyl chloride was added as a solid and the reaction 

was stirred 0 °C to rt. After three hours, the reaction was again cooled to 0 °C and acetic 

anhydride (77 mL, 850 mmol) was added in four portions. The reaction was stirred 0 °C to rt. 

After two hours, the reaction was quenched by pouring over saturate sodium bicarbonate (~1 
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L). After gas evolution ceased, the solution was extracted with ethyl acetate (5 x 300 mL). The 

combined organic layers were washed with 1M hydrochloric acid (1 x 750 mL), saturated 

sodium bicarbonate (1 x 500 mL), and brine (1 x 500 mL). The organic layer was then dried with 

sodium sulfate, filtered through cotton, and the solvent removed under reduced pressure.  

The resulting crude mixture of 2.29 was dissolved in DMF (500 mL) with sodium bromide 

(70.3 g, 683 mmol) and sodium bicarbonate (34.4 g, 410 mmol). While stirring vigorously, the 

reaction was heated to 65 °C under a reflux condenser. After 16 hours, the reaction was cooled 

to room temperature and poured over water (~750 mL). The mixture was extracted with ethyl 

acetate (5 x 300 mL) and the combined organic layers were washed with water (6 x 250 mL) 

then brine (2 x 250 mL). The organic layer was dried over sodium sulfate, filtered through 

cotton, and the solvent removed under reduced pressure.  

The resulting crude mixture of 2.30 was dissolved in 428 mL toluene with 

tris(trimethylsilyl)silane (27.2 g, 109 mmol) and AIBN (4.49 g, 27.4 mmol). The mixture was then 

stirred at 80 °C under a reflux condenser. After 20 hours the solvent was removed under 

reduced pressure and the crude mixture purified by flash chromatography (5% to 10% ethyl 

acetate: hexanes) to afford 3,4-di-O-acetyl-D-rhamnal 2.09 (17.75 g, 60.0%) as a slightly yellow 

oil. Spectroscopic data was in agreement with previously reported data.39 

 

1H NMR (500 MHz, Chloroform-dύ ʵ сΦпо όŘŘΣ J = 6.1, 1.5 Hz, 1H), 5.37 ς 5.31 (m, 1H), 5.03 (dd, J 

= 8.2, 6.1 Hz, 1H), 4.78 (dd, J = 6.1, 3.0 Hz, 1H), 4.11 (dq, J = 8.2, 6.6 Hz, 1H), 2.09 (s, 3H), 2.05 (s, 

3H), 1.31 (d, J = 6.6 Hz, 3H). 
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13C NMR (126 MHz, CDCl3ύ ʵ мтлΦтуΣ мтлΦлпΣ мпсΦмоΣ фуΦфоΣ тнΦсуΣ тнΦлмΣ суΦпсΣ нмΦнмΣ нмΦлоΣ 

16.70.  
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Synthesis of L-rhodinose Acceptor 2.06: 

 

 
 
 

 

 
 
 L-rhamnal (2.14) 3,4-di-O-acetyl-L-rhamnal (2.13) (10.00g, 46.74 mmol) was dissolved in 

77 mL MeOH. Sodium methoxide (758 mg, 14.0 mmol) was added as a solid and the solution 

was allowed to stir at room temperature. After one hour, the solvent was removed under 

reduced pressure. The resulting crude mixture was purified by flash chromatography (10% 

MeOH:CH2Cl2) to afford compound 2.14 as a white solid (6.1 g, quantitative yield).  1H and 13C 

NMR were in agreement with previously reported data.40  

 

1H NMR (500 MHz, Chloroform-dύ ʵ сΦон όŘd, J = 6.0, 1.8 Hz, 1H), 4.71 (dd, J = 6.0, 2.1 Hz, 1H), 

4.25 ς 4.18 (m, 1H), 3.86 (dq, J = 9.8, 6.3 Hz, 1H), 3.42 (ddd, J = 10.4, 7.3, 3.8 Hz, 1H), 3.08 ς 2.92 

(m, 1H), 2.60 ς 2.36 (m, 1H), 1.39 (d, J = 6.3 Hz, 3H). 
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13C NMR (126 MHz, CDCl3ύ ʵ мпрΦллΣ млн.81, 75.62, 74.59, 70.52, 17.30. 

 

 
 

 p-methoxyphenyl 2,3,6-trideoxy- -hL-erythro-hex-2-enepyranoside. Compound 2.15 

was prepared according to a procedure published by Sulikowski.23 A flame dried flask was 

charged with triphenylphosphine (13.6 g, 51.6 mmol) and p-methoxyphenol (6.99 g, 56.3 

mmol). 2.14 (6.08g, 46.7 mmol) was dissolved in dry dichloromethane (141mL) and transferred 

into the reaction flask via cannula. The solution was cooled to 0 °C and diethylazodicarboxylate 

(40% in toluene), (34.2 mL, 75.1 mmol) was added slowly by syringe in three batches over 10 

minutes. The reaction was stirred while warming from 0 °C to room temperature. After 20 

hours, the solvent was removed under reduced pressure. Diethyl ether was added slowly until a 

white precipitate formed. The solid was removed by gravity filtration through cotton and rinsed 

with diethyl ether The filtrate was concentrated under reduced pressure and the resulting 

crude mixture was purified by flash chromatography (40% diethylether:hexanes) to give 

compound 2.15 (7.66g, 70%, h-only) as a pale yellow oil. Spectroscopic data were in good 

agreement with published values.23  

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦлс ς 6.99 (m, 2H), 6.87 ς 6.80 (m, 2H), 6.06 (d, J = 10.0, 

1H), 5.91 (ddd, J = 10.1, 2.8, 2.0 Hz, 1H), 5.50 (dt, J = 2.7, 1.3 Hz, 1H), 3.96 ς 3.82 (m, 2H), 3.78 

(s, 3H), 1.48 (d, J = 8.0 Hz, 1H), 1.33 (d, J = 5.9 Hz, 3H). 
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13C NMR (126 MHz, Chloroform-dύ ʵ мррΦмнΣ мрмΦсоΣ мопΦнрΣ мнсΦопΣ ммуΦрпΣ ммпΦтпΣ фпΦмфΣ 

69.70, 68.96, 55.83, 18.10. 

 

 
 

 p-methoxyphenyl 2,3-dideoxy- -hL-threo-hex-2-enepyranoside Compound 2.15 (7.66 g, 

32.4 mmol), triphenylphosphine (13.61 g, 51.87 mmol), and p-nitrobenzoic acid (6.50 g, 38.9 

mmol) were dissolved in 98 mL dry THF and cooled to 0 °C. Diisopropylazodicarboxylate (10.21 

mL, 51.87 mmol) was added slowly over 15 minutes. The reaction was let to stir while warming 

from 0 °C to room temp. After 20 hours, the solvent was removed under reduced pressure. The 

resulting crude solid was suspended in diethyl ether and filtered through a large plug of silica 

gel, eluting with 50% diethyl ether:hexanes. The filtrate was concentrated under reduced 

pressure and the resulting crude solid was dissolved in 26 mL dichloromethane. The solution 

was treated with solid sodium methoxide (420 mg, 7.78 mmol), followed by a gradual addition 

of 78 mL methanol. The reaction was stirred at room temperature for 22 hours, then the 

solvent was removed under reduced pressure. The resulting crude was purified by flash 

chromatography (50% diethylether:hexanes) affording compound 2.16 as a white solid (5.16g, 

67%). Spectroscopic data was in good agreement with published values.23   

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦлт ς 7.00 (m, 2H), 6.87 ς 6.80 (m, 2H), 6.30 (dd, J = 9.9, 

5.6 Hz, 1H), 6.03 (dd, J = 9.9, 3.2 Hz, 1H), 5.53 (dd, J = 3.3, 1.0 Hz, 1H), 4.30 (qd, J = 6.6, 2.2 Hz, 

1H), 3.78 (s, 3H), 3.68 (ddd, J = 10.2, 5.6, 2.2 Hz, 1H), 1.61 ς 1.52 (m, 1H), 1.30 (d, J = 6.6 Hz, 3H). 
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13C NMR (126 MHz, Chloroform-dύ ʵ мррΦмрΣ мрмΦруΣ момΦмлΣ мнтΦтнΣ ммуΦруΣ ммпΦтрΣ фпΦпрΣ 

67.38, 63.96, 55.82, 16.19. 

 
 

 
 

 p-methoxyphenyl 2,3-dideoxy- -hL-fucopyranoside In a two-neck round bottom flask, 

rhodium on alumina (5% wt) (985 mg, 0.480 mmol) was suspended in 115 mL ethyl acetate and 

26 mL toluene. Compound 2.16 (11.3 g, 47.8 mmol) was dissolved in 115 mL ethyl acetate and 

added to the rhodium suspension. Hydrogen gas (balloon, 1 atm) was bubbled into the reaction 

at room temperature three times and the reaction was left to stir under hydrogen gas. 

Hydrogen was replenished as needed until reaction reached completion as determined by TLC 

(approx. 3 hours). The reaction was filtered through silica gel with ethyl acetate to remove 

rhodium (~1 L ethyl acetate). The solvent was then removed under reduced pressure. The 

resulting crude mixture was purified by flash chromatography (10% to 20% ethyl 

acetate:dichloromethane) to afford compound 2.06 as a white solid (8.36 g, 73%). 

Spectroscopic data is in good agreement with published spectroscopic data.22 

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦлп ς 6.97 (m, 2H), 6.86 ς 6.79 (m, 2H), 5.43 (d, J = 3.4 Hz, 

1H), 4.10 (qd, J = 6.6, 1.3 Hz, 1H), 3.77 (s, 3H), 3.68 ς 3.61 (m, 1H), 2.26 ς 2.15 (m, 1H), 2.15 ς 
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2.04 (m, 1H), 1.91 ς 1.83 (m, 1H), 1.87 ς 1.81 (m, 1H), 1.80 ς 1.72 (m, 1H), 1.15 (d, J = 6.6 Hz, 

3H). 

 

13C NMR (126 MHz, Chloroform-dύ ʵ мрпΦтнΣ мрмΦнуΣ ммтΦунΣ ммпΦтлΣ фс.63, 67.41, 67.07, 55.80, 

25.86, 23.75, 17.22. 

 
Synthesis of L-rhodinose Donor 2.21: 

 

 
 
 

 
 

 p-methoxyphenyl 2,3-dideoxy-4-O-(2-napthylmethyl)- -hL-fucopyranoside In a flame-

dried flask, sodium hydride (60% suspension in mineral oil) (147 mg, 3.67 mmol) and TBAI (78 

mg, 0.21 mmol) were suspended in 5 mL DMF and cooled to 0 °C. Compound 2.06 (500 mg, 

2.09 mmol) was dissolved in 2 mL DMF and transferred to the sodium hydride and allowed to 

stir at 0 °C for 15 minutes. NapBr (696 mg, 3.15 mmol) was dissolved in 2 mL DMF, added into 

the reaction and stirred 0 °C to rt. After 90 minutes, the reaction was quenched by adding 2 mL 

saturated ammonium chloride. The reaction was poured over 75 mL water and extracted with 

diethyl ether (3 x 75 mL). The combined organic layers were washed with 1 M lithium chloride 

(50 mL), dried over sodium sulfate, filtered through cotton and concentrated under reduced 
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pressure. The resulting crude mixture was purified by flash chromatography (5% to 10% Ethyl 

acetate:hexanes) giving the product 2.31 as a white solid (683 mg, 86% yield).  

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦус ς 7.78 (m, 4H), 7.55 ς 7.43 (m, 3H), 7.05 ς 6.96 (m, 

2H), 6.85 ς 6.78 (m, 2H), 5.49 (d, J = 3.3 Hz, 1H), 4.87 (d, J = 12.3 Hz, 1H), 4.64 (d, J = 12.3 Hz, 

1H), 4.05 (qd, J = 6.6, 1.6 Hz, 1H), 3.76 (s, 3H), 3.38 (s, 1H), 2.26 ς 2.14 (m, 1H), 2.10 ς 2.00 (m, 

2H), 1.77 ς 1.69 (m, 1H), 1.18 (d, J = 6.6 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мрпΦртΣ мрмΦпфΣ мосΦнтΣ мооΦофΣ мооΦмпΣ мнуΦнпΣ мнтΦффΣ мнтΦурΣ 

126.61, 126.23, 126.15, 125.97, 117.74, 114.68, 96.63, 73.47, 71.26, 67.42, 55.81, 24.34, 21.49, 

17.49. 

 

HRMS (TOF MS ES+): m/z calculated for C24H26O4Na (M+Na): 401.1729, found: 401.1724 (M + 

Na)   

 

[ ]h˂23 (c = 1.04, CH2Cl2): -28.43 ± 0.403 

 

m.p. = 102-103 °C 
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 2,3-dideoxy-4-O-(2-napthylmethyl)- /h -̡L-fucopyranoside Compound 2.31 (600 mg, 

1.58 mmol) was dissolved in 84 mL acetonitrile and 8.4 mL H2O. Ceric ammonium nitrate (CAN) 

(1.74 g, 3.17 mmol) was added as a solid and the reaction was stirred at room temperature for 

5 minutes. The reaction was poured over saturated sodium bicarbonate (100 mL) and extracted 

with dichlormethane (3 x 75 mL). The combined organic layers were washed with water (50 

mL), 10% sodium sulfite (50 mL) and brine (50 mL). The organic layers were dried over sodium 

sulfate, filtered through cotton, and concentrated under reduced pressure. The crude mixture 

was separated by flash chromatography (30% to 50% ethyl acetate:hexanes) to give compound 

2.21 as a white solid (405 mg, 94%, ʰΥʲ Ґ мΦоΥм). 

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦуу ς 7.74 (m, 7H), 7.55 ς 7.42 (m, 5H), 5.35 (s, 1H), 4.88 ς 

4.81 (m, 2H), 4.80 ς 4.72 (m, 1H), 4.65 ς 4.57 (m, 2H), 4.18 (qd, J = 6.6, 1.7 Hz, 1H), 3.65 (qd, J = 

6.4, 1.5 Hz, 1H), 3.34 (s, 1H), 3.26 ς 3.21 (m, 1H), 3.05 ς 3.02 (m, 1H), 2.21ς2.15 (m, 1H), 2.08 ς 

2.02 (m, 1H), 2.00 ς 1.85 (m, 2H), 1.80 ς 1.70 (m, 2H), 1.61 ς 1.47 (m, 3H), 1.29 (d, J = 6.4 Hz, 

2H), 1.21 (d, J = 6.6 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мосΦнлΣ мосΦлфΣ мооΦорΣ мооΦооΣ мооΦмоΣ мнфΦмуΣ мнуΦотΣ мнуΦнпΣ 

127.98, 127.85, 126.71, 126.25, 126.23, 126.20, 126.01, 125.98, 96.46, 91.91, 74.33, 73.46, 

72.38, 71.25, 71.13, 66.73, 28.02, 25.58, 24.21, 20.86, 17.61, 17.51. 

 

LRMS (TOF MS EI+): m/z calculated for C17H20O3 (M): 272.1, Found: 272.1, 254.1 (M-H2O) 
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HRMS (TOF MS ES+): m/z calculated for C17H20O3Na (M+Na): 295.1310 Found:295.1310  

 

[ ]h˂23 (c = 1.07, CH2Cl2): 1.37 ± 0.12 

 
 
 
Synthesis of L-rhodinose Donor 2.03: 

 

 
 

 
 

 Benzyl 2,3,6-trideoxy-4-O-acetyl- /h -̡L-erythro-hex-2-enepyranoside Di-O-acetyl-L-

rhamnal 2.13 (15 g, 70 mmol) and benzyl alcohol (10.9 mL, 105 mmol) were dissolved in 69 mL 

dry dichloromethane and cooled to 0 °C. Boron trifluoride diethyletherate (3.5 mL, 28 mmol) 

was added dropwise at 0 °C and the reaction was stirred at 0 °C. After 1 hour, the reaction was 

quenched with 60 mL of saturated sodium bicarbonate solution and left to sit until the color 

changed from blue to brown. The reaction was diluted over 150 mL saturate sodium 

bicarbonate and extracted with dichloromethane (4 x 125 mL). The combined dichloromethane 

layers were washed with saturated sodium bicarbonate (1 x 100 mL) and brine (1 x 100 mL). 
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The organic layer was dried over sodium sulfate, filtered through cotton, and concentrated 

under reduced pressure. The resulting crude was purified by flash chromatography (5% to 10% 

ethyl acetate:hexanes) to give compound 2.32 (12.59 g, 68% hΥʲ Ґ тΦмΥм) as a clear oil in good 

agreement with reported spectroscopic data.24 

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦпм ς 7.27 (m, 5H), 5.88 ς 5.80 (m, 2H), 5.10 ς 5.03 (m, 

2H), 4.78 (d, J = 11.9 Hz, 1H), 4.60 (d, J = 11.9 Hz, 1H), 4.01 (dq, J = 9.8, 6.5 Hz, 1H), 2.08 (s, 3H), 

1.19 (d, J = 6.2 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мтлΦсрΣ моуΦмсΣ мнфΦфрΣ мнуΦртΣ мнуΦмнΣ мнтΦфпΣ мнтΦусΣ фоΦурΣ 

71.11, 70.31, 65.12, 21.20, 18.03, 0.13. 

 

 
 

 Benzyl 2,3,6-trideoxy- /h -̡L-erythro-hex-2-enepyranoside Compound 2.32 (12.59 g, 

47.99 mmol) was dissolved in 78 mL methanol. Sodium methoxide (259 mg, 4.79 mmol) was 

added as a solid and the reaction was allowed to stir for 1 hour. The solvent was removed 

under reduced pressure and the resulting crude purified by flash chromatography (20% to 40% 

ethyl acetate:hexanes) affording compound 2.17 as a white solid (10.57g, quant., ʰΥʲ Ґ тΦмΥм) in 

good agreement with reported spectroscopic data.24 
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1H NMR (500 MHz, Chloroform-d) ɻ  тΦоф ς 7.27 (m, 5H), 5.94 (d, J = 10.2 Hz, 1H), 5.81 ς 5.74 (m, 

1H), 5.04 (s, 0H), 4.78 (d, J = 11.8 Hz, 1H), 4.59 (d, J = 11.9 Hz, 1H), 3.86 (tq, J = 8.5, 1.8 Hz, 1H), 

3.76 (dq, J = 8.9, 6.2 Hz, 1H), 1.36 (d, J = 8.4 Hz, 1H), 1.30 (d, J = 6.2 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ моуΦнмΣ мооΦртΣ мнуΦртΣ мнуΦмсΣ мнтΦурΣ мнсΦфсΣ фоΦтуΣ тлΦннΣ 

69.95, 68.33, 18.05. 

 

 
 

 Benzyl 2,3,6-trideoxy-4-O-acetyl- /h -̡L-threo-hex-2-enepyranoside A flame-dried round 

bottom flask was charged with triphenylphosphine (25.17 g, 95.97 mmol) and p-nitrobenzoic 

acid (9.62 g, 57.58 mmol). Compound 2.17 (10.57 g, 47.97 mmol) was dissolved in 

tetrahydrofuran (142 mL) and added to the reaction flask via cannula. The reaction was cooled 

to 0 °C and diethylazodicarboxylate (40% wt. in toluene, 43.7 mL, 96.0 mmol) was added at 0 °C 

in three additions over ten minutes and the reaction was stirred from 0 °C to rt.  After 18 hours, 

the reaction was quenched by pouring over saturated sodium bicarbonate (200 mL). The 

aqueous layer was extracted with diethyl ether (3 x 100 mL). The combined organic layers were 

concentrated under reduced pressure. Diethyl ether was added slowly to the concentrate until 

a solid precipitated out. The suspension was filtered through a cotton filter with diethyl ether 

and the filtrate was concentrated under reduced pressure. The crude concentrate was 

dissolved in 140 mL methanol and 40 mL dichloromethane. Sodium methoxide (540 mg, 9.59 

mmol) was added as a solid and the reaction was let to stir at room temperature. After 2 hours, 
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the solvent was removed under reduced pressure and the resulting crude was roughly purified 

by flash chromatography (20% to 60% ethyl acetate:hexanes) to remove the major byproducts 

and afford crude compound 2.23 was a yellow-white solid. The partially purified mixture was 

dissolved in dichlormethane (271 mL) with DMAP (2.17 g, 17.7 mmol) and cooled to 0 °C. 

Triethylamine (13.4 mL, 95.9 mmol) was added followed by acetic anhydride (9.0 mL, 95 mmol). 

The reaction was stirred 0 °C to room temp. After 2 hours, the solvent was removed under 

reduced pressure and the crude mixture was purified by flash chromatography (10% ethyl 

acetate:hexanes) affording compound 2.18 as a white solid (10.85 g, 86%) in good agreement 

with published spectroscopic data.41 

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦпл ς 7.27 (m, 5H), 6.09 (dd, J = 9.9, 5.4 Hz, 1H), 6.03 (dd, J 

= 10.0, 3.0 Hz, 1H), 5.13 (d, J = 3.0 Hz, 1H), 4.93 (dd, J = 5.4, 2.4 Hz, 1H), 4.77 (d, J = 11.8 Hz, 1H), 

4.62 (d, J = 11.9 Hz, 1H), 4.27 (qd, J = 6.6, 2.5 Hz, 1H), 2.10 (s, 3H), 1.19 (d, J = 6.6 Hz, 3H). 

 

13C NMR (126 MHz, Chloroform-dύ ʵ мтлΦулΣ моуΦлрΣ молΦрсΣ мнуΦслΣ мнуΦннΣ мнтΦфоΣ мнсΦнрΣ 

93.66, 70.16, 65.25, 64.95, 20.99, 16.09. 

 

 
 
 2,3-dideoxy-4-O-acetyl- /h -̡L-fucopyranoside In a two-neck round bottom flask, 

palladium on carbon (10% wt, 1.03 g, 0.870 mmol) was suspended in 55 mL ethyl acetate. 

Compound 2.18 (5.68 g, 21.6 mmol) was dissolved in 55 mL ethyl acetate and added to reaction 
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flask. Hydrogen gas (balloon, ~1 atm) was bubbled into the reaction three times and the 

reaction was stirred at room temperature under hydrogen. The hydrogen balloon was 

refreshed as needed until the starting material was seen to be consumed on TLC. The palladium 

on carbon was removed by filtering through a bed of silica with ethyl acetate (1 L). The filtrate 

was concentrated under reduced pressure and purified by flash chromatorgraphy (50% ethyl 

acetate:hexanes) to afford compound 2.03 as a clear oil (2.73 g, 72%, ʰΥʲ Ґ мΦнΥм) in good 

agreement with published spectroscopic data42  

 

1H NMR (500 MHz, Chloroform-dύ ʵ рΦос όǎΣ мIύΣ пΦус ς 4.79 (m, 2H), 4.76 (s, 1H), 4.28 (qd, J = 

6.6, 1.6 Hz, 1H), 3.80 ς 3.72 (m, 1H), 3.19 (dd, J = 6.6, 2.2 Hz, 1H), 2.70 (s, 1H), 2.19 ς 2.09 (m, 

7H), 2.08 ς 2.01 (m, 1H), 1.98 ς 1.88 (m, 1H), 1.88 ς 1.72 (m, 3H), 1.70 ς 1.57 (m, 2H), 1.21 (d, J 

= 6.5 Hz, 3H), 1.12 (d, J = 6.6 Hz, 3H). 

 

13C NMR (126 MHz, Chloroform-dύ ʵ мтлΦфп όн/ύΣ фсΦноΣ фмΦтуΣ тн.86, 69.61, 68.24, 65.11, 

27.67, 27.31, 24.22, 22.40, 21.24, 21.21, 17.32, 17.29. 
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Synthesis of D-olivose Donor 2.07: 

 

 
 

 

 
 

D-rhamnal Di-O-acetyl-D-rhamnal 2.09 (16.51g, 76.24) was dissolved in 124 mL MeOH. 

Sodium methoxide (2.06 g, 38.1 mmol) was added as a solid and the solution was allowed to 

stir at room temperature. After one hour, the solvent was removed under reduced pressure. 

The resulting crude mixture was purified by flash chromatography (10% MeOH:CH2Cl2) to afford 

compound 2.10 as a white solid (9.92 g, quantitative yield) with NMR spectra in good 

agreement with previously reported data.43  

 

1H NMR (500 MHz, Chloroform-dύ ʵ сΦоп όŘŘΣ J = 6.1, 1.8 Hz, 1H), 4.74 (dd, J = 6.0, 2.1 Hz, 1H), 

4.27 ς 4.20 (m, 1H), 3.90 (dq, J = 9.8, 6.3 Hz, 1H), 3.45 (ddd, J = 9.7, 7.3, 3.9 Hz, 1H), 2.51 ς 2.42 

(m, 1H), 1.98 ς 1.89 (m, 1H), 1.42 (d, J = 6.3 Hz, 3H). 
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13C NMR (126 MHz, CDCl3ύ ʵ мппΦупΣ млнΦсрΣ трΦснΣ тпΦплΣ тлΦотΣ мтΦмлΦ 

 
 
 

 
 
 3-O-(2-napthylmethyl)-D-rhamnal D-rhamnal 2.10 (9.93 g, 76.3 mmol) was suspended 

with dibutyltin oxide (20.89 g, 83.93 mmol) in 223 mL toluene in a flask fitted with Dean-Stark 

apparatus and heated in a 130 °C oil bath for 4 hours. After cooling to room temperature, the 

reaction was treated with NapBr (25.30 g, 114.4 mmol) and TBAI (5.64 g, 15.3 mmol), and the 

reaction was returned to the to the 130 °C oil bath.  After stirring for 18 hours, the reaction was 

cooled to room temperature and the solvent was removed under reduced pressure. The crude 

mixture was purified by flash chromatography (10% to 30% ethyl acetate:hexanes) to afford 

compound 2.11 as a yellow solid (16.42 g, 80%) with spectroscopic values in good agreement 

with published compound.21 

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦут ς 7.75 (m, 4H), 7.52 ς 7.44 (m, 3H), 6.36 (dd, J = 6.1, 

1.5 Hz, 1H), 4.90 ς 4.83 (m, 2H), 4.72 (d, J = 12.0 Hz, 1H), 4.10 (dt, J = 7.0, 1.9 Hz, 1H), 3.90 (dq, J 

= 9.4, 6.4 Hz, 1H), 3.65 (ddd, J = 9.3, 7.0, 3.7 Hz, 1H), 2.18 (d, J = 3.7 Hz, 1H), 1.39 (d, J = 6.4 Hz, 

3H). 
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13C NMR (126 MHz, Chloroform-dύ ʵ мпрΦмфΣ морΦфрΣ мооΦптΣ мооΦнлΣ мнуΦроΣ мнуΦлпΣ мнтΦууΣ 

126.71, 126.36, 126.13, 125.86, 99.90, 77.01, 74.63, 72.99, 70.82, 17.28. 

 
 

 
 

 4-O-benzyl-3-O-(2-napthylmethyl)-D-rhamnal In a flame dried flask, sodium hydride 

(60% in mineral oil) (3.70 g, 92.7 mmol) and TBAI (3.42 g, 9.26 mmol) were suspended in 162 

anhydrous DMF and cooled to 0 °C. Compound 2.11 was dissolved in 61 mL DMF and added 

into the sodium hydride solution via cannula and allowed to stir at 0 °C for 30 minutes. Benzyl 

bromide (11.9 g, 8.26 mL, 69.5 mmol) was added slowly and the reaction was allowed to stir 

while gradually warming from 0 °C to room temperature for 13 hours. The reaction was 

quenched by the addition of 20 mL saturated ammonium chloride. The reaction was diluted 

over 200 mL water and extracted with diethyl ether (3 x 150 mL). The combined ether layers 

were washed with water (3 x 150 mL), brine (1 x 150 mL), dried over sodium sulfate, filtered 

through cotton, and the solvent removed under reduced pressure. The crude mixture was 

purified by flash chromatography (5% to 10% ethyl acetate:hexanes) to afford compound 2.12 

as a white solid (16.4 g, 98%) in good agreement with published spectroscopic data.28 

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦур ς 7.76 (m, 4H), 7.50 ς 7.43 (m, 3H), 7.35 ς 7.26 (m, 

5H), 6.37 (dd, J = 6.2, 1.4 Hz, 1H), 4.91 (d, J = 11.1 Hz, 1H), 4.89 (dd, J = 6.0, 2.8 Hz, 1H), 4.83 (d, J 
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= 11.9 Hz, 1H), 4.76 ς 4.70 (m, 2H), 4.27 (ddd, J = 6.5, 2.5, 1.5 Hz, 1H), 3.96 (dq, J = 9.1, 6.4 Hz, 

1H), 3.52 (dd, J = 9.0, 6.5 Hz, 1H), 1.39 (d, J = 6.4 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мпрΦлмΣ моуΦптΣ 136.09, 133.47, 133.14, 128.55, 128.31, 128.08, 

128.04, 127.88, 127.84, 126.57, 126.24, 126.01, 125.99, 100.34, 79.79, 76.67, 74.24, 74.18, 

70.83, 17.65, 0.14. 

 

 
 
 2-deoxy-3-O-benzyl-4-O-(2-napthylmethyl)-ʰκʲ-D-rhamnopyranoside Compound 2.12 

(15.5 g, 43.0 mmol) and triphenylphosphine hydrobromide (2.95 g, 8.60 mmol) were dissolved 

in 177 mL THF and the reaction was allowed to stir at room temperature for 25 minutes. ID 

water (3.87 mL, 215 mmol) was added and the reaction was allowed to stir for 18 hours. The 

reaction was diluted over saturated sodium bicarbonate (200 mL) and extracted with ethyl 

acetate (3 x 175 mL). The combined organic layers were washed with brine, dried over sodium 

sulfate, filtered through cotton, and the solvent removed under reduced pressure. The crude 

mixture was purified by flash chromatography (20% to 40% ethyl acetate:hexanes). Compound 

2.07 ǿŀǎ ƛǎƻƭŀǘŜŘ ŀǎ ŀ ǿƘƛǘŜ ǎƻƭƛŘ όмоΦро ƎΣ уо҈Σ ʰΥʲ Ґ оΦмΥмύΦ {ǇŜŎǘǊƻǎŎƻǇƛŎ Řŀǘŀ ǿŀǎ ƛƴ ƎƻƻŘ 

agreement with previously reported values.28   

 

1H NMR (500 MHz, Chloroform-d) (h -ŀƴƻƳŜǊύΥ ʵ тΦур ς 7.72 (m, 4H), 7.50 ς 7.41 (m, 3H), 7.37 ς 

7.26 (m, 5H), 5.34 (s, 1H), 4.98 (d, J = 11.0 Hz, 1H), 4.86 ς 4.73 (m, 3H), 4.71 ς 4.66 (m, 1H), 4.07 
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(ddd, J = 11.4, 8.8, 5.0 Hz, 1H), 3.99 (dq, J = 9.5, 6.3 Hz, 1H), 3.17 (t, J = 9.2 Hz, 1H), 2.51 ς 2.46 

(m, 1H), 2.35 (ddd, J = 13.1, 5.0, 1.5 Hz, 1H), 1.76 ς 1.67 (m, 1H), 1.29 (d, J = 6.2 Hz, 3H). (̡-

ŀƴƻƳŜǊύΥ ʵ тΦут ς 7.71 (m, 4H), 7.53 ς 7.41 (m, 3H), 7.37 ς 7.26 (m, 5H), 4.88 ς 4.73 (m, 3H), 

4.69 (d, J = 10.9 Hz, 1H), 3.68 (ddd, J = 11.5, 8.5, 4.9 Hz, 1H), 3.40 (dq, J = 9.3, 6.2 Hz, 1H), 3.10 ς 

3.02 (m, 1H), 2.43 (m, 1H), 1.59 (m, 1H), 1.33 (d, J = 6.1 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ моуΦтсΣ моуΦрфΣ мосΦонΣ морΦфнΣ мооΦпфΣ мооΦппΣ мооΦмтΣ мооΦммΣ 

128.56, 128.52, 128.38, 128.26, 128.15, 128.09, 128.06, 128.04, 127.89, 127.85, 127.82, 127.78, 

126.59, 126.44, 126.28, 126.18, 126.07, 125.95, 125.95, 94.01, 92.19, 84.55, 83.64, 79.07, 

77.03, 75.38, 75.33, 72.06, 71.76, 71.69, 67.62, 38.62, 36.02, 18.40, 18.38. 

 
  



73 
 

Synthesis of disaccharides 2.05, 2.19, 2.20: 

 
 
 

 
 

 p-methoxyphenyl 2,3-dideoxy-4-O-(2-deoxy-3-O-(2-napthylmethyl)-4-O-benzyl- -̡D-

rhamnopyranosyl)- -hL-fucopyranoside Compound 2.07 (1.19 g, 3.15 mmol) and DTBMP (646 

mg, 3.15 mmol) were dissolved in 21.1 mL THF and cooled to -78 °C. After fifteen minutes, 

KHMDS (1M in THF) (3.2 mL, 3.2 mmol) was added dropwise and the reaction was allowed to 

stir at -78 °C for fifteen minutes. Tosyl chloride (600 mg, 3.15 mmol) dissolved in 7.3 mL THF 

was added slowly to the reaction, which was then allowed to stir for 30 minutes. In a separate 

flask, compound 2.06 (500 mg, 2.10 mmol) was dissolved in 5.8 mL THF and cooled to -78 °C. 

KHMDS (1M in THF) (2.1 mL, 2.1 mmol) was added dropwise and the reaction was stirred for 15 

minutes. Compound 2.06 was then transferred via syringe and added dropwise to the primary 

reaction vessel. The reaction was then stirred for 4 hours while slowly warming to room 

temperature. The reaction was quenched with 2 mL of saturated ammonium chloride and 

poured over 150 mL water. The water was extracted with diethyl ether (3 x 100 mL) and the 

combined ether layers washed with water (1 x 100 mL). The organic layer was dried with 

sodium sulfate, filtered through cotton, and concentrated under reduced pressure. The 

resulting crude was purified by flash chromatography (10% ethyl acetate:hexanes) to afford 

compound 2.05 as a white foam.  
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1H NMR (500 MHz, Chloroform-dύ ʵ тΦур ς 7.74 (m, 4H), 7.50 ς 7.43 (m, 3H), 7.37 ς 7.26 (m, 

5H), 7.04 ς 6.97 (m, 2H), 6.85 ς 6.78 (m, 2H), 5.47 (d, J = 3.0 Hz, 1H), 4.99 (d, J = 10.9 Hz, 1H), 

4.86 (d, J = 11.9 Hz, 1H), 4.75 (d, J = 11.8 Hz, 1H), 4.69 (d, J = 10.9 Hz, 1H), 4.45 (dd, J = 9.8, 1.9 

Hz, 1H), 4.04 ς 3.97 (m, 1H), 3.77 (s, 3H), 3.67 (ddd, J = 11.7, 8.6, 5.1 Hz, 1H), 3.53 (s, 1H), 3.32 

(dq, J = 9.2, 6.4 Hz, 1H), 3.18 (t, J = 8.9 Hz, 1H), 2.48 (ddd, J = 12.8, 5.2, 2.1 Hz, 1H), 2.24 ς 2.14 

(m, 1H), 2.14 ς 2.04 (m, 2H), 1.83 ς 1.73 (m, 1H), 1.73 ς 1.68 (m, 1H), 1.33 (d, J = 6.1 Hz, 3H), 

1.11 (d, J = 6.6 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мрпΦрнΣ мрмΦпфΣ моуΦссΣ мосΦлрΣ мооΦппΣ мооΦмоΣ мнуΦрпΣ мнуΦооΣ 

128.24, 128.03, 127.86, 127.83, 126.51, 126.23, 126.00, 125.95, 117.66, 114.66, 101.61, 96.64, 

83.75, 79.47, 76.13, 75.40, 71.50, 71.46, 66.94, 55.81, 37.23, 24.94, 24.61, 18.40, 17.38. 

 

LRMS (ESI, pos. ion): m/z calculated for C37H42O7Na (M+Na) 621.28, found: 621.55  

 

HRMS (TOF MS ES+): m/z calculated for C37H42O7Na (M+Na) 621.2828, found: 621.2838 

 

[ ]h˂23 = -41.0802 (c = 1.08, CH2Cl2) 
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 p-Methoxyphenyl 2,3-dideoxy-4-O-(2-deoxy-4-O-benzyl- -̡D-rhamnopyranosyl)- -hL-

fucopyranoside Compound 2.05 (747 mg, 1.25 mmol) and beta-pinene (0.66 mL, 4.2 mmol) 

were dissolved in 120 mL dichloromethane and 6 mL water. DDQ (566 mg, 2.49 mmol) was 

added as a solid and the reaction was stirred at room temperature. After 90 minutes, the 

reaction was diluted in 150 mL dichloromethane and washed with 2M sodium hydroxide (2 x 

200 mL). The aqueous washings were back-extracted with dichloromethane (1 x 150 mL). The 

combined organic layers were washed with saturated sodium bicarbonate (1 x 150 mL) 

followed by water (1 x 150 mL). The organic layer was dried with sodium sulfate, filtered 

through cotton, and concentrated under reduced pressure. The crude was purified by flash 

chromatography (25% to 30% ethyl acetate:hexanes) to afford compound 2.19 as an off-white 

solid.  

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦпм ς 7.28 (m, 5H), 7.04 ς 6.97 (m, 2H), 6.86 ς 6.78 (m, 

2H), 5.47 (d, J = 2.9 Hz, 1H), 4.78 (d, J = 11.4 Hz, 1H), 4.71 (d, J = 11.3 Hz, 1H), 4.51 (dd, J = 9.6, 

2.0 Hz, 1H), 4.01 (qd, J = 6.6, 1.5 Hz, 1H), 3.77 (s, 3H), 3.70 (dddd, J = 11.8, 8.6, 5.1, 3.4 Hz, 1H), 

3.54 (d, J = 3.5 Hz, 1H), 3.32 (dq, J = 9.2, 6.2 Hz, 1H), 3.02 (t, J = 8.9 Hz, 1H), 2.29 (ddd, J = 12.6, 

5.1, 2.0 Hz, 1H), 2.24 ς 2.03 (m, 4H), 1.79 ς 1.71 (m, 1H), 1.74 ς 1.67 (m, 1H), 1.37 (d, J = 6.2 Hz, 

3H), 1.12 (d, J = 6.5 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мрпΦрнΣ мрмΦпуΣ моуΦосΣ мнуΦунΣ мнуΦнпΣ мнуΦмоΣ ммтΦспΣ ммпΦссΣ 

101.70, 96.60, 85.96, 76.26, 75.27, 71.54, 71.35, 66.92, 55.81, 39.12, 24.91, 24.59, 18.52, 17.29. 
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LRMS (ESI, pos. ion): m/z calculated for C26H34O7Na (M+Na): 481.22, Found: 481.22 

 

HRMS (TOF Es+):  m/z calculated for C26H34O7Na (M+Na): 481.2202 Found: 481.2207 

 

[ ]h˂23 = -20.68 (c = 1.37, CH2Cl2) 

 

Mp: 133-134 °C 

 

 
 
 2,3-dideoxy-4-O-(2,6-dideoxy-3-O-(2-napthylmethyl)-4-O-benzyl- -̡D-glucopyranosyl)-

L-fucopyranoside Compound 2.05 (200 mg, 0.334 mmol) was dissolved in 17.7 mL acetonitrile 

and 1.8 mL water. Ceric ammonium nitrate (366 mg, 0.668 mmol) was added as a solid and the 

reaction was let to stir at room temperature. After five minutes, the reaction was neutralized 

by pouring over 100 mL saturated sodium bicarbonate. The mixture was extracted with 

dichloromethane (4 x 60 mL). The organic layer was washed with water (1 x 50 mL), 10% 

sodium sulfite (1 x 20 mL), and brine (1 x 50 mL). The organic layer was dried with sodium 

sulfate, filtered through cotton, and concentrated under reduced pressure. The crude was 

purified by flash chromatography (10% to 40% ethyl acetate:hexanes) to afford compound 2.20 

was a white foam (153 mg, 93%, ʰΥʲ Ґ мΦоΥмύ.    
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1H NMR (500 MHz, Chloroform-d) ɻ  тΦус ς 7.73 (m, 8H), 7.46 (m 6H), 7.37 ς 7.27 (m, 10H), 5.32 

(s, 1H), 4.98 (d, J = 10.9 Hz, 2H), 4.85 (d, J = 11.8 Hz, 2H), 4.78 ς 4.65 (m, 5H), 4.46 ς 4.39 (m, 

2H), 4.17 ς 4.09 (m, 1H), 3.71 ς 3.58 (m, 3H), 3.50 (s, 1H), 3.39 (s, 1H), 3.35 ς 3.26 (m, 2H), 3.21 

ς 3.14 (m, 2H), 2.77 (d, J = 7.8 Hz, 1H), 2.50 ς 2.39 (m, 3H), 2.26 ς 2.18 (m, 1H), 2.15 ς 1.94 (m, 

3H), 1.81 ς 1.69 (m, 4H), 1.69 ς 1.59 (m, 1H), 1.31 (dd, J = 6.2, 3.0 Hz, 6H), 1.23 (d, J = 6.4 Hz, 

3H), 1.15 (d, J = 6.6 Hz, 3H). 

 

13C NMR (126 MHz, Chloroform-dύ ʵ моуΦуо ς 138.61 (m), 133.48, 128.53, 128.33, 128.23, 

128.04, 127.84, 126.50, 126.23, 126.00, 125.95, 101.67, 101.54, 96.51, 91.99, 83.79, 83.76, 

79.51, 79.46, 76.26, 75.38, 74.96, 73.94, 71.50, 71.48, 66.30, 37.27, 37.22, 28.37, 24.60, 24.30, 

18.40, 17.48, 17.37. 

 

LRMS (ESI, pos. ion): 515.27 

 

HRMS (TOF ES+): m/z calculated for C30H36O6Na (M+Na): 515.2410, Found: 515.2415 

 

[ ]h˂23 (c = 0.78, CH2Cl2) = -20.14 

 

m.p.: 53-54 °C 
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Glycosylation with rhodinose donors: 

 

 
 
 p-methoxyphenyl 2,3-dideoxy-4-O-acetyl- -hL-fucopyranoside Compound 2.03 (584 mg, 

3.39 mmol) and TTBP (842 mg, 3.39 mmol) were dissolved in 26 mL THF and cooled to -78 °C. 

KHMDS (1M in THF, 3.39 mL, 3.39 mmol) was added slowly and the reaction was stirred at -78 

°C for 15 minutes. Trisyl chloride (1.03 g, 3.39 mmol) in 14 mL THF was added dropwise into the 

reaction and stirred at -78 °C for 30 minutes. Meanwhile in a separate flask, p-methoxyphenol 

(280 mg, 2.26 mmol) was dissolved in 8.6 mL THF and cooled to -78 °C. KHMDS (1M in THF, 2.26 

mL, 2.26 mmol) was added to the p-methoxyphenol and stirred at -78 °C for 15 minutes. The 

solution of p-methoxyphenol was added into the primary reaction vessel and the reaction was 

stirred while slowly warming to room temperature. After 5 hours, the reaction was quenched 

with 0.5 mL saturated ammonium chloride and poured over ~100 mL of water. The water was 

extracted with diethyl ether (3 x 100 mL) and the combined organic layers were washed with 

water (100 mL), dried over sodium sulfate, filtered through cotton, and the solvent removed 

under reduced pressure. The resulting crude mixture was purified by flash chromatography 

(ethyl acetate:hexanes 15%) to afford compound 2.22 as a while solid (398 mg, 63% yield) as a 

single h -anomer.  
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1H NMR (500 MHz, Chloroform-dύ ʵ тΦлп ς 6.96 (m, 2H), 6.86 ς 6.79 (m, 2H), 5.49 (d, J = 3.3 Hz, 

1H), 4.88 (s, 1H), 4.14 (qd, J = 6.6, 1.6 Hz, 1H), 3.77 (s, 3H), 2.31 ς 2.20 (m, 1H), 2.15 (s, 3H), 2.12 

ς 2.01 (m, 1H), 1.94 ς 1.86 (m, 1H), 1.82 ς 1.74 (m, 1H), 1.09 (d, J = 6.6 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мтлΦфоΣ мрпΦтнΣ мрмΦннΣ ммтΦспΣ ммпΦтоΣ фсΦооΣ сфΦптΣ срΦуфΣ ррΦумΣ 

24.41, 23.03, 21.24, 17.20. 

 

HRMS (TOF ES+): m/z calculated for C15H20O5Na (M+Na): 303.1208, Found: 303.1203 

 

m.p.: 92-93 °C  

 

[ ]h˂23 (c = 0.95, CH2Cl2) = -35.89 

 

 
 

 p-methoxyphenyl 2,3-dideoxy-4-O-(2-deoxy-3-O-(2,3-dideoxy-4-O-acetyl- -hL-

fucopyranosyl)-4-O-benzyl- -̡D-rhamnopyranosyl)- -hL-fucopyranoside Compound 2.03 (389 

mg, 2.23 mmol) and TTBP (555 mg, 2.23 mmol) were dissolved in 20.1 mL THF and cooled to -78 

°C. KHMDS (1M in THF, 2.2 mL, 2.2 mmol) was added slowly and the reaction was stirred at -78 

°C for 15 minutes. Trisyl chloride (676 mg, 2.23 mmol) was dissolved in 5.6 mL THF and added 
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slowly into the reaction which was stirred at -78 °C for 30 minutes. Meanwhile, compound 2.19 

(512 mg, 1.11 mmol) was dissolved in 4.3 mL THF and cooled to -78 °C. KHMDS (1M in THF, 1.1 

mL, 1.1 mmol) was added slowly and the reaction was stirred at -78 °C for fifteen minutes. 

Compound 2.19 was then added into the primary reaction vessel and allowed to stir while 

gradually warming from -78°C to room temperature. After 4 hours, the reaction was quenched 

with 1.5 mL saturated ammonium chloride and poured over water (100 mL). The mixture was 

extracted with diethyl ether (3 x 75 mL) and the combined organic layers were washed with 

water (100 mL), dried over sodium sulfate, filtered through cotton, and the solvent removed 

under reduced pressure. The crude mixture was purified by flash chromatography (20% to 30% 

ethyl acetate: hexanes) to afford compound 2.23 ŀǎ ŀ ǿƘƛǘŜ ŦƻŀƳ ŀǎ ŀ ǎƛƴƎƭŜ ʰ-anomer (366 mg, 

59%).  

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦоу ς 7.27 (m, 5H), 7.04 ς 6.97 (m, 2H), 6.85 ς 6.78 (m, 

2H), 5.46 (s, 1H), 5.05 (s, 1H), 4.86 (d, J = 11.0 Hz, 1H), 4.70 (d, J = 11.0 Hz, 1H), 4.63 (s, 1H), 4.49 

(dd, J = 9.7, 2.0 Hz, 1H), 4.07 (q, J = 6.4 Hz, 1H), 4.01 (q, J = 6.6 Hz, 1H), 3.85 (ddd, J = 11.5, 8.9, 

4.9 Hz, 1H), 3.77 (s, 3H), 3.54 (s, 1H), 3.36 (dq, J = 9.2, 6.2 Hz, 1H), 3.12 (t, J = 9.1 Hz, 1H), 2.47 

(ddd, J = 12.6, 5.1, 1.9 Hz, 1H), 2.26 ς 1.91 (m, 8H), 1.85 ς 1.77 (m, 1H), 1.75 ς 1.68 (m, 1H), 1.64 

ς 1.50 (m, 2H), 1.33 (d, J = 6.2 Hz, 3H), 1.11 (d, J = 6.5 Hz, 3H), 0.97 (d, J = 6.5 Hz, 3H). 

 

13C NMR (126 MHz, Chloroform-dύ ʵ мтлΦфпΣ мрпΦроΣ мрмΦпуΣ моуΦофΣ мнуΦрфΣ мнтΦфрΣ мнтΦтсΣ 

117.66, 114.66, 101.57, 96.63, 91.80, 83.13, 76.26, 75.53, 73.18, 71.55, 69.54, 66.91, 64.95, 

55.79, 35.67, 24.92, 24.60, 24.10, 23.15, 21.22, 18.39, 17.36, 17.05. 
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LRMS (ESI, pos. ion): m/z calculated for C34H46O10Na (M+Na): 637.30, Found: 637.37 

 

HRMS (TOF ES+): m/z calculated for C34H46O10Na (M+Na): 637.2989, Found: 637.2997 

 

M.p.: 59-60 °C  

 

[ ]h˂23: (c = 1.34, CH2Cl2): -46.77 

 
 

 

 
 

 p-methoxyphenyl 2,3-dideoxy-4-O-(2-deoxy-3-O-(2,3-dideoxy-4-O-(2-napthylmethyl)-

ʰκʲ-L-fucopyranosyl)-4-O-benzyl- -̡D-rhamnopyranosyl)- -hL-fucopyranoside Compound 2.21 

(59.4 mg, 0.218 mmol) and TTBP (54.2 mg, 0.218 mmol) were dissolved in 1.96 mL THF and 

cooled to -78 °C. KHMDS (1 M in THF) (0.22 mL, 0.22 mmol) was added dropwise and stirred at -

78 °C for 15 minutes. Trisyl chloride (66 mg, 0.22 mmol) was dissolved in 0.55 mL THF and 

added dropwise to the reaction, which was stirred for 1 hour at -78 °C. Meanwhile, compound 

2.19 (50 mg, 0.11 mol) was dissolved in 0.55 mL THF and cooled to -78 °C. KHMDS (1M in THF, 

0.11 mL, 0.11 mmol) was added dropwise and the reaction was stirred at -78 °C for 15 minutes. 
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The solution of 2.19 was added dropwise into 2.21 and the reaction was stirred at -78 °C for 2.5 

hours. The reaction was quenched by the addition of ~0.5 mL saturated ammonium chloride. 

The reaction was then poured over ~25 mL water and extracted with diethyl ether (3 x 25 mL). 

The combined organic layers were washed with water (30 mL), dried over sodium sulfate, 

filtered through cotton, and the solvent removed under reduced pressure. The crude mixture 

was purified by flash chromatography (20% to 60% ethyl acetate:hexanes) affording 

compounds 2.24h  and 2.24̡  as white foams (36 mg, hΥʲ Ґ рΥмύ.  

 
 

 
 

p-methoxyphenyl 2,3-dideoxy-4-O-(2-deoxy-3-O-(2,3-dideoxy-4-O-(2-napthylmethyl)- -hL-

fucopyranosyl)-4-O-benzyl- -̡D-rhamnopyranosyl)- -hL-fucopyranoside 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦфм ς 7.71 (m, 4H), 7.55 ς 7.42 (m, 3H), 7.29 ς 7.23 (m, 

4H), 7.23 ς 7.15 (m, 1H), 7.03 ς 6.96 (m, 2H), 6.84 ς 6.77 (m, 2H), 5.45 (s, 1H), 5.06 (s, 1H), 4.87 

(d, J = 11.1 Hz, 1H), 4.81 (d, J = 12.3 Hz, 1H), 4.68 (d, J = 11.1 Hz, 1H), 4.57 (d, J = 12.3 Hz, 1H), 

4.48 (dd, J = 9.6, 2.1 Hz, 1H), 4.00 (q, J = 6.6 Hz, 2H), 3.91 ς 3.83 (m, 1H), 3.76 (s, 3H), 3.53 (s, 

1H), 3.34 (dq, J = 12.1, 6.4 Hz, 1H), 3.14 (s, 1H), 3.10 (t, J = 9.0 Hz, 1H), 2.47 (dd, J = 12.5, 4.8 Hz, 

1H), 2.24 ς 2.02 (m, 4H), 1.99 ς 1.92 (m, 1H), 1.88 ς 1.78 (m, 1H), 1.69 (d, J = 12.2 Hz, 1H), 1.62 

ς 1.46 (m, 2H), 1.29 (d, J = 6.2 Hz, 3H), 1.13 ς 1.06 (m, 6H). 
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13C NMR (126 MHz, CDCl3ύ ʵ мрпΦррΣ мрмΦрнΣ моуΦсмΣ мосΦомΣ мооΦоуΣ мооΦмнΣ мнуΦпоΣ мнуΦмфΣ 

127.98, 127.84, 127.80, 127.73, 126.55, 126.21, 126.12, 125.95, 117.69, 114.68, 101.62, 96.66, 

92.00, 83.12, 76.23, 75.35, 73.55, 73.07, 71.51, 71.19, 66.96, 66.49, 55.81, 35.76, 24.91, 24.62, 

24.07, 21.63, 18.40, 17.40, 14.35. 

 

LRMS (ESI, pos. ion): m/z calculated for C43H52O9Na (M+Na): 735.35, Found: 735.43 

 

HRMS (TOF MS ES+): m/z calculated for C43H52O9Na (M+Na): 735.3509, Found: 734.3494 

 

[ ]h˂23  (c = 3.72, CH2Cl2) = -33.78 

 
 

 
 

p-methoxyphenyl 2,3-dideoxy-4-O-(2-deoxy-3-O-(2,3-dideoxy-4-O-(2-napthylmethyl)- -̡L-

fucopyranosyl)-4-O-benzyl- -̡D-rhamnopyranosyl)- -hL-fucopyranoside 

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦфм ς 7.72 (m, 4H), 7.58 ς 7.42 (m, 3H), 7.40 ς 7.26 (m, 

5H), 7.03 ς 6.97 (m, 2H), 6.84 ς 6.77 (m, 2H), 5.46 (s, 1H), 4.86 ς 4.79 (m, 2H), 4.71 ς 4.63 (m, 

2H), 4.60 (d, J = 12.6 Hz, 1H), 4.46 (dd, J = 9.8, 2.0 Hz, 1H), 3.99 (q, J = 6.5 Hz, 1H), 3.76 (s, 4H), 

3.57 ς 3.49 (m, 2H), 3.34 ς 3.25 (m, 1H), 3.17 (s, 1H), 3.11 (t, J = 9.1 Hz, 1H), 2.48 (ddd, J = 13.1, 

5.0, 1.9 Hz, 1H), 2.26 ς 2.15 (m, 1H), 2.16 ς 2.06 (m, 3H), 1.93 ς 1.79 (m, 2H), 1.72 ς 1.65 (m, 
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1H), 1.62 ς 1.55 (m, 1H), 1.45 ς 1.34 (m, 1H), 1.30 (d, J = 6.1 Hz, 3H), 1.25 (d, J = 5.8 Hz, 3H), 

1.12 (d, J = 6.5 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мрпΦпфΣ мрмΦроΣ моуΦснΣ мосΦнуΣ мооΦонΣ мооΦмнΣ мнуΦрпΣ мнуΦмтΣ 

128.10, 127.96, 127.86, 127.83, 126.74, 126.32, 126.18, 125.94, 117.67, 114.65, 103.56, 101.81, 

96.66, 84.24, 79.56, 76.07, 75.31, 73.86, 72.29, 71.42, 71.08, 67.03, 55.80, 39.42, 26.46, 25.69, 

24.74, 24.55, 18.39, 17.62, 17.26. 

 

LRMS (ESI, pos. ion): m/z calculated for C43H52O9Na (M+Na): 735.35, Found: 735.41 

 

HRMS (TOF MS ES+): m/z calculated for C43H52O9Na (M+Na): 735.3509, Found: 735.3499 

 

[ ]h˂23 (c = 2.96, CH2Cl2) = -7.78 

 
  
 

 
 

 p-methoxyphenyl-2,3-dideoxy-4-O-(2-deoxy-3-O-(2,3-dideoxy-4-O-(2-deoxy-3-O-(2-

napthylmethyl)-4-O-benzyl- -̡D-rhamnopyranosyl)- /h -̡L-fucopyranosyl)-4-O-benzyl- -̡D-

rhamnpyranosyl)- -hL-fucopyranoside Compound 2.20 (107 mg, 0.218 mmol) and DTBMP (45 
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mg, 0.22 mmol) were dissolved in 1.9 mL THF and cooled to -78 °C. KHMDS (1M in THF, 0.22 

mL, 0.22 mmol) was added slowly and the reaction was stirred at -78 °C for 15 minutes. Trisyl 

chloride (66 mg, 0.22 mmol) was dissolved in 0.55 mL THF and added dropwise. The reaction 

was stirred at - 78°C for 1 hour. Meanwhile, compound 2.19 (50 mg, 0.11 mmol) was dissolved 

in 0.52 mL THF and cooled to -78 °C. KHMDS (1M in THF, 0.11 mL, 0.11 mmol) was added 

dropwise and the solution was stirred at -78 °C for 15 minutes. Compound 2.19 was then added 

into the primary reaction vessel and the reaction was stirred at -78 °C for 2 hours. The reaction 

was quenched with 0.5 mL saturated ammonium chloride and poured over water (30 mL). The 

mixture was extracted with diethyl ether (3 x 75 mL) and the combined organic extracts were 

washed with water (40 mL), dried with sodium sulfate, filtered through cotton, and the solvent 

removed under reduced pressure. The resulting crude was purified by flash chromatography 

(ethyl acetate: hexanes 20% to 60%) to afford compound нΦлпʰκʲ as a white foam as an 

inseparable mixture of anomers (54.4 mg, 54%, ʰΥʲ Ґ рΥм).  

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦур ς 7.72 (m, 4H), 7.50 ς 7.43 (m, 3H), 7.37 ς 7.25 (m, 

10H), 7.04 ς 6.97 (m, 2H), 6.85 ς 6.78 (m, 2H), 5.45 (s, 1H), 5.04 (d, J = 3.2 Hz, 1H), 5.01 ς 4.96 

(m, 1H), 4.90 (d, J = 11.2 Hz, 1H), 4.88 ς 4.81 (m, 1H), 4.74 (d, J = 11.9 Hz, 1H), 4.68 (dd, J = 11.1, 

2.0 Hz, 2H), 4.64 (dd, J = 11.2, 2.3 Hz, 1H), 4.50 ς 4.43 (m, 1H), 4.42 ς 4.34 (m, 1H), 4.04 ς 3.97 

(m, 1H), 3.98 ς 3.93 (m, 1H), 3.85 (ddd, J = 11.5, 8.9, 4.9 Hz, 1H), 3.77 (s, 4H), 3.69 ς 3.60 (m, 

1H), 3.55 ς 3.51 (m, 1H), 3.38 ς 3.23 (m, 4H), 3.17 (t, J = 8.9 Hz, 1H), 3.16 ς 3.06 (m, 1H), 2.51 ς 

2.39 (m, 3H), 2.24 ς 2.02 (m, 4H), 2.02 ς 1.88 (m, 1H), 1.80 ς 1.67 (m, 3H), 1.62 ς 1.51 (m, 1H), 
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1.51 ς 1.44 (m, 1H), 1.33 ς 1.27 (m, 6H), 1.19 (d, J = 6.4 Hz, 1H), 1.15 ς 1.08 (m, 4H), 1.03 (d, J = 

6.5 Hz, 3H). 

 

13C NMR (126 MHz, Chloroform-dύ ʵ мрмΦроΣ моуΦ70, 136.08, 133.46, 128.53, 128.48, 128.32, 

128.23, 128.03, 127.83, 127.76, 126.49, 126.22, 125.99, 125.95, 117.69, 114.69, 101.62, 96.67, 

92.06, 83.76, 83.06, 79.48, 76.26, 76.22, 75.38, 75.32, 73.15, 71.51, 71.48, 71.45, 66.97, 66.07, 

55.82, 37.19, 35.73, 25.08, 24.91, 24.62, 24.32, 18.40, 17.37, 17.30. 

 

LRMS (ESI, pos. ion): m/z calculated for C56H68O12Na (M+Na): 955.46, Found: 955.46 

 

HRMS (TOF MS ES+): m/z calculated for C56H68O12Na (M+Na): 955.4608, Found: 955.4606 
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Synthesis of Tetrasaccharide 2.25: 

 
 

 
 

 p-methoxyphenyl-2,3-dideoxy-4-O-(2-deoxy-3-O-(2,3-dideoxy-4-O-(2-deoxy-4-O-

benzyl- -̡D-rhamnopyranosyl)- -hL-fucopyranosyl)-4-O-benzyl- -̡D-rhamnpyranosyl)- -hL-

fucopyranoside Compound 2.лпʰκʲ (527 mg, 0.565 mmol) and ̡-pinene (0.30 mL, 1.9 mmol) 

were dissolved in 52 mL dichloromethane and 2.6 mL water. DDQ (257 mg, 1.13 mmol) was 

added as a solid and the reaction was stirred vigorously for 2 hours. During this time the 

reaction color changed from dark green to light yellow/green. Upon completion, the reaction 

was diluted over dichloromethane (75 mL) and washed with 2M sodium hydroxide (2 x 100 mL). 

The aqueous washes were back-extracted with dichloromethane (1 x 50 mL). The combined 

dichloromethane layers were washed with saturated sodium bicarbonate (1 x 50mL), and water 

(1 x 50 mL). The organic layer was dried with sodium sulfate, filtered through cotton, and the 

solvent removed under reduced pressure. The crude mixture was purified by flash 

chromatography (35% ethyl acetate : hexanes) to afford compound 2.25 (211 mg, 47%).  

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦпл ς 7.24 (m, 10H), 7.03 ς 6.96 (m, 2H), 6.84 ς 6.77 (m, 

2H), 5.45 (s, 1H), 5.03 (d, J = 3.3 Hz, 1H), 4.91 (d, J = 11.2 Hz, 1H), 4.77 (d, J = 11.3 Hz, 1H), 4.73 ς 

4.65 (m, 2H), 4.47 (dd, J = 9.7, 1.9 Hz, 1H), 4.43 (dd, J = 9.6, 2.0 Hz, 1H), 4.00 (q, J = 6.9 Hz, 1H), 
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3.95 (q, J = 6.5 Hz, 1H), 3.85 (ddd, J = 11.6, 8.9, 4.9 Hz, 1H), 3.76 (s, 3H), 3.72 ς 3.62 (m, 1H), 

3.52 (s, 1H), 3.38 ς 3.25 (m, 3H), 3.10 (t, J = 9.1 Hz, 1H), 3.00 (t, J = 8.9 Hz, 1H), 2.46 (dd, J = 12.1, 

4.5 Hz, 1H), 2.28 ς 1.89 (m, 8H), 1.76 ς 1.65 (m, 2H), 1.63 ς 1.51 (m, 1H), 1.51 ς 1.43 (m, 1H), 

1.35 (d, J = 6.2 Hz, 3H), 1.29 (d, J = 6.2 Hz, 3H), 1.10 (d, J = 6.5 Hz, 3H), 1.03 (d, J = 6.5 Hz, 3H). 

 

13C NMR (126 MHz, Chloroform-dύ ʵ мрпΦрпΣ мрмΦрмΣ моуΦсфΣ моуΦоуΣ мнуΦулΣ мнуΦпуΣ мнуΦ21, 

128.11, 127.82, 127.76, 117.68, 114.67, 101.66, 101.62, 96.65, 92.02, 85.94, 83.05, 76.37, 

76.23, 75.31, 75.23, 73.13, 71.55, 71.50, 71.32, 66.95, 66.04, 55.81, 39.11, 35.71, 25.05, 24.90, 

24.61, 24.28, 18.52, 18.38, 17.36, 17.21. 

 

LRMS (ESI, pos. ion): m/z calculated for C45H60O12Na (M+Na): 815.41, Found: 815.45 

 

HRMS: m/z calculated for C45H60O12Na (M+Na): 815.3982, Found: 815.3639 

 

[ ]h˂23 (c = 0.89, CH2Cl2):  -40.41 

 

m.p. 73-74 °C 
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Synthesis of pentasaccahrides 2.26, 2.27, 2.02 

 

 
 
 

p-Methoxyphenyl 2,3-dideoxy-4-O-(2-deoxy-3-O-(2,3-dideoxy-4-O-(2-deoxy-3-O-(2,3-

dideoxy-4-O-Acetyl- -hL-fucopyranosyl)-4-O-benzyl- -̡D-rhamnopyranosyl)- -hL-fucopyranosyl)-

4-O-benzyl- -̡D-rhamnpyranosyl)- -hL-fucopyranoside A stock solution of compound 2.03 was 

prepared (128 mg in 6.6 mL THF). From this solution, 1.13 mL (0.126 mmol) was added to TTBP 

(31 mg, 0.13 mmol) and cooled to -78 °C. KHMDS (1M in THF, 0.13 mL, 0.13 mmol) was added 

slowly and the solution was stirred for 15 minutes at -78 °C. A stock solution of trisyl chloride 

was prepared (98 mg in 0.82 mL THF) and cooled to -78 °C. From this solution, 0.32 mL (0.13 

mmol) was added to the reaction which was then allowed to stir for 30 minutes. Meanwhile, a 

stock solution of 2.25 was prepared (58 mg in 0.36 mL THF) and cooled to -78 °C. KHMDS (1 M 

in THF, 0.07 mL) was added to the stock solution which was stirred at -78 °C for 15 minutes. 

From the stock solution of 2.25, 0.37 mL (0.063 mmol) was added to the primary reaction vessel 

and the reaction was stirred at -78 °C for 4 hours. The reaction was quenched with 0.5 mL 

saturated ammonium chloride. The reaction was poured over 15 mL brine solution and 

extracted with diethyl ether (3 x 50 mL). The combined organic layers were washed with water 

(50 mL), dried over sodium sulfate, filtered through cotton, and the solvent removed under 



90 
 

reduced pressure. The resulting crude mixture was purified by flash chromatography (30% to 

50% ethyl acetate:hexanes) to afford compound 2.26 as a single h-anomer as a white foam. 

(39.4 mg, 66%).  

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦоу ς 7.26 (m, 10H), 7.03 ς 6.96 (m, 2H), 6.84 ς 6.77 (m, 

2H), 5.45 (s, 1H), 5.06 ς 5.00 (m, 2H), 4.90 (d, J = 11.2 Hz, 1H), 4.85 (d, J = 11.1 Hz, 1H), 4.72 ς 

4.65 (m, 2H), 4.63 (s, 1H), 4.47 (dd, J = 9.7, 1.9 Hz, 1H), 4.40 (dd, J = 9.8, 1.9 Hz, 1H), 4.05 (q, J = 

6.6 Hz, 1H), 4.03 ς 3.97 (m, 1H), 3.95 (q, J = 7.1, 6.6 Hz, 1H), 3.89 ς 3.78 (m, 2H), 3.76 (s, 3H), 

3.53 (s, 1H), 3.38 ς 3.28 (m, 3H), 3.10 (t, J = 9.1 Hz, 2H), 2.50 ς 2.38 (m, 2H), 2.24 ς 1.89 (m, 

11H), 1.83 ς 1.76 (m, 1H), 1.73 ς 1.66 (m, 1H), 1.61 ς 1.43 (m, 4H), 1.33 ς 1.27 (m, 6H), 1.11 (d, J 

= 6.5 Hz, 3H), 1.02 (d, J = 6.5 Hz, 3H), 0.96 (d, J = 6.5 Hz, 3H). 

 

13C NMR (126 MHz, Chloroform-dύ ʵ мтлΦфоΣ мрпΦр6, 151.53, 138.69, 138.44, 128.59, 128.49, 

127.94, 127.82, 127.77, 127.76, 117.69, 114.69, 101.62, 101.57, 96.67, 92.03, 91.80, 83.14, 

83.07, 76.39, 76.22, 75.51, 75.32, 73.22, 73.14, 71.54, 71.51, 69.56, 66.96, 66.05, 64.96, 55.81, 

35.72, 35.64, 25.06, 24.91, 24.62, 24.31, 24.11, 23.16, 21.21, 18.39 (2C), 17.37, 17.27, 17.05. 

 

LRMS (ESI, pos. ion): m/z calculated for C53H72NaO15 (M+Na): 971.48, Found: 971.70 

 

HRMS (TOF MS ES+): m/z calculated for C53H72O15Na (M+Na): 971.4769, Found: 971.4763 

 

[ ]h˂23 (c = 1.99, CH2Cl2) = -42.71 
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m.p. 88-89°C 

 

 
 
 p-Methoxyphenyl 2,3-dideoxy-4-O-(2-deoxy-3-O-(2,3-dideoxy-4-O-(2-deoxy-3-O-(2,3-

dideoxy-4-O-Acetyl- -hL-fucopyranosyl)- -̡D-rhamnopyranosyl)- -hL-fucopyranosyl)- -̡D-

rhamnpyranosyl)- -hL-fucopyranoside Compound 2.26 (10 mg, 0.011 mmol) was dissolved in 

7.1 mL absolute ethanol and 1.5 mL THF. Roughly 0.5 g of Raney nickel (slurry in water) was 

added into the solution and the reaction was stirred at room temperature for 24 hours, at 

which point an additional 0.5 g of Raney nickel was added to the reaction. After stirring for an 

additional 7 hours the reaction was filtered through a pad of Celite with ethanol. The solvent 

from the filtrate was removed under reduced pressure and the crude was purified by flash 

chromatography (40% to 70% ethyl acetate: hexanes) to afford compound 2.27 as a clear oil. 

Residual grease was removed by dissolving 2.27 in methanol and washing with hexanes (4.9 

mg, 60%).  

 

NB: During filtration step, the celite should not be allowed to run dry. Raney nickel will spark 

when dried and exposed to air. 
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1H NMR (500 MHz, Chloroform-dύ ʵ тΦлп ς 6.97 (m, 2H), 6.85 ς 6.78 (m, 2H), 5.46 (s, 1H), 4.99 

(s, 1H), 4.96 (s, 1H), 4.85 (s, 1H), 4.48 (d, J = 9.8 Hz, 2H), 4.38 (d, J = 1.5 Hz, 1H), 4.19 (qd, J = 6.8, 

1.5 Hz, 1H), 4.11 ς 4.06 (m, 2H), 4.01 (q, J = 6.7, 6.2 Hz, 1H), 3.77 (s, 3H), 3.54 (s, 2H), 3.53 ς 3.44 

(m, 2H), 3.29 ς 3.20 (m, 2H), 3.14 ς 3.05 (m, 2H), 2.31 ς 1.92 (m, 13H), 1.84 ς 1.77 (m, 1H), 1.77 

ς 1.62 (m, 3H), 1.62 ς 1.52 (m, 2H), 1.37 ς 1.32 (m, 6H), 1.19 (d, J = 6.5 Hz, 3H), 1.15 (d, J = 6.5 

Hz, 3H), 1.12 (d, J = 6.5 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мтлΦулΣ мрпΦррΣ мрмΦрмΣ ммтΦтлΣ ммпΦсуΣ млмΦсфΣ млмΦпрΣ фтΦттΣ 

97.16, 96.68, 81.14, 80.67, 76.19, 76.04, 75.87, 75.80, 71.94 (2C), 69.32, 67.67, 66.97, 66.46, 

55.82, 37.37, 37.17, 25.25, 24.89 (2C), 24.67, 24.60, 22.83, 21.21, 18.28, 18.22, 17.32, 17.17, 

17.14. 

 

ESI (pos. ion): m/z calculated for C39H60O15Na (M+Na): 791.38, Found: 791.55 

 

HRMS (TOF MS ES+) m/z calculated for C39H60O15Na (M+Na): 791.3830, Found: 791.3815 

 

[ ]h˂23 (c = 0.29, CH2Cl2) = -29.08 
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 p-Methoxyphenyl 2,3-dideoxy-4-O-(2-deoxy-3-O-(2,3-dideoxy-4-O-(2-deoxy-3-O-(2,3-

dideoxy- -hL-fucopyranosyl)- -̡D-rhamnopyranosyl)- -hL-fucopyranosyl)- -̡D-rhamnpyranosyl)-

-hL-fucopyranoside Compound 2.27 (1.9 mg, 0.0022 mmol) was dissolved in 2 mL dry 

methanol. Potassium carbonate (roughly 0.5 mg, 0.0005 mmol) was added and the reaction 

was stirred at room temperature. When the starting material had been consumed as 

determined by thin layer chromatography, the reaction was filtered through a small pad of 

silica with ethyl acetate, and the solvent removed under reduced pressure. The concentrate 

was purified by flash chromatography (60% to 80% ethyl acetate: hexanes) to afford compound 

2.02 as a clear oil. Residual grease was removed by dissolving 2.02 in methanol and washing 

with hexanes (1.7 mg, quant). 

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦлн ς 6.98 (m, 2H), 6.84 ς 6.79 (m, 2H), 5.46 (s, 1H), 4.95 

(s, 2H), 4.48 (d, J = 9.8 Hz, 2H), 4.37 (s, 1H), 4.17 (s, 1H), 4.16 ς 4.12 (m, 1H), 4.09 (q, J = 6.4 Hz, 

1H), 4.01 (q, J = 6.4 Hz, 1H), 3.77 (s, 3H), 3.64 (s, 1H), 3.55 (s, 2H), 3.52 ς 3.44 (m, 2H), 3.35 (s, 

1H), 3.28 ς 3.21 (m, 2H), 3.12 ς 3.06 (m, 2H), 2.30 ς 1.92 (m, 12H), 1.80 ς 1.61 (m, 4H), 1.37 ς 

1.33 (m, 6H), 1.22 (d, J = 6.6 Hz, 3H), 1.19 (d, J = 6.6 Hz, 3H), 1.12 (d, J = 6.5 Hz, 3H). 
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13C NMR (126 MHz, CDCl3ύ ʵ мрпΦррΣ мрмΦрнΣ ммтΦтлΣ ммпΦсуΣ млмΦсфΣ млмΦптΣ фтΦттΣ фтΦоуΣ 

96.68, 81.13, 80.75, 76.18, 76.04, 75.87, 75.79, 71.95(2C), 67.70, 67.68, 67.35, 66.97, 55.83, 

37.36, 37.20, 25.69, 25.26, 24.90, 24.66, 24.61, 24.25, 18.28, 18.23, 17.32, 17.18, 17.15. 

 

LRMS (ESI, pos. ion): m/z calculated for C37H58O14Na (M+Na): 749.38, Found: 749.55 

 

HRMS (TOF MS ES+): m/z calculated for C37H58O14Na (M+Na): 749.3724, Found: 749.3724 

 

[ ]h˂23 (c = 0.09, MeOH) = 5.92 
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3.1: Background 

3.1.1: Unexpected selectivity with glycosyl tosylates 
In the course of the synthesis of the Saquayamycin Z pentasaccharide,1 as well as 

additional contemporaneous work in the synthesis of oligosaccharide fragment of Landomycin 

A,2 FD-594,3 and fragments of Sacharomycin B,4 we found several couplings where, upon 

employment of our tosyl chloride promoted glycosylation, we unexpectedly prepared the h -

glycoside exclusively (Figure 3.1). In the first three examples listed above, this result was seen 

when 2,3,6-trideoxy sugars were employed as donors, with the effect being most significant 

when in conjunction with ester protecting groups at the C4 position and the use of trisyl 

chloride as a promoter. When used in conjunction with etherial protecting groups, the -h

selective effect remained during glycosylation with rhodinose, while amecitose, with an 

equatorial C4 group, showed preference for formation of the -̡glycoside. While ester 

protecting groups at the C4 position of galactose and fucose has been previously observed to 

have an h -directing effect,5ς10 it was unexpected that naphthylmethyl ether-protected 

rhodinose continued to show high levels of -hselectivity. This influence of axial functionality 

was also observed for saccharosamine donor 3.05, which contained an axial azido functional 

Figure 3.1: Unexpected h-selective glycosylation reactions using arylsulfonyl chloride promoters 
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group at the C3 position. To further explore this effect, we opted to study our tosyl chloride-

promoted glycosylation with digitoxose, the C3 axial isomer of olivose. Give that olivose has 

been shown to be very compatible with sulfonate promoted ̡ -glycosylation,3,11,12 we believed 

that digitoxose would provide a simple system for exploring the influence of this single 

configurational change on selectivity in a tosyl chloride promoted glycosylation.  

Digitoxose is found in several natural products, most notably in the cardiac glycosides 

digitoxin and digoxin. Both digoxin and digitoxin are currently used as a treatment for various 

cardiac conditions.13 The mode of action has been identified as being a inhibitor of the sodium-

potassium ATPase pump. Digitoxose has also been investigated more recently for its antiviral14 

and anticancer properties,15 which have been demonstrated to be dependent upon the nature 

of the oligosaccharide portion of the molecule.16,17  

Digitoxose can also be found in a number of bacterial secondary metabolites. These 

include Saccharomicin A and B,18 Jadomycin B,19 and Kijanimicin20 (Figure 2.2). The compounds 

have been identified as both potential antibacterial and anticancer lead compounds. However, 

unlike digitoxin, there have yet to be studies on the influence of the oligosaccharide portions of 

these molecules on their biological activities. In order to advance this type of study methods 

need to be first developed for the stereoselective synthesis of both -h and ̡ -digitoxosides.  

3.1.2: Previous Approaches to Selective Glycosylation with Digitoxose 
 

 Selective glycosylation with digitoxose has been previously reported on several 

occasions. Notably, in 1983 Weisner reported that ̡ -digitoxosides could be prepared selectively 

through the use of a urethane protecting group on the axial C3 position (Figure 3.2, top).21 

Activation of the digitoxose hemiacetal under acid catalysis provided the desired -̡product in 
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high yield and selectivity. Based on trace amounts of cyclic oxazolone recovered from the 

reaction as a byproduct, it could be reasonably predicted that remote participation of the 

urethane group was key to the observed selectivity. However, this approach suffered as the 

 

acidic conditions led to degradation of the preceding glycoside in subsequent glycosylation 

reactions. It was later found that 4-methoxybenzoyl esters at the C3 position also proved to be 

effective directing groups for the synthesis  of -̡ digitoxose, with the added benefit of the 

chemistry being compatible with the activation of thioglycosides of the donor with mercury 

salts (Figure 3.2, bottom), permitting the synthesis of more complicated oligosaccharides.22 To 

explain this selectivity, it was proposed that the electron-rich benzoate at the C3 position is 

able to intercept the forming oxocarbenium cation 3.15, hindering approach from the bottom 

face of the molecule. This method was used for the first stereoselective synthesis of digitoxin.21 

 More recent selective synthesis of ̡-digitoxosides have been reported by McDonald in 

2001.23 In their pursuit of a synthesis of the digitoxin trisaccharide it was found that their de 

CƛƎǳǊŜ оΦнΥ ²ƛŜǎƴŜǊΩǎ ǊŜƳƻǘŜ-participation approach to the synthesis of ̡-digitoxose 
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novo precursor 3.17 for tungsten-catalyzed cyclo-photo-isomerization24 could be coupled in a 

simple acid catalyzed addition to digitoxal 3.16 (Scheme 3.1). When TBS ethers were employed 

as protecting groups at both the C3 and C4 position of the glycal donor, the glycosylation 

proceeded with good selectivity for ̡-glycoside 3.18. This selectivity can most likely be 

explained as a steric effect due to the bulky TBS group blocking the -hface of the glycal, 

hindering the approaching nucleophile. Following reductive debenzoylation, cyclization of the 

alkene by catalytic tungsten afforded glycal disaccharide 3.19, in preparation for additional 

glycosylation.  

 A similar approach to the selective synthesis of -̡digitoxosides was reported in 2011 by 

Yu.25 Using a gold catalyst for the activation of orthoalkynylbenzoate digitoxose donor 3.20, 

{ŎƘŜƳŜ оΦмΥ aŎ5ƻƴŀƭŘΩǎ ŀǇǇǊƻŀŎƘ ǘƻ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ -̡digitoxose 

Scheme 3.2: ̧ ǳΩǎ ŀǇǇǊƻŀŎƘ ǘƻ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ -̡digitoxose 
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digitoxose was coupled to digitoxogenin 3.21 in excellent yield with high selectivity (h:  ̡= 6.6:1) 

affording glycoside 3.22 (Scheme 3.2). This selectivity was only possible with 3,4-di-TBS 

protected donor. When less bulky protecting groups were used the selectivity was eroded. This 

result further emphasized the role of the C3 protecting group in the selectivity of glycosylation 

with digitoxose. 

Another recent selective syntheses of -̡digitoxosides was reported in 2007 by 

hΩ5ƻƘŜǊǘȅ ŀƴŘ Ŏƻ-workers, making use of a de novo approach.26 Using pseudoglycoside donor 

3.23, with activation under Tsuji-Trost conditions,27 they were able to effectively provide the ̡-

glycoside 3.24. Following Luche reduction of the ketone and isomerization of the alkene, 

Upjohn dihydroxylation affords digitoxose 3.28. Through selective protection of the resulting 

diol, iterative application of the chemistry was used to synthesize the digitoxin trisaccharide.  

 Due to the possibility of remote participation and steric buttressing, the selective 

synthesis of ̡-digitoxose is generally considered to be less challenging than the synthesis of -h

{ŎƘŜƳŜ оΦоΥ hΩ5ƻƘŜǊǘȅΩǎ de novo approach to the synthesis of ̡-digitoxose 
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digitoxose. Additionally the axial C3 hydroxyl group can be a potential source of diaxial strain 

with an h -glycoside, shifting the thermodynamic stability away from the -hglycoside. One early 

report of the selective synthesis of h-digitoxose comes from Thiem and co-workers. Their 

method made use of an indirect approach, using digitoxose glycal 3.29 as a donor. Activation of 

the glycal with N-iodosuccinimide gave rise to 2,6-dideoxy-2-iodo- -haltroside 3.30, which 

following reductive cleavage of the 2-Iodo group yield h-digitoxose 3.31(Scheme 3.4).28 While 

this approach proceeded in good yield and high selectivity, the introduction of the iodine at the 

2-position necessitated in the inclusion of additional deprotection steps.  

Annother approach was reported by Hirama et al. in 2001 for the synthesis of 2-deoxy-

-hƎƭȅŎƻǎƛŘŜǎ ƛƴ ǇǳǊǎǳƛǘ ƻŦ ŀ ƳŜǘƘƻŘ ŦƻǊ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ʰ-mycarose. They reported that silver 

hexafluorophosphate could activate 2-deoxy-ǘƘƛƻƎƭȅŎƻǎƛŘŜǎ ŀƴŘ ǊŜƭƛŀōƭȅ ǎȅƴǘƘŜǎƛȊŜ ʰ-

ƎƭȅŎƻǎƛŘŜǎΣ ƛƴŎƭǳŘƛƴƎ ʰ-digitoxose 3.33, under extremely mild conditions (Scheme 3.5).29 This 

ŎƘŜƳƛǎǘǊȅ Ƙŀǎ ǎǳōǎŜǉǳŜƴǘƭȅ ōŜŜƴ ǳǎŜŘ ŦƻǊ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ʰ-digitoxose within the pursuit of 

the synthesis of saccharomycin B by Bennett et al.30 

 
{ŎƘŜƳŜ оΦпΥ ¢ƘƛŜƳΩǎ мфун ƛƴŘƛǊŜŎǘ ǎȅƴǘƘŜǎƛǎ ƻŦ -hdigitoxose 



105 
 

 

A more exotic approach to the synthesis of -hdigitoxose was reported by Zhu et al.31 

Their approach was unique in that it employed the use of anomeric O-alkylation rather than the 

more traditional glycosylation methods (Scheme 3.6). Using a digitoxose hemiacetal with an 

unprotected C3 position 3.34, deprotonation with excess sodium hydride with 15-crown-5 gave 

rise to a proposed intermediate 3.35 with a bridged sodium ion between the C3 alkoxide and 

the axial anomeric alkoxide, effectively locking the digitoxose alkoxide in the -hconfiguration. 

Subsequent reaction with an appropriate acceptor electrophile gave rise to -hdigitoxose 3.36 in 

high yield and selectivity. Although this method was demonstrated to be compatible with a 

wide scope of electrophiles, the most significant drawback of this approach was the necessity 

of preparing acceptor electrophiles with the correct stereochemistry, as the reaction proceeded 

with inversion of configuration on the acceptor. 

 

{ŎƘŜƳŜ оΦрΥ IƛǊŀƳŀΩǎ ƳŜǘƘƻŘ ŦƻǊ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ -hdigitoxose 

{ŎƘŜƳŜ оΦсΥ ½ƘǳΩǎ ŀƴƻƳŜǊƛŎ h-alkylation for the synthesis of h-digitoxose 
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A further example of a semi-reagent controlled synthesis of h- and ̡ -digitoxosides was 

reported by Toshima et al. in 1994.32 Using 2,6-anhydro-2-thio-sugars 3.37 and 3.38 as donors, 

with an appropriate leaving group at the anomeric position and activation conditions, it was 

possible to synthesize either product anomer. Activating thioglycoside donor 3.37 with N-

bromosuccinimide synthesized the h -digitoxoside 3.39h  in high yield as a single anomer. 

Conversely, activating an acetyl glycoside donor 3.38 with TMS-triflate led to synthesis of the ̡-

glycoside 3.39̡  in high yield and selectivity. Subsequent removal of the acetyl protecting 

groups and desulfurization by hydrogenation over Raney nickel liberated digitoxosides 3.40h  

and 3.40̡ . The selectivity was believed to arise through kinetic vs thermodynamic control. 

Isomerization studies on the h-glycoside with TMS-triflate led to gradual formation of the ̡-

glycoside. This suggests that the -̡glycoside forms through thermodynamic equilibrium from 

the initially formed h -glycoside. While typically in sugars the -hglycoside is the more 

thermodynamically stable product, in this case the C3-acetyl group is believed to be 

destabilizing to the h-glycoside. In contrast, the milder activation of the thioglycoside by NBS 

does not cause isomerization, leading to the synthesis of the kinetic -hglycoside as the major 

{ŎƘŜƳŜ оΦтΥ ¢ƻǎƘƛƳŀΩǎ ƳŜǘƘƻŘ ŦƻǊ ǘƘŜ ǎŜƭŜŎǘƛǾŜ ǎȅƴǘƘŜǎƛǎ ƻŦ -h or ̡ -digitoxose 
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product. This is, to the best of our knowledge, the only example of a reagent-controlled 

ǎȅƴǘƘŜǎƛǎ ƻŦ ʰ- ƻǊ ʲ-digitoxose.  

While these past approaches were effective, there is a significant reliance in all of the 

previous methods upon either protecting groups, especially at the C3 position, or introduction 

of conformational strain to influence the selectivity of the glycosylation. We wanted to 

demonstrate that our chemistry for reagent-controlled selectivity could be applied to the 

direct, selective synthesis of digitoxose without the need for participating groups or temporary 

prosthetics.   

3.2: Attempted Synthesis of Digitoxin trisaccharide 
In both our initial reports on the use of glycosyl tosylates as donors for the selective 

synthesis of 2-deoxy- -̡glycosides,3,11,12 and in the application of this chemistry in the synthesis 

of natural targets,1ς3 we had largely only examined gluco-configured donors. Given the 

chemical space within bacterial glycosides,33 we sought to demonstrate our method with more 

diverse donors. As a target to expand the scope of our tosyl chloride-promoted beta-

glycosylaiton of 2-deoxy donors, we looked at the trisaccharide fragment of digitoxose as a 

target. As previously mentioned, this trisaccharide fragment has been previously synthesized by 

Wiesner,22 hΩ5ƻƘŜǊǘȅΣ26,27 McDonald,23 and Yu.25 These methods all made use of protecting 

group participation or buttressing, or de novo derivatization to achieve selective glycosylation. 

We believed that our reagent-controlled methodology could lead to a synthesis of the digitoxin 

trisaccharide independent of the protecting group at C3. 

Our initial studies looked at the simple case of glycosylating p-methoxyphenol with 

digitoxose. However, it was quickly realized that digitoxose, under the usual activation 
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condition for olivose donors, was not merely producing a mixture of anomeric products, but we 

were observing moderate selectivity for the alpha anomer. Attempts to reverse this trend to 

favor the ̡ -glycoside were unsuccessful. However, with this observation of high -hselectivity, 

and the selective synthesis of -hdigitoxose being typically considered to be the more difficult 

anomer to synthesize, we sought to optimize this outcome and study its application for the 

synthesis of a natural target. We identified the tetrasaccharide fragment of kijanimicin as an 

ideal target structure. 

3.3: Kijanimicin 
Kijanimicin, first isolated and identified in 1981 by Waitz, has shown potential as an 

antibacterial agent, an antineoplastic agrent, as well as being an active compound against the 

malaria parasite (Figure 3.3).20 The compound itself consists of a macrocyclic aglycone, as well 

as two glycoside functionalities. Our interest was focused on the tetra-digtoxoside group, as the 

core of this structure consists of three alpha-linked digitoxose residues. We believed that this 

structure would provide an ideal target to test our chemistry.  

Figure 3.3: Structure of kijanimicin, with tetrasaccahirde fragment highlighted 
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This fragment has been previously synthesized by the Thiem group on three occasions. 

First in 1990, making use of NIS activation of glycals to produce the alpha digitoxose linkages.34 

This method was subsequently used in a one-pot approach to synthesize the core-trisaccharide 

fragment.35 A more recent approach made use of both digitoxose and olivose donors with 

different chemistries to generate the desired linkages, including activation of glycosyl 

phosphothionothioglycosides and activation of glycosyl bromides with temporary C2-bromide 

directing groups. This approach also made extensive use of post-glycosylation modification to 

derivatize h -olivose to h -digitoxose. Given the results observed when applying our tosyl 

chloride promoted glycosylation method to digitoxose, we saw this as an opportunity to 

demonstrate a more direct, efficient route to the Kijanimicin trisaccharide. 

3.4: Previous Syntheses of Kijanimicin oligosaccharides 
 The target trisaccharide of this study has been previously synthesized twice, and the 

complete tetrasaccharide has been synthesized one time previously. All three of these 

syntheses we completed by Thiem and co-workers.34ς36 The first synthesis of the trisaccharide 

was reported in 1990. The synthesis of the kijanimicin oligosaccharide began with an NIS-

mediated glycosylation between benzyl digitoxoside 3.42 and digitoxal 3.41Σ ŦƻǊƳƛƴƎ ǘƘŜ нΩ-

iodo disaccharide 3.43 in 48% yield with complete h-selectivity. The halogen was removed by 

catalytic hydrogenation, and debenzoylation with sodium methoxide yielded disaccharide 

alcohol 3.44. This acceptor was then coupled with digitoxal 3.45 again with complete selectivity 

for the h -ƎƭȅŎƻǎƛŘŜΣ ŀƭōŜƛǘ ƛƴ ƳƻŘŜǎǘ нп҈ ȅƛŜƭŘΦ ¢ƘŜ ta. ƎǊƻǳǇ ŀǘ ǘƘŜ /оΩ Ǉƻǎƛǘƛƻƴ ǿŀǎ ǊŜƳƻǾŜŘ 

via oxidative cleavage with DDQ, affording trisaccharide acceptor 3.47. Attempts were made to 

couple this trisaccharide with glycosyl chloride 3.48, but only trace amount of 
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tetrasaccharide 3.49 were observed. This represented the first synthesis of any portion of the 

oligosaccharide fragment of kijanimicin. Accounting for the synthesis of the initial donor 3.41 

and acceptor 3.42, the synthesis of trisaccharide 3.47 was completed in 0.4% yield.34  

{ŎƘŜƳŜ оΦуΥ ¢ƘƛŜƳΩǎ 1990 synthesis of the kijanimicin tetrasaccharide 

{ŎƘŜƳŜ оΦфΥ ¢ƘƛŜƳΩǎ ƻƴŜ-pot synthesis of kijanimicin trisaccharide 
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 A subsequent synthesis of the h-linked trisaccharide was reported in 1994.35 This 

synthesis was unique in that it employed a one-pot oligomerization method (Scheme 3.9). By 

careful addition of NIS to a solution of glycal 3.50, followed by subsequent activation of the 

intermediate disaccharide with additional NIS, and introduction of additional glycal, 

trisaccharide 3.51 could be synthesized in up to 30% yield. It was noted that this reaction was 

extremely sensitive to the rate of addition of each reagent, and that it had to be carefully 

monitored to add reagents at the optimal times. Additionally, this method would not be ideal 

for the introduction of orthogonal protecting groups. 

 Most recently, in 2019 Thiem reported a selective synthesis of the complete kijanimicin 

tetrasaccharide (Scheme 3.10).36 In contract to their previous approaches, this method made 

use of predominantly glycosylation with olivose donors, and subsequent derivatization to 

digitoxose. The synthesis began with the coupling of digitoxose acceptor 3.52 with partially 

protected olivose (diethyl)dithiophosphate 3.53 with IDCP, affording disaccharide 3.54 

{ŎƘŜƳŜ оΦммΥ ¢ƘƛŜƳΩǎ нлмф ǎȅƴǘƘŜǎƛǎ ƻŦ ǘƘŜ ƪƛƧŀƴƛƳƛŎƛƴ ǘŜǘǊŀǎŀŎŎƘŀǊƛŘŜ 
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exclusively as the h-anomer. This was subsequently glycosylated with glycosyl bromide 3.55 

under silver triflate activation, affording the product as a mixture of anomers. Following radical 

dehalogenation of the C2-bromide and removal of the formate ester under basic conditions, ̡ -

trisaccharide 3.56 could be cleanly isolated. Trisaccharide 3.56 was subsequently derivatized 

ŦǊƻƳ ƻƭƛǾƻǎŜ ǘƻ ŘƛƎƛǘƻȄƻǎŜ ōȅ ǎŜǉǳŜƴǘƛŀƭ aƛǘǎǳƴƻōǳ ƛƴǾŜǊǎƛƻƴ ƻŦ ǘƘŜ /оΩΩ ƘȅŘǊƻȄȅƭ ǘƻ ŀ 

ōŜƴȊƻŀǘŜΣ ŀƴŘ ƻȄƛŘŀǘƛƻƴ ŀƴŘ ǊŜŘǳŎǘƛƻƴ ƻŦ ǘƘŜ /оΩ ƘȅŘǊƻȄȅƭΣ ŀŦŦƻǊŘƛƴƎ the digitoxose 

trisaccharide 3.57. Lastly, the keto-dithiophosphate donor 3.58 ǿŀǎ ŎƻǳǇƭŜŘ ǘƻ ǘƘŜ /оΩ ƘȅŘǊƻȄȅƭ 

group using IDCP as a promoter as a 1.1:1 (:h )̡ mixture of anomers. Reduction of the ketone 

afforded tetrasaccharide 3.59 as a mixture of anomers.  

3.5: Retrosynthesis and Synthesis of Digitoxose hemiacetal Donor 
 

3.5.1: Retrosynthesis  
 

The target trisaccharide structure consists entirely of alpha 1Ą3 digitoxose. Our 

approach to the construction of the kijanimicin trisaccharide was to use a straightforward linear 

synthesis. Thus, trisaccharide 3.60 would ultimately be derived from disaccharide 3.63, which 

would come from the h-PMP digitoxoside 3.64, which would in turn be synthesized from 

digitoxose hemiacetal 3.62. Through this approach, each step of the synthesis would involve 

glycosylating with the same selectively protected digitoxose donor. This donor in turn would be 

prepared from the commercially available di-O-acetyl-L-rhamnal.  

3.5.2: Synthesis of Digitoxose 
 

 The synthesis of the necessary selectively protected digitoxose donor was prepared by 

adapting a previously known synthetic pathway (Scheme 3.13).37 To synthesize the digitoxose 

donor, we began from the commercially available di-O-acetyl-L-rhamnal. Following Zemplen 
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deacetylation the allylic alcohol was selectively protected as a TBS ether, and the remaining 

alcohol protected as a benzyl ether. Removal of the TBS glycoside was performed with TBAF, 

affording the partially protected L-rhamnal 3.65, which was recoverable by recrystallization 

from DCM/hexanes in 54% yield. It should be noted that no chromatographic isolation was 

required over these four steps. The allylic alcohol was subsequently oxidized with PDC to afford 

ketone 3.66 in 86% yield. Thiocresol was then added to the 1,4-unsaturated ketone in a cesium 

carbonate Michael-like addition, affording thioglycoside 3.67 in 71% yield as a 7.7:1 (h: )̡ 

mixture of anomers, from which the alpha glycoside was readily isolated. 

Scheme 3.12: Retrosynthetic analysis of trisaccharide 3.60 

Scheme 3.13: Synthesis of digitoxose hemiacetal donor 
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Subsequent reduction of the ketone with sodium borohydride at -10 °C afforded the axial 

alcohol, which could be carried through crude to the following naphthylation, giving the 

selectively protected thioglycoside 3.68 in 79% yield. Hydrolysis of the thioglycoside with N-

bromosuccinimide yielded the desired digitoxose hemiacetal donor 3.62 in quantitative yield.  

3.6: Synthesis of Disaccharide 
 

3.6.1: Model Glycosylation with C3 Acceptor 
 

 Although the initial observations of the unexpected -hselectivity were in glycosylation 

with p-methoxyphenol, we wanted to look at the coupling with a model glycoside to further 

optimize the reaction. To this end, we opted to use the glucose C3-acceptor 3.69 as a model 

substrate. We initially looked at the activation time for the in situ generation of the glycosyl 

sulfonate. While previous work had shown that olivose required an activation time of up to 30 

minutes, activation of digitoxose occurred within 5 minutes, with extended activation times 

leading to losses in both yield and selectivity (Table 3.1, entries 1-3).  

In previous work on the application of arylsulfonyl chloride promoters to the synthesis 

of ̡ -glycosides of full sugars we have also seen the importance of matching the sulfonyl 

chloride to the donor for optimal glycosylation outcomes. Donors that were more άarmedέ 

were seen to require sulfonyl chlorides that were more electron deficient, while less άarmedέ 

donors required more electron rich sulfonyl chlorides for optimal results.38 While this work had 

shown an apparent linear relationship between the inherent reactivity of the glycosyl donor39,40 

with the Hammett constant of the benzenesulfonyl chloride,41 the reactivity of digitoxose has 

yet to be quantified. As such, we opted to look at the extremes of reactivity of benzenesulfonyl 

chlorides. We looked initially at the more reactive nosyl chloride as a promoter. However the 
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use of this promoter led to loss of yield and selectivity (Table 3.1, entry 4). We subsequently 

examined the electron rich and less reactive 4-O-isopropylbenzenesulfonyl chloride (Poipsyl 

Chloride) and found that using this promoter led to an increase in the selectivity for the -h

glycoside, albeit with a slight loss of yield (Table 3.1, entry 5). However, by increasing the ratio 

of donor-to-acceptor we were able to recover the yield without significant loss of selectivity 

(Table 3.1, entry 6). With our model system sufficiently optimized, we returned to the synthesis 

of the kijanimicin trisaccharide. 

3.6.2: Synthesis and deprotection of PMP-glycoside 
 

 Returning to the synthesis of the initial PMP-glycoside, applying the optimized 

conditions from the model study we were able to synthesize the desired -hglycoside 3.71 in 

55% yield, but with an improved selectivity of 10:1 (:h )̡. The decrease in yield compared to the

Table 3.1: Glycosylation of model C3 acceptor with digitoxose donor 3.62 
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model system can be attributed to using equivalent amounts of donor and acceptor. As the 

remaining donor is not easily recoverable from the reaction mixture, we decided that it was 

more materially efficient to run the reaction with the slight loss in yield to avoid wasting the 

excess donor. Following isolation of the desired -hglycoside, the naphthylmethyl ether was 

subsequently removed using DDQ42 to afford digitoxose acceptor 3.64. 

3.6.3: Synthesis of disaccharide 3.63 
 

 With the PMP-digitoxoside acceptor in hand, we proceeded with synthesizing 

disaccharide 3.63. Pleasingly, we found that using the same optimized conditions from the 

model study synthesized disaccharide 3.72 in 81% yield as a 4.4:1 (hΥʲ) mixture of anomers. To 

further test that PoipsCl represented the optimal promoter for this reaction, we compared this 

result to the same reaction being run with tosyl chloride as a promoter. Consistent with our 

previous observation, the tosyl chloride-promoted glycosylation showed both decreased yield 

and decreased selectivity.  

The mixture of anomers of 3.72 unfortunately could not be resolved using flash 

chromatography. To this end we proceeded to the selective deprotection of the 

naphthylmethyl ether with DDQ.43 Unfortunately, the mixture remained inseparable following 

deprotection as well. In order to facilitate isolation of the desired -hglycoside, we found that 

Scheme 3.14: Synthesis of PMP-digitoxose acceptor 3.64 
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acetylation of the anomeric mixture led to resolvable compounds. Following isolation of the 

major h -anomer of 3.73, deacetylation under Zemplen conditions afforded disaccharide 3.63 

cleanly as a single anomer.  

3.7: Synthesis of trisaccharide and global deprotection 
 

 With our necessary disaccharide acceptor in hand, we proceeded with the final coupling 

to reach the trisaccharide target. Once again using p-O-isopropylbenzenesulfonyl chloride as a 

promoter, we were able to couple digitoxose donor 3.62 and disaccharide acceptor 3.63 to 

afford trisaccharide 3.61 ŜȄŎƭǳǎƛǾŜƭȅ ŀǎ ǘƘŜ ʰ-anomer, albeit in a modest 24% yield (Table 3.2, 

entry 1). Increasing the ratio of donor to acceptor failed to improve the yield (Table 3.2, entry 

2). Subsequent attempts to drive the reaction using excess acceptor only provided a small 

increase in yield (Table 3.2, entry 3) Switching the solvent of our KHMDS solution from THF to 

Scheme 3.15: Synthesis and of disaccharide 3.72 and isolation of -hanomer 

Table 3.2: Synthesis of trisaccharide 3.61 
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toluene did not lead in increases in yield, and using NaHMDS as the base completely failed to 

activate the reaction (Table 3.2, entries 4-6). Interestingly, in this instance we found using tosyl 

chloride as a promoter did not result in any loss of selectivity (Table 3.2, entry 7), in contrast 

with our previous observations. In all of the tested conditions, it was consistently seen that a 

significant portion of the acceptor could be recovered. It has been noted in previous studies of 

the synthesis of kijanimicin oligosaccharides that reactions at this particular hydroxyl group of 

this digitoxose disaccharide tend to be difficult, likely due to the steric bulk around the hydroxyl 

group.44 Still, even with the modest yield of the final glycosylation, we were able to obtain 3.61 

in 3% overall yield from commercially available material. This represents a significant 

ƛƳǇǊƻǾŜƳŜƴǘ ƛƴ ǎȅƴǘƘŜǎƛǎ ŎƻƳǇŀǊŜŘ ǘƻ ¢ƘƛŜƳΩǎ мффл ƭƛƴŜŀǊ ǎȅƴǘƘŜǎƛǎΣ which synthesized the 

protected trisaccharide fragment in 0.4% yield.34 This also represents a more direct method 

than their 2019 synthesis as well.36 
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 CƛƴŀƭƭȅΣ ǿŜ ǘǳǊƴŜŘ ƻǳǊ ŀǘǘŜƴǘƛƻƴ ǘƻ Ǝƭƻōŀƭ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ ǘƘŜ ǘǊƛǎŀŎŎƘŀǊƛŘŜΦ  ¢ƻ ƻǳǊ 

ƪƴƻǿƭŜŘƎŜΣ ǘƘŜ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ ŀ ƘƛƴŘŜǊŜŘ ŘŜƻȄȅ ǎǳƎŀǊ ƻƭƛƎƻǎŀŎŎƘŀǊƛŘŜ ǎǳŎƘ ŀǎ оΦсм ƘŀŘ ƴƻǘ 

ǇǊŜǾƛƻǳǎƭȅ ōŜŜƴ ǊŜǇƻǊǘŜŘΦ IŜƴŎŜΣ ǘƘƛǎ ŎƻƳǇƻǳƴŘ ǿƻǳƭŘ ǎŜǊǾŜ ŀǎ ŀ ǘŜǎǘƛƴƎ ƎǊƻǳƴŘ ŦƻǊ ŜȄƛǎǘƛƴƎ 

ƳŜǘƘƻŘƻƭƻƎƛŜǎ ŦƻǊ ōŜƴȊȅƭ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻƴ ŎƻƴƎŜǎǘŜŘ ǎȅǎǘŜƳǎΦ  ²Ŝ ƛƴƛǘƛŀƭƭȅ ŜȄŀƳƛƴŜŘ 

ƘȅŘǊƻƎŜƴŀǘƛƻƴ ǿƛǘƘ wŀƴŜȅ ƴƛŎƪŜƭΣ ǿƘƛŎƘ ǿŜ ŀƴŘ ƻǘƘŜǊǎ ƘŀŘ ǳǎŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅ ƛƴ ǇǊŜǾƛƻǳǎ 

ǎȅƴǘƘŜǎŜǎΦнΣпр ¦ƴŦƻǊǘǳƴŀǘŜƭȅΣ ǘƘŜǎŜ ŎƻƴŘƛǘƛƻƴǎ ƭŜŘ ǘƻ ƻƴƭȅ ǇŀǊǘƛŀƭ ǊŜƳƻǾŀƭ ƻŦ ǘƘŜ ōŜƴȊȅƭ ŜǘƘŜǊǎ 

ό¢ŀōƭŜ оΦоΣ ŜƴǘǊȅ мύΦ aƻǊŜ ǘǊŀŘƛǘƛƻƴŀƭ ƘȅŘǊƻƎŜƴŀǘƛƻƴ ƻǾŜǊ ǇŀƭƭŀŘƛǳƳ ƻƴ ŎŀǊōƻƴΣ ŀƴŘ ǘƘŜ 

ǊŜǇƻǊǘŜŘƭȅ ƳƻǊŜ ǊŜŀŎǘƛǾŜ ƳƛȄǘǳǊŜ ƻŦ ǇŀƭƭŀŘƛǳƳ ƻƴ ŎŀǊōƻƴ ŀƴŘ ǇŀƭƭŀŘƛǳƳ ƘȅŘǊƻȄƛŘŜΣпс ǿŜǊŜ ōƻǘƘ 

ƛƴŜŦŦŜŎǘƛǾŜ ό¢ŀōƭŜ оΦоΣ ŜƴǘǊƛŜǎ нπоύΦ  {ƛƴŎŜ ǊŜŘǳŎǘƛƻƴ ǿƛǘƘ wŀƴŜȅ ƴƛŎƪŜƭ ǿŀǎ ǘƘŜ Ƴƻǎǘ ǇǊƻƳƛǎƛƴƎ 

ǊŜǎǳƭǘΣ ǿŜ ǎƻǳƎƘǘ ŀ ƳŜǘƘƻŘ ǘƻ ŘǊƛǾŜ ǘƘŜ ǊŜŘǳŎǘƛƻƴ ǘƻ ŎƻƳǇƭŜǘƛƻƴΦ  ¢ƻ ǘƘƛǎ ŜƴŘΣ ǿŜ ǊŜǇŜŀǘŜŘ ǘƘŜ 

Table 3.3: Global deprotection of trisaccharide 3.61 
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ǊŜŘǳŎǘƛƻƴ ǊǳƴƴƛƴƎ ƛǘ ǳƴŘŜǊ ŀƴ ŀǘƳƻǎǇƘŜǊŜ ƻŦ IнΦ tƭŜŀǎƛƴƎƭȅΣ ǘƘŜǎŜ ŎƻƴŘƛǘƛƻƴǎ ŀŦŦƻǊŘŜŘ ǘƘŜ 

ŘŜǎƛǊŜŘ ǘǊƛǎŀŎŎƘŀǊƛŘŜ ǘŜǘǊŀƻƭ оΦсл ƛƴ по҈ ȅƛŜƭŘ ό¢ŀōƭŜ оΦоΣ ŜƴǘǊȅ пύΦ 

3.8: Conclusions 
 

 Here, we show that the in situ generation of glycosyl arylsulfonates can be applied to 

the synthesis of h-digitoxosides. The utility of the chemistry was demonstrated through the 

synthesis of the h-linked digitoxose trisaccharide of Kijanimicin. This result was very 

unexpected, as we had previously seen this type of reaction being highly selective for the 

synthesis of 2-deoxy- -̡ glycosides. These results open up the possibility that our arylsulfonyl 

chloride promoted chemistry may find additional applications outside of only the synthesƛǎ ƻŦ ʲ-

glycosides. It also suggests that the chemistry is more subjective to the structure of 2-deoxy 

donors than we had previously seen, which would warrant further study. 

3.9: Materials and Experimental Methods 
 

3.9.1 General Experimental Procedures: 

Prior to running the glycosylation reactions, all solid reagents were dried by azeotropic removal 

of water using toluene and a rotary evaporator then set under vacuum 16 h before use. All 

reactions were performed under inert argon atmosphere, unless otherwise noted. Solvents for 

reactions were dried through a commercial solvent purification system immediately prior to 

use. All other chemicals were purchased at the highest possible quality and used as received, 

except where noted. Flash column chǊƻƳŀǘƻƎǊŀǇƘȅ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƻƴ нолҍплл ƳŜǎƘ ǎƛƭƛŎŀ ƎŜƭΦ 

Analytical and preparative thin layer chromatography was carried out on silica gel 60 F-254 

plates. Products were visualized using UV or by staining with either 5% aqueous sulfuric acid or 
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ceric ammonium molybdate. NMR spectra were recorded on an NMR spectrometer at 500 MHz 

for 1H NMR and 125 MHz for 13C NMR. Chemical shifts are reported in ppm relative to TMS (for 

1H NMR in CDCl3) or CDCl3 (for 13C NMR in CDCl3). For 1H NMR spectra, data are reported as 

ŦƻƭƭƻǿǎΥ ʵ ǎƘƛŦǘΣ ƳǳƭǘƛǇƭƛŎƛǘȅ όǎ Ґ ǎƛƴƎƭŜǘΣ Ƴ Ґ ƳǳƭǘƛǇƭŜǘΣ ǘ Ґ ǘǊƛǇƭŜǘΣ Ř Ґ ŘƻǳōƭŜǘΣ ǉ Ґ ǉǳŀǊǘŜǘΣ ŘŘ Ґ 

doublet of doublets, td = triplet of doublets, dt = doublet of triplets, dq = doublet of quartets, 

ddd = doublet of doublet of doublets), coupling constants are reported in Hz. Low resolution 

mass spectra (LRMS) were recorded using an ESI-MS with an additional APCI source.  

 

High-resolution mass spectra (HRMS) were obtained on an Agilent 6230 TOF mass spectrometer 

in the positive ion mode. 

 

Optical rotations were measured at 589 nm in a 10 cm cell at room temperature. 

Compound 3.69 was prepared according to literature procedure.47 

Abbreviations: 

DMF: N,N,-dimethylformamide 

DTBMP: 2,6-di-tert-butyl-4-methyl-pyridine 

KHMDS: potassium hexamethyldisilazide 

NapBr: 2-(bromomethyl)-napthylene 

PDC: Pyridinium dichromate 

PMP-OH: para-methoxyphenol 

PoipsCl: p-O-isopropylbenzenesulfonyl chloride 

THF: tetrahydrofuran 
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TsCl: Tosyl chloride (4-methylbenzenesulfonyl chloride) 

TTBP: 2,4,6-tri-tert-butylpyrimidine 

TrisylCl: Trisyl chloride (2,4,6-tri-isopropylbenzenesulfonyl chloride) 
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3.9.2 Recrystallization of sulfonyl chlorides: 
 

Recrystallization of p-toluenesulfonyl chloride: 

A solution of p-toluenesulfonyl chloride (50g) in diethyl ether (400 mL) was washed twice with 

aqueous 2M NaOH (2 x100 mL), then dried over Na2SO4, and filtered. The receiving flask was 

covered with parafilm and placed in a crystalizing dish. The crystalizing dish was packed with 

powdered dry ice, and the flask left there for at least 4 h, refreshing dry ice as needed. The 

resulting colorless crystals were filtered then placed under high vacuum overnight. The 

recrystallized material should be stored in the dark in a sealed container that had been purged 

with argon. 

 

Recrystallization of p-O-isopropylbenzenesulfonyl chloride: 

A solution of PoipsCl in diethyl ether (~5 g/15 mL) was prepared in a beaker and the top of the 

beaker covered with parafilm. The beaker was left to sit in a recrystallizing dish loosely packed 

with dry ice for approximately 4 hours. The resulting clear crystals were filtered and collected. 

The crystals were dried in a vacuum desiccator under vacuum overnight. The recrystallized 

material was stored in a sealed container under argon in the dark. 

 
.  
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3.9.3 Experimental Procedures 
Synthesis of Digitoxose Donor 3.65 

 
 
 

 
 
4-O-benzyl-L-rhamnal The synthesis of 3.65 was adapted from a known pathway.30 Di-O-acetyl-

L-rhamnal 3.64 (15.88 g, 74.2 mmol) was dissolved in 120 mL methanol. Sodium methoxide 

(1.20 g, 22.3 mmol, 0.3 equiv) was added as a solid and the reaction was run at room 

temperature until 3.64 was seen to be consumed by TLC (30 minutes). The reaction was 

quenched with the addition of IR-120 H+ resin until pH ~ 7. The resin was filtered off, and the 

filtrate concentrated in vacuo, and dried on high vacuum until 3.74 dried into a white powder.  

 

Compound 3.74 was dissolved in 198 mL DMF with imidazole (10.12 g, 146.6 mmol, 2 equiv.) 

and cooled to 0 °C. TBSCl (12.15 g, 80.64 mmol, 1.1 equiv) was added as a solid, and the 

reaction was allowed to warm to room temperature. After 3.74 was seen to be consumed by 

TLC (~12 hours), the reaction was poured over water (~200 mL), extracted with ethyl acetate 

(3x200 mL) and the combined organic layers were washed with 1M LiCl (1x250 mL). The organic 
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layer was dried over sodium sulfate, filtered through cotton, and concentrated in vacuo to give 

crude 3.75 as a clear oil.  

 

The crude 3.75 was dissolved in 198 mL DMF and cooled to 0 °C. Sodium hydride (60% in 

mineral oil, 4.4 g, 109.9 mmol, 1.5 equiv), was carefully added as a solid, and stirred for 10 

minutes at 0 °C. Benzyl bromide (17.4 mL, 146.6 mmol, 2 equiv) was added and the reaction 

was allowed to stir while warming to room temperature. Upon consumption of starting 

material seen by TLC (~12 hours), the reaction was quenched with saturated ammonium 

chloride (~50 mL). The reaction was poured over water and extracted with diethyl ether (3x250 

mL). The combined organic layers were washed with 1M lithium chloride (1x250 mL), dried over 

sodium sulfate, filtered through cotton, and concentrated in vacuo, giving crude 3.76 as a 

slightly yellow oil.  

 

To 3.76 was added TBAF (1.0 M in THF, 81 mL, 80.63 mmol, 1.1 equiv) at room temperature. 

The reaction was stirred for 20 hours until starting material seen to be consumed by TLC. The 

reaction was poured over water and extracted with ethyl acetate (3x200 mL). The combined 

organic layers were washed with water (1x200 mL). The organic layer was dried over sodium 

sulfate, filtered through cotton, and concentrated in vacuo. The resulting crude mixture was 

purified by flash chromatography (10% ethyl acetate: hexanes to 20% ethyl acetate: hexanes). 

Compound 3.65 (12.76 g, 79%, 4 steps) was recovered as a white solid in good agreement with 

reported spectroscopic data.48 
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1H NMR (500 MHz, CDCl3ύ ʵ тΦпл ς 7.31 (m, 4H), 7.34 ς 7.27 (m, 1H), 6.32 (dd, J = 6.0, 1.7 Hz, 

1H), 4.84 (d, J = 11.6 Hz, 1H), 4.79 (d, J = 11.6 Hz, 1H), 4.69 (dd, J = 6.0, 2.4 Hz, 1H), 4.38 ς 4.31 

(m, 1H), 3.90 (dq, J = 9.6, 6.4 Hz, 1H), 3.28 (dd, J = 9.6, 6.9 Hz, 1H), 1.67 (d, J = 5.8 Hz, 1H), 1.41 

(d, J = 6.4 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мппΦуΣ моуΦпΣ мнуΦтΣ мнуΦмΣ млоΦнΣ унΦсΣ тпΦпΣ тпΦнΣ тлΦмΣ мтΦуΦ 

 
 

 
 

 
3.77 

 
(2S,3S)-3-(benzyloxy)-2-methyl-2,3-dihydro-4H-pyran-4-one Compound 3.65 (6.48 g, 29.42 

mmol) was dissolved in 289 mL ethyl acetate and 5.3 mL glacial acetic acid. PDC (14.39 g, 38.24 

mmol, 1.3 equiv.) was added as a solid and the reaction was stirred at room temperature for 24 

hours. Remaining solids were removed by filtration through Celite and rinsed with ethyl 

acetate. The filtrate was concentrated and purified by flash chromatography (20% ethyl acetate 
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in hexanes). Enone 3.77 was isolated as a clear oil (5.53 g, 86%) in good agreement with 

published spectroscopic data.49 

 

1H NMR (500 MHz, CDCl3ύ ʵ тΦпп ς 7.31 (m, 6H), 5.40 (d, J = 5.9 Hz, 1H), 5.06 (d, J = 11.5 Hz, 1H), 

4.68 (d, J = 11.5 Hz, 1H), 4.51 (dq, J = 9.9, 6.5 Hz, 1H), 3.75 (d, J = 9.7 Hz, 1H), 1.45 (d, J = 6.5 Hz, 

3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мфоΦнΣ мснΦоΣ мотΦрΣ мнуΦсΣ мнуΦнΣ мнуΦлΣ млрΦнΣ туΦуΣ туΦтΣ тпΦлΣ 

17.3 

 
 
 

 
3.78 

 
 
4-O-benzyl-2,6-dideoxy-1-(p-methylbenzene)thiol-L-erythro-hexopyranosid-3-ulose Enone 

3.77 (5.53 g, 25.34 mmol) was dissolved in 202 mL dry THF with Cesium carbonate (8.22 g, 

25.34 mmol, 1 equiv.) and triethylamine (3.8 mL, 4.13 mmol, 1.1 equiv.) and cooled to -10 °C. 

Thiocresol (12.6 g, 101.4 mmol, 4 equiv.) was added as a solid and the reaction was stirred 

while warming gradually to 0 °C. Upon consumption of starting material after approximately 1 

hour, the reaction was quenched at 0 °C with ~10 mL saturated ammonium chloride. The 

reaction was poured over water and extracted with dichloromethane (3x100 mL). The 

combined organic layers were washed with brine (1x100 mL), dried over sodium sulfate, 
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filtered, and concentrated. The crude mixture was purified by flash chromatography (80% 

dichloromethane in hexanes) to afford оΦтуʲ as a white solid and оΦтуʰ as a clear oil (6.16 g, 

тм҈Σ ʰΥʲ Ґ тΦтΥмύΦ {ǇŜŎǘǊƻǎŎƻǇƛŎ Řŀǘŀ ǿŀǎ ƛƴ ƎƻƻŘ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ƭƛǘŜǊŀǘǳǊŜ ǾŀƭǳŜǎΦ50  

 

Alpha anomer 

 

1H NMR (500 MHz, CDCl3ύ ʵ тΦпп ς 7.28 (m, 7H), 7.12 (d, J = 7.9 Hz, 2H), 5.71 (d, J = 7.3 Hz, 1H), 

4.97 (d, J = 11.4 Hz, 1H), 4.58 (dq, J = 9.6, 6.2 Hz, 1H), 4.53 (d, J = 11.4 Hz, 1H), 3.66 (dd, J = 9.4, 

1.3 Hz, 1H), 3.10 (ddd, J = 14.5, 7.3, 1.2 Hz, 1H), 2.81 ς 2.73 (m, 1H), 2.33 (s, 3H), 1.34 (d, J = 6.2 

Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ нлоΦмΣ моуΦлΣ мотΦрΣ монΦрΣ молΦлΣ мнфΦфΣ мнуΦсΣ мнуΦпΣ мнуΦнΣ упΦсΣ 

84.3, 73.4, 70.3, 46.7, 21.3, 18.7. 

 

Beta anomer 

 

1H NMR (500 MHz, CDCl3ύ ʵ тΦпн όŘΣ J = 8.0 Hz, 2H), 7.38 ς 7.28 (m, 5H), 7.14 (d, J = 7.8 Hz, 2H), 

4.93 (d, J = 11.4 Hz, 1H), 4.85 (dd, J = 11.9, 2.6 Hz, 1H), 4.47 (d, J = 11.4 Hz, 1H), 3.66 ς 3.58 (m, 

2H), 2.78 (dd, J = 14.1, 2.5 Hz, 1H), 2.68 (dd, J = 14.1, 11.8 Hz, 1H), 2.35 (s, 3H), 1.42 (d, J = 3.9 

Hz, 3H). 
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13C NMR (126 MHz, CDCl3ύ ʵ нлпΦнΣ моуΦуΣ мотΦпΣ мооΦрΣ молΦлΣ мнуΦсΣ 128.6, 128.4, 128.2, 84.5, 

83.5, 77.1, 73.6, 48.2, 21.3, 19.3. 

 
 

 
3.79 

 
Tolyl 4-O-benzyl-3-O-(2-naphthylmethyl)-1-thio- -hL-digitoxopyranoside The alpha anomer of 

compound 3.78 (1.17 g, 3.47 mmol) was dissolved in 30 mL MeOH and 10 mL CH2Cl2 and cooled 

to -15 °C. Sodium borohydride (388 mg, 10.25 mmol, 3 equiv.) was added as a solid in three 

batches over ten minutes. After 30 minutes, starting material seen to have been consumed by 

TLC, the reaction was quenched with 5 mL saturated ammonium chloride. The reaction 

concentrated in vacuo, then poured over water and extracted with dichloromethane (3x50 mL). 

The combined organic layers were washed with water (1x50 mL), dried over sodium sulfate, 

filtered through cotton, and concentrated in vacuo, giving crude the axial alcohol as a white 

solid.  

 

The resulting crude compound was dissolved into 9.3 mL DMF and cooled to 0 °C. Sodium 

hydride (60% wt. in mineral oil, 274 mg, 6.85 mmol, 2 equiv.) was added as a solid and the 

reaction was stirred at 0 °C for 15 minutes. (2-naphthyl)methyl bromide was dissolved in 1.3 mL 

DMF and added to the reaction via syringe. The reaction was stirred while gradually warming to 

room temperature. After starting material was seen consumed by TLC, the reaction was 

quenched with ~10 mL saturated ammonium chloride, poured over water, and extracted with 
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diethyl ether (3x50 mL). The combined organic layers were washed with 1M lithium chloride 

(1x50 mL), dried over sodium sulfate, and concentrated. The crude mixture was purified by 

flash chromatography (5% to 7.5% ethyl acetate: hexanes) to give compound 3.79 as a white 

solid (1.31 g recovered, 79% ,2 steps). 

 

1H NMR (500 MHz, CDCl3ύ ʵ тΦуу όǎΣ мIύΣ тΦут ς 7.79 (m, 2H), 7.79 ς 7.74 (m, 1H), 7.60 (dd, J = 

8.4, 1.7 Hz, 1H), 7.50 ς 7.43 (m, 2H), 7.40 (d, J = 8.1 Hz, 2H), 7.34 ς 7.22 (m, 5H), 7.10 (d, J = 7.8 

Hz, 2H), 5.37 (d, J = 6.1 Hz, 1H), 5.01 (d, J = 12.7 Hz, 1H), 4.78 ς 4.67 (m, 2H), 4.54 (d, J = 11.9 Hz, 

1H), 4.39 (d, J = 11.9 Hz, 1H), 3.99 (q, J = 3.0 Hz, 1H), 3.14 (dd, J = 9.3, 2.9 Hz, 1H), 2.58 ς 2.50 

(m, 1H), 2.32 (s, 3H), 2.10 (ddd, J = 14.7, 6.4, 2.6 Hz, 1H), 1.32 (d, J = 6.3 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ моуΦоΣ мосΦтΣ мосΦлΣ мопΦтΣ мооΦпΣ мооΦмΣ 131.3, 129.6, 128.4, 128.2, 

128.0, 127.8, 127.7, 126.8, 126.3, 126.1, 125.9, 83.9, 80.6, 71.1, 71.0, 69.6, 64.6, 34.3, 21.2, 

18.2. 

 

LRMS (ESI) m/z: [M+Na]+ calculated for C31H32NaO3S: 507.20, found: 507.34 

 

HRMS (ESI) m/z: [M+Na]+ calculated for C31H32NaO3S: 507.1970, found: 507.1964 

 

[ ]h˂23: -0.105 (c = 0.02) 
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3.62 

 
 
3-O-benzyl-4-O-(2-naphthylmethyl)-L-digitoxopyranoside Compound 3.79 (1.31 g, 2.70 mmol) 

was dissolved in 44 mL acetone and 2.7 mL water. The reaction solution was then cooled to 0 

°C. NBS (1.44 g, 8.11 mmol, 3 equiv) was added as a solid and the reaction was stirred while 

warming to room temperature. Upon consumption of starting material (1 hour), the reaction 

was concentrated in vacuo, and partitioned between dichloromethane and a 1:1 mixture of 

saturated sodium bicarbonate and sodium thiosulfate (~50 mL). The aqueous layer was 

extracted with DCM (3x25 mL). The combined organic layers were dried over sodium sulfate, 

filtered, and concentrated. The crude mixture was purified by flash chromatography (30% ethyl 

acetate:hexanes) to yield 3.62 όмΦлн Ǝ Ҕфф҈ όʰΥʲ Ґ мΦрΥмύύ as a clear oil which dried to a white 

solid after extended drying under high vacuum.  

 

Spectra reported for major anomer: 

 

1H NMR (500 MHz, CDCl3ύ ʵ тΦфм ς 7.70 (m, 4H), 7.56 ς 7.42 (m, 3H), 7.38 ς 7.18 (m, 5H), 5.24 

(ddd, J = 9.9, 5.7, 2.1 Hz, 1H), 4.85 (d, J = 12.3 Hz, 1H), 4.80 (d, J = 12.4 Hz, 1H), 4.60 ς 4.53 (m, 

1H), 4.42 (d, J = 11.7 Hz, 1H), 4.17 ς 4.10 (m, 1H), 4.02 (q, J = 3.0 Hz, 1H), 3.13 (dd, J = 9.5, 2.7 

Hz, 1H), 2.95 (d, J = 5.7 Hz, 1H), 2.32 (ddd, J = 13.7, 3.9, 2.1 Hz, 1H), 1.49 (ddd, J = 13.8, 9.6, 2.5 

Hz, 1H), 1.32 (d, J = 6.3 Hz, 3H). 
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13C NMR (126 MHz, CDCl3ύ ʵ м37.8, 135.9, 135.0, 133.2, 133.2, 133.1, 133.0, 128.5, 128.5, 128.4, 

128.2, 127.9, 127.9, 127.9, 127.8, 127.8, 127.8, 127.7, 126.9, 126.5, 126.3, 126.2, 126.1, 125.9, 

125.9, 92.3, 91.9, 81.1, 80.7, 73.2, 72.4, 71.8, 71.7, 71.5, 70.9, 69.3, 62.9, 36.6, 34.2, 18.5, 18.3. 

 

LRMS (ESI): m/z: [M+Na]+ calculated for C24H26NaO4 : 401.17, found: 401.28 

 

HRMS (ESI) m/z: [M+Na]+ calculated for C24H26NaO4 : 401.1729, found: 401.1726 

 

ώʰϐ˂23: -50.0 (CH2Cl2, c = 0.03) 
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Synthesis of PMP glycoside 3.64 

 
 
  
 

 
3.71 

 
p-methoxyphenyl 4-O-benzyl-3-O-(2-naphthylmethyl)- -hL-digitoxopyranoside Donor 3.62 (305 

mg, 0.806 mmol) and TTBP (200 mg, 0.806 mmol, 1 equiv) were dissolved in 6.5 mL THF and 

cooled to -78 °C. PoipsCl (189 mg, 0.806 mmol) was dissolved in 3.4 mL THF and cooled to -78 

°C. PMP-OH (100 mg, 0.806 mmol) was dissolved in 3.1 mL THF and cooled to -78 °C.  KHMDS 

(1.0 M in THF, 0.81 mL, 0.806 mmol) was added to 3.62 and the reaction was stirred for 10 

minutes. The solution of PoipsCl was transferred into the donor 3.62 solution via syringe and 

the reaction was stirred at -78 °C for a ten minute activation time. Five minutes prior to the 

completion of the activation time, KHMDS (1.0 M in THF, 0.81 mL, 0.806 mmol) was added to 

the PMP-OH solution and stirred at -78 °C. Upon completion of the activation time the solution 

of PMP-OH was transferred via syringe into the solution of donor 3.62 and the reaction was left 

to stir at -78 °C for three hours. The reaction mixture was filtered through a pad of silica with 

ethyl acetate (~100 mL). The filtrate was concentrated in vacuo and the crude mixture purified 

by flash chromatography (20% ethyl acetate:hexanes), giving compound 3.71 as a clear oil (215 

ƳƎ ǊŜŎƻǾŜǊŜŘΣ рр҈ ʰΥʲ Ґ млΥмύΦ  
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Alpha anomer: 

 

1H NMR (500 MHz, CDCl3ύ ʵ тΦуу όǎΣ мIύΣ тΦут ς 7.80 (m, 2H), 7.80 ς 7.75 (m, 1H), 7.60 (dd, J = 

8.5, 1.7 Hz, 1H), 7.50 ς 7.43 (m, 2H), 7.33 ς 7.25 (m, 5H), 7.05 ς 6.98 (m, 2H), 6.86 ς 6.79 (m, 

2H), 5.41 (d, J = 4.2 Hz, 1H), 5.02 (d, J = 12.4 Hz, 1H), 4.80 (d, J = 12.5 Hz, 1H), 4.64 (d, J = 11.9 

Hz, 1H), 4.54 ς 4.44 (m, 2H), 4.05 (dd, J = 6.3, 3.1 Hz, 1H), 3.77 (s, 3H), 3.22 (dd, J = 9.2, 2.9 Hz, 

1H), 2.57 (ddd, J = 15.0, 3.6, 1.4 Hz, 1H), 1.84 ς 1.76 (m, 1H), 1.25 (d, J = 6.4 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мрпΦтΣ мрмΦрΣ мо8.4, 136.4, 133.4, 133.1, 128.4, 128.1, 128.0, 127.9, 

127.8, 127.7, 126.6, 126.2, 126.1, 125.9, 118.2, 114.6, 95.7, 80.0, 70.8, 70.5, 69.2, 64.2, 55.8, 

31.9, 18.2. 

 

LRMS (ESI) m/z: [M+Na]+ calculated for C31H32NaO5, 507.21. Found: 507.47 

 

HRMS (ESI ) m/z: [M+Na]+ calculated for C31H32NaO5, 507.2147. Found: 507.2122 

 

ώʰϐ˂23: -83.7 (CH2Cl2, c = 0.72) 

 

Beta anomer: 

 

1H NMR (500 MHz, CDCl3ύ ʵ тΦус ς 7.75 (m, 4H), 7.53 ς 7.45 (m, 3H), 7.35 ς 7.26 (m, 5H), 6.95 

(d, J = 9.0 Hz, 2H), 6.80 (d, J = 9.0 Hz, 2H), 5.44 (dd, J = 9.5, 2.2 Hz, 1H), 4.89 ς 4.80 (m, 2H), 4.59 



135 
 

(d, J = 11.7 Hz, 1H), 4.46 (d, J = 11.7 Hz, 1H), 4.19 (dq, J = 12.8, 6.3 Hz, 1H), 4.14 ς 4.08 (m, 1H), 

3.76 (s, 3H), 3.23 (dd, J = 9.1, 2.8 Hz, 1H), 2.40 (ddd, J = 13.7, 4.3, 2.3 Hz, 1H), 1.82 (ddd, J = 13.7, 

9.3, 2.5 Hz, 1H), 1.34 (d, J = 6.3 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мрпΦфΣ мрмΦрΣ моуΦмΣ мосΦлΣ мооΦпΣ мооΦнΣ мнуΦсΣ мнуΦпΣ мнуΦлΣ мнуΦлΣ 

127.9, 127.9, 126.7, 126.3, 126.1, 117.8, 114.6, 97.0, 80.7, 72.0, 71.7, 71.2, 69.6, 55.8, 35.4, 

18.7. 

 

LRMS (ESI) m/z: [M+Na]+ calculated for C31H32NaO5, 507.21. Found: 507.57 

 

HRMS (ESI) m/z: [M+Na]+ calculated for C31H32NaO5, 507.2147. Found: 507.2119  

 

ώʰϐ˂23: -5.01 (CH2Cl2, c = 2.6) 

 
 
 
 
 

 
3.64 

 
p-methyoxyphenyl-4-O-benzyl-3-O-(2-naphthylmethyl)- -hL-digitoxopyranoside Compound 

оΦтмʰ (826 mg, 1.70 mmol) was dissolved in 162 mL dichloromethane and 8 mL water. DDQ 

(851 mg, 3.75 mmol, 2.2 equiv) was added as a solid and the reaction was stirred at room 

temperature for 30 minutes. Upon completion, the reaction was diluted with ~100 mL 
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dichloromethane, and washed with 2M sodium hydroxide (2x100 mL). The organic layer was 

then dried with sodium sulfate, filtered, and concentrated. The crude mixture was then purified 

by flash chromatography (20% to 30% ethyl acetate in hexanes) affording compound 3.64 as an 

off-white solid (452 mg, 77%).  

 

 

1H NMR (500 MHz, CDCl3ύ ʵ тΦоп όŘΣ J = 33.7 Hz, 5H), 7.03 ς 6.96 (m, 2H), 6.85 ς 6.78 (m, 2H), 

5.43 (d, J = 4.2 Hz, 1H), 4.76 (d, J = 11.3 Hz, 1H), 4.57 (d, J = 12.4 Hz, 1H), 4.33 ς 4.27 (m, 1H), 

4.26 ς 4.20 (m, 1H), 3.77 (s, 3H), 3.23 ς 3.13 (m, 2H), 2.38 (dd, J = 14.8, 3.9 Hz, 1H), 2.00 (dd, J = 

15.0, 3.8 Hz, 1H), 1.27 (d, J = 5.5 Hz, 3H) 

 

13C NMR (126 MHz, CDCl3ύ ʵ мррΦнΣ мрлΦсΣ моуΦлΣ мнуΦсΣ мнуΦмΣ мнуΦлΣ ммуΦпΣ ммпΦтΣ фтΦмΣ тфΦфΣ 

70.8, 64.0, 63.2, 55.8, 35.5, 18.1. 

 

LRMS (ESI) m/z: [M+Na]+ calculated for C20H24O5Na: 367.15, found: 367.26 

 

HRMS (ESI ) m/z: [M+Na]+ calculated for C20H24O5Na: 367.1521, found: 367.1518 

 

[ ]h˂23: -92.0 (c = 0.36) 
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Model glycosylation of Donor 3.62 and acceptor 3.69 

 
 

 
6 

 
Methyl 4,6-O-benzilidene-3-O-(4-O-benzyl-3-O-(2-naphthylmethyl)-ʰκʲ-L-digitoxopyranosyl)-

2-O-benzyl- -̡D-glucopyranoside Compound 3.62 (153 mg, 0.403 mmol, 1.5 equiv) and TTBP 

(100 mg, 0.403 mmol) were dissolved in 3.3 mL THF and cooled to -78 °C.  PoipsCl (94.5 mg, 

0.403 mmol, 1.5 equiv) was dissolved in 1.7 mL THF and cooled to -78 °C. Acceptor 3.69 (100 

mg, 0.268 mmol, 1 equiv) was dissolved in 2.4 mL THF and cooled to -78 °C. KHMDS (1.0 M in 

THF, 0.40 mL, 0.40 mmol) was added to the solution of donor 3.62 and stirred at -78 °C for ten 

minutes. The solution of PoipsCl was transferred via syringe into the solution of donor 3.62 and 

stirred at -78 °C for a ten-minute activation time. Five minutes prior to the completion of the 

activation time, KHMDS (1.0 M in THF, 0.27 mL, 0.27 mmol) was added to the solution of 

acceptor 3.69. Upon completion of the activation time, the solution of acceptor 3.69 was 

transferred into the solution of donor 3.62 via syringe and the reaction was stirred for three 

hours. The reaction mixture was filtered through a pad of silica with ethyl acetate and the 

filtrate concentrated in vacuo. The crude reaction mixture was purified by flash 

chromatography (20% ethyl acetate in hexanes) to afford compound 3.70 as an amorphous 

white solid.  
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tŜŀƪǎ ŦƻǊ ƳŀƧƻǊ ʰ-anomer: 

 

1H NMR (500 MHz, CDCl3ύ ʵ тΦус ς 7.67 (m, 4H), 7.54 (dd, J = 8.4, 1.6 Hz, 1H), 7.52 ς 7.41 (m, 

4H), 7.36 ς 7.21 (m, 13H), 5.39 (s, 1H), 5.09 (d, J = 4.5 Hz, 1H), 4.89 (d, J = 11.3 Hz, 1H), 4.81 (d, J 

= 12.2 Hz, 1H), 4.68 ς 4.60 (m, 2H), 4.56 (d, J = 12.0 Hz, 1H), 4.51 ς 4.44 (m, 1H), 4.44 ς 4.38 (m, 

2H), 4.33 (dd, J = 10.5, 4.8 Hz, 1H), 3.90 ς 3.82 (m, 2H), 3.71 (t, J = 10.2 Hz, 1H), 3.57 (s, 3H), 3.52 

(t, J = 9.4 Hz, 1H), 3.46 ς 3.38 (m, 2H), 3.05 (dd, J = 9.3, 3.0 Hz, 1H), 2.15 (dd, J = 14.9, 3.7 Hz, 

1H), 1.52 (ddd, J = 14.9, 4.6, 3.2 Hz, 1H), 0.78 (d, J = 6.3 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ моуΦуΣ моуΦсΣ мотΦпΣ мосΦуΣ мооΦпΣ мооΦлΣ мнфΦлΣ мнуΦрΣ мнуΦрΣ мнуΦоΣ 

128.2, 128.0, 127.9, 127.9, 127.8, 127.8, 127.8, 127.6, 126.6, 126.2, 126.1, 126.1, 125.8, 105.4, 

101.9, 97.5, 83.5, 80.4, 79.9, 77.4, 75.0, 70.7, 70.4, 69.9, 69.0, 66.7, 63.5, 57.5, 31.9, 17.8. 

 

LRMS (ESI) m/z: [M+Na]+ calculated for C45H48NaO9 : 755.32, found: 755.49 

 

HRMS (ESI) m/z: [M+Na]+ calculated for C45H48NaO9 : 755.3196, found: 755.3196 

 

ώʰϐ˂23: -38.1 (CH2Cl2, c = 2.6) 
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Synthesis of disaccharide 3.63 

 
 

 
3.72 

 
 
p-methoxyphenyl 4-O-benzyl-3-O-(4-O-benzyl-3-O-(2-naphthylmethyl)-ʰκʲ-L-

digitoxopyranosyl)- -hL-digitoxopyranoside Compound 3.62 (165 mg, 0.435 mmol, 1.5 equiv) 

and TTBP (108 mg, 0.435 mmol, 1.5 equiv) were dissolved in 3.5 mL THF and cooled to -78 °C. 

PoipsCl (102 mg, 0.435 mmol, 1.5 equiv) was dissolved in 1.8 mL THF and cooled to -78 °C. 

Compound 3.64 (100 mg, 0.290 mmol, 1.0 equiv) was dissolved in 2.6 mL THF and cooled to -78 

°C. KHMDS (1.0 M in THF, 0.44 mL, 0.44 mmol) was added to the solution of donor 3.62 and 

stirred at -78 °C for ten minutes. The solution of PoipsCl was transferred into the solution of 

3.62 via syringe and stirred at -78 °C for a ten minute activation time. Five minutes prior to the 

completion of the activation time KHMDS (1.0 M in THF, 0.29 mL, 0.290 mmol) was added to 

the solution of acceptor 3.64. Upon completion of the activation time, the solution of acceptor 

3.64 was transferred via syringe into the reaction and stirred at -78 °C for three hours. The 

reaction mixture was filtered through a small pad of silica gel with ethyl acetate, and the filtrate 
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concentrated in vacuo. The crude reaction product was purified by flash chromatography (20% 

ethyl acetate in hexanes) to afford compound 3.72 ŀǎ ŀ ŎƭŜŀǊ ƻƛƭ όмсс ƳƎΣ ум҈Σ ʰΥʲ Ґ пΦпΥмύ 

 

Alpha anomer: 

 

1H NMR (500 MHz, CDCl3ύ ʵ тΦур ς 7.57 (m, 4H), 7.54 ς 7.17 (m, 13H), 7.02 ς 6.91 (m, 2H), 6.85 

ς 6.73 (m, 2H), 5.31 (dd, J = 4.5, 1.4 Hz, 1H), 5.10 (d, J = 4.3 Hz, 1H), 5.02 (d, J = 12.0 Hz, 1H), 

4.81 (d, J = 12.3 Hz, 1H), 4.71 ς 4.61 (m, 3H), 4.54 ς 4.44 (m, 2H), 4.41 ς 4.30 (m, 2H), 4.03 (q, J = 

3.1 Hz, 1H), 3.75 (s, 3H), 3.22 ς 3.11 (m, 2H), 2.61 (ddd, J = 14.7, 3.5, 1.2 Hz, 1H), 2.39 (ddd, J = 

14.9, 3.8, 1.5 Hz, 1H), 1.78 (ddd, J = 14.9, 4.6, 2.9 Hz, 1H), 1.71 (ddd, J = 14.7, 4.6, 3.0 Hz, 1H), 

1.24 (d, J = 6.3 Hz, 3H), 1.06 (d, J = 6.3 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мрпΦуΣ мрмΦуΣ моуΦтΣ мосΦтΣ мооΦпΣ мон.9, 128.4, 128.3, 128.0, 127.8, 

127.8, 127.7, 127.6, 127.5, 126.3, 126.2, 125.8, 125.5, 118.4, 114.7, 96.5, 93.3, 80.3, 78.8, 70.3, 

69.7, 69.4, 68.8, 66.3, 64.6, 63.8, 55.8, 32.0, 31.4, 18.4, 18.1. 

 

LRMS (ESI) m/z: [M+Na]+ calculated for C44H48NaO8: 727.32. Found: 727.39 

 

HRMS (ESI) m/z: [M+Na]+ calculated for C44H48NaO8: 727.3247. Found: 727.3239 

 

ώʰϐ˂23: -40.4 (CH2Cl2, c = 0.97) 
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Beta Anomer 

1H NMR (500 MHz, CDCl3ύ ʵ тΦуу ς 7.70 (m, 4H), 7.53 ς 7.41 (m, 3H), 7.33 ς 7.18 (m, 10H), 7.02 

ς 6.92 (m, 2H), 6.82 ς 6.73 (m, 2H), 5.37 ς 5.32 (m, 1H), 5.12 (dd, J = 9.4, 2.0 Hz, 1H), 4.75 (d, J = 

12.7 Hz, 1H), 4.70 ς 4.65 (m, 2H), 4.53 (d, J = 11.8 Hz, 2H), 4.38 (d, J = 11.8 Hz, 1H), 4.35 ς 4.29 

(m, 1H), 4.27 (q, J = 3.9 Hz, 1H), 4.05 (dt, J = 12.2, 6.1 Hz, 1H), 4.00 (d, J = 3.3 Hz, 1H), 3.75 (s, 

3H), 3.21 (dd, J = 8.8, 2.9 Hz, 1H), 3.16 (dd, J = 9.2, 2.8 Hz, 1H), 2.41 (ddd, J = 14.5, 4.4, 2.0 Hz, 

1H), 2.39 ς 2.32 (m, 1H), 2.06 ς 1.97 (m, 1H), 1.67 ς 1.58 (m, 1H), 1.31 (d, J = 6.2 Hz, 3H), 1.22 

(d, J = 6.5 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мрпΦсΣ мрмΦрΣ моуΦнΣ мосΦнΣ мооΦпΣ мооΦмΣ мнуΦрΣ мнуΦрΣ мнуΦнΣ мнуΦмΣ 

128.0, 128.0, 127.9, 127.8, 126.6, 126.2, 126.1, 126.0, 125.3, 118.6, 114.5, 99.0, 95.9, 80.7, 

80.5, 72.2, 71.4, 71.1, 70.8, 70.2, 69.3, 64.5, 55.8, 35.6, 35.1, 18.7, 18.1. 

 

LRMS (ESI) m/z: [M+Na]+ calculated for C44H48NaO8: 727.32. Found: 727.41 

 

HRMS (ESI) m/z: [M+Na]+ calculated for C44H48NaO8: 727.3247. Found: 727.3254 

 

ώʰϐ˂23: -43.9 (CH2Cl2, c = 2.34) 
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3.73 

 
p-methoxyphenyl 4-O-benzyl-3-O-(4-O-benzyl-3-O-acetyl-ʰκʲ-L-digitoxopyranosyl)- -hL-

digitoxopyranoside Compound 3.72 (407 mg, 0.577 mmol) was dissolved in 55 mL 

dichloromethane and 2.7 mL water. DDQ was added as a solid and the reaction was stirred at 

room temperature for 1 hour. The reaction mixture was diluted with 50 mL dichloromethane, 

and washed with 2M sodium hydroxide (2x50 mL), and water (1x50 mL). The organic layer was 

dried over sodium sulfate, filtered, and concentrated in vacuo. The crude mixture was purified 

by flash chromatography (25% ethyl acetate in hexanes) to afford compound 3.63 as an off-

white solid.  

 

The anomeric mixture of compound 3.63 (252 mg, 0.446 mmol) and DMAP (22 mg, 0.178 mmol, 

0.4 equiv) were dissolved in 2.5 dichloromethane. Triethyl amine (0.12 mL, 0.893 mmol, 2 

equiv) was added, followed by acetic anhydride (0.06 mL, 0.669 mmol, 1.5 equiv). The reaction 

was stirred for ~20 hours at room temperature. Upon consumption of starting material, the 

reaction was concentrated in vacuo, and purified by flash chromatography (25% ethyl acetate 

in hexanes), affording compound 3.73 as an amorphous solid (270 mg, 77%, 2 steps).  

 

Major alpha anomer: 

1H NMR (500 MHz, CDCl3ύ ʵ тΦоф ς 7.23 (m, 10H), 6.93 ς 6.87 (m, 2H), 6.83 ς 6.76 (m, 2H), 5.39 

ς 5.32 (m, 2H), 5.10 (d, J = 4.3 Hz, 1H), 4.78 (d, J = 12.1 Hz, 1H), 4.65 (d, J = 11.7 Hz, 1H), 4.53 ς 



143 
 

4.42 (m, 3H), 4.36 ς 4.26 (m, 2H), 3.75 (s, 3H), 3.21 ς 3.13 (m, 2H), 2.41 (dd, J = 14.9, 3.2 Hz, 1H), 

2.36 (dd, J = 15.1, 3.4 Hz, 1H), 1.95 ς 1.90 (m, 4H), 1.74 (dt, J = 15.5, 3.5 Hz, 1H), 1.21 (d, J = 6.3 

Hz, 3H), 1.19 (d, J = 6.3 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мтмΦсΣ мрпΦрΣ мрмΦоΣ моуΦпΣ моуΦмΣ мнуΦрΣ мнуΦпΣ мнуΦлΣ мнтΦфΣ мнтΦуΣ 

127.6, 117.4, 114.6, 95.1, 92.7, 79.2, 78.5, 70.8, 70.2, 66.1, 65.3, 64.1, 63.3, 60.5, 55.8, 33.4, 

31.6, 21.3, 21.2, 18.2, 18.1, 14.3. 

 

LRMS (ESI) m/z: [M+Na]+ calculated for C35H42NaO9: 629.27. Found: 629.38 

 

HRMS (ESI) m/z: [M+Na]+ calculated for C35H42NaO9: 629.2727. Found: 629.2733 

 

ώʰϐ˂23: -34.5 (CH2Cl2, c = 0.97) 
 
 
 

 
3.63 

 
 
p-methoxyphenyl-4-O-benzyl-3-O-(4-O-benzyl- -hL-digitoxopyranosyl)- -hL-digitoxopyranoside 

Compound 3.73 (188 mg, 0.310 mmol) was dissolved in 1.0 mL methanol and 5 mL 

dichloromethane. Sodium methoxide (20 mg, 0.372 mmol, 1.2 equiv) was added as a solid and 

the reaction was stirred at room temperature for 24 hours. Upon completion, the reaction 
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mixture was concentrated, and purified by flash chromatography (30% ethyl acetate in 

hexanes) affording compound 3.63 as a white solid (175 mg, >99%).  

 

1H NMR (500 MHz, CDCl3ύ ʵ тΦпл ς 7.24 (m, 10H), 6.97 ς 6.90 (m, 2H), 6.84 ς 6.77 (m, 2H), 5.36 

(d, J = 4.1 Hz, 1H), 5.23 (d, J = 3.4 Hz, 1H), 4.78 (d, J = 12.0 Hz, 1H), 4.74 (d, J = 12.1 Hz, 1H), 4.57 

ς 4.50 (m, 2H), 4.33 ς 4.19 (m, 4H), 3.98 (d, J = 10.2 Hz, 1H), 3.76 (s, 3H), 3.17 (dd, J = 9.5, 2.9 

Hz, 1H), 3.06 (dd, J = 9.7, 2.8 Hz, 1H), 2.39 (dd, J = 15.2, 3.1 Hz, 1H), 2.29 (dd, J = 14.3, 3.4 Hz, 

1H), 1.90 (dt, J = 14.3, 3.4 Hz, 1H), 1.80 ς 1.72 (dt, J = 14.7, 3.4 1H), 1.24 (d, J = 6.3 Hz, 3H), 1.16 

(d, J = 6.3 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мрпΦтΣ мрмΦмΣ моуΦсΣ мотΦфΣ мнуΦрΣ мнуΦпΣ мнуΦнΣ мнтΦфΣ мнтΦфΣ мнтΦсΣ 

117.9, 114.6, 95.1, 93.9, 80.1, 78.7, 71.4, 70.1, 66.6, 64.1, 63.9, 63.1, 55.8, 35.5, 31.1, 18.3, 

18.2. 

 

LRMS (ESI) m/z: [M+Na]+ calculated for C33H40NaO8: 587.26 . Found: 587.37 

 

HRMS (ESI) m/z: [M+Na]+ calculated for C33H40NaO8: 587.2621 . Found: 587.2617 

 

ώʰϐ˂23: -85.9 (CH2Cl2, c = 1.5) 
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Synthesis and deprotection of trisaccharide 3.60 

 
 

 
3.61 

 
p-methoxyphenyl-4-O-benzyl-3-O-(4-O-benzyl-3-O-(4-O-benzyl-3-O-(2-naphthylmethyl)- -hL-

digitoxopyeanosyl)- -hL-digitoxopyranosyl)- -hL-digitoxopyranoside Donor 3.62 (100 mg, 0.266 

mmol, 3 eqiv.) and TTBP (66 mg, 0.266 mmol, 3 equiv.) was dissolved in 2.1 mL THF and cooled 

to -78 °C. TsCl (50.6 mg, 0.266 mmol, 3 equiv.) was dissolved in 1.1 mL THF and cooled to -78 °C. 

Acceptor 3.63 (50 mg, 0.088 mmol) was dissolved in 1.7 mL THF and cooled to -78 °C. KHMDS 

(1.0 M in THF, 0.27 mL, 0.27 mmol) was added to 3.62 and the reaction was stirred for ten 

minutes. The solution of TsCl was then transferred into 3.62 via syringe and the reaction was 

stirred at -78 °C for a ten minute activation time. Five minutes prior to the completion of the 

activation time KHMDS (1.0 M in THF, 0.09 mL, 0.09 mmol) was added to the solution of 

acceptor 3.63. Upon completion of the activation time, the solution of acceptor 3.63 was 

transferred via syringe into the solution of donor 3.62 and the reaction was stirred at -78 °C for 

three hours. The reaction was filtered through a pad of silica with ethyl acetate and the filtrate 
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was concentrated in vacuo. The crude reaction mixture was purified by flash chromatography 

(15% to 20% ethyl acetate in hexanes) to afford compound 3.61 as a clear oil (25.8 mg, 33%). 

 

 

1H NMR (500 MHz, CDCl3ύ ʵ тΦуф ς 7.35 (m, 7H), 7.29 ς 7.10 (m, 15H), 6.97 ς 6.89 (m, 2H), 6.83 

ς 6.75 (m, 2H), 5.35 (d, J = 4.2 Hz, 1H), 5.27 (d, J = 4.5 Hz, 1H), 5.03 (d, J = 4.4 Hz, 1H), 4.92 (d, J = 

12.0 Hz, 1H), 4.78 (d, J = 12.3 Hz, 1H), 4.63 ς 4.46 (m, 5H), 4.44 ς 4.27 (m, 6H), 3.91 ς 3.88 (m, 

1H), 3.75 (s, 3H), 3.21 (dd, J = 9.1, 2.8 Hz, 1H), 3.14 (dd, J = 9.5, 2.8 Hz, 1H), 3.10 (dd, J = 9.0, 2.8 

Hz, 1H), 2.58 ς 2.47 (m, 2H), 2.34 (dd, J = 15.3, 3.0 Hz, 1H), 1.77 ς 1.68 (m, 2H), 1.47 (dt, J = 14.9, 

3.8 Hz, 1H), 1.28 ς 1.19 (m, 9H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мрпΦрΣ мрмΦсΣ моуΦфΣ моуΦуΣ моуΦнΣ мотΦлΣ мооΦ4, 132.9, 128.5, 128.4, 

128.3, 128.0, 127.8, 127.8, 127.7, 127.7, 127.6, 127.5, 127.4, 126.9, 126.7, 125.7, 125.4, 117.4, 

114.7, 95.5, 93.3, 92.0, 80.3, 79.1, 78.5, 70.1, 69.6, 69.4, 69.0, 66.0, 64.5, 64.0, 63.9, 63.7, 55.8, 

31.8, 30.9, 30.3, 18.5, 18.4, 18.2. 

 

LRMS (ESI) m/z: [M+Na]+ calculated for C57H64NaO11: 947.43. Found: 947.53 

 

HRMS (ESI) m/z: [M+Na]+ calculated for C57H64NaO11: 947.4346. Found: 947.4341 

 

ώʰϐ˂23: -89.5 (CH2Cl2, c = 1.87) 
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3.60 

 
 
p-methoxyphenyl 3-O-(3-O-ό-hL-digitoxopyranosyl)- -hL-digitoxopyranosyl)- -hL-

digitoxopyranoside Compound 3.61 (75 mg, 0.019 mmol) was dissolved in 13.3 mL absolute 

ethanol and 2.9 mL THF. Raney nickel (~1 g) was added. A balloon of hydrogen was fixed to the 

reaction flask and hydrogen gas was bubbled into the reaction 3x. The reaction was kept under 

a hydrogen atmosphere (balloon) and stirred for 48 hours. After completion of the reaction as 

determined by TLC (ethyl acetate), the reaction was filtered through a small pad of Celite with 

methanol. The filtrate was concentrated and purified by flash chromatography (ethyl acetate: 

hexanes, 50% to 100%) to afford compound 3.60 as an off-white amorphous solid (18.1 mg, 

43%).  

 

NB: Raney nickel is known to spark when dry and in contact with air. Avoid flammable 

substances and keep filter puck damp during and after filtration. 

 

1H NMR (500 MHz, CDCl3ύ ʵ сΦфр ς 6.87 (m, 2H), 6.84 ς 6.77 (m, 2H), 5.36 (d, J = 4.0 Hz, 1H), 

5.21 (d, J = 4.3 Hz, 1H), 5.08 (d, J = 3.4 Hz, 1H), 4.19 ς 4.15 (m, 1H), 4.14 ς 4.09 (m, 1H), 4.07 ς 

4.00 (m, 2H), 3.99 ς 3.94 (m, 2H), 3.94 ς 3.88 (m, 1H), 3.77 (s, 3H), 3.52 ς 3.45 (m, 2H), 3.40 ς 

3.28 (m, 2H), 3.18 (td, J = 10.0, 3.1 Hz, 1H), 2.58 (d, J = 10.1 Hz, 1H), 2.49 ς 2.41 (m, 1H), 2.28 
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(dd, J = 15.1, 2.9 Hz, 1H), 2.18 ς 2.11 (m, 1H), 1.98 (dt, J = 15.1, 4.0 Hz, 1H), 1.94 ς 1.81 (m, 2H), 

1.31 (d, J = 6.2 Hz, 6H), 1.26 (d, J = 6.3 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мрпΦтΣ мрмΦоΣ ммтΦтΣ ммпΦтΣ фрΦоΣ фрΦнΣ фмΦрΣ тнΦтΣ тнΦрΣ тнΦоΣ тнΦнΣ 

68.3, 67.3, 65.5, 65.5, 64.6, 55.8, 35.5, 32.5, 30.5, 18.1, 18.1, 17.9. 

 

LRMS (ESI) m/z: [M+Na]+ calculated for C25H38NaO11: 537.23 found: 537.49 

 

HRMS (ESI) m/z: [M+Na]+ calculated for C25H38NaO11: 537.2312, found: 537.2316 

 

ώʰϐ˂23: -93.4 (c = 1.2) 
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Chapter 4: Configurational Influence on Selectivity in 
Glycosylation with 2,6-Dideoxy-Glycosylarylsulfonates 
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4.1: Background and Approach 
 

4.1.1: Conformational and Configurational effects on glycosylation selectivity 
 

 The configuration of a glycosyl donor (gluco-, galacto-, manno-, etc) is perhaps one of 

the most obvious factors that influences the stereochemical outcome of a glycosylation; each 

donor has differing chirality which can influence both inter- and intramolecular interactions. For 

example, it is almost common knowledge in the field of oligosaccharide synthesis that the 

selective synthesis of h-mannose is trivial compared to the h -glycosides of other donor 

configurations despite the only difference being the equatorial vs axial configuration of the C2 

substituent.1ς3 This presents a problem for the synthesis of complex oligosaccharides, as sugars 

are a highly structurally diverse class of compounds. While glycosylation reactions under 

thermodynamic control typically favor the formation of the -hglycoside due to the anomeric 

effect,4 most chemical glycosylation occur under kinetic control, where selectivity depends 

greatly upon the structure of the transition state.  

As discussed in chapter 1, the most commonly invoked intermediate in chemical 

glycosylation is the oxocarbenium ion. Although glycosyl oxocarbeium ions have only been 

directly observed under extreme conditions and their presence in most glycosylation reactions 

is highly debated, they remain useful as a model to explain selectivity as the true transition 

state likely has oxocarbenium character. Experimental and computational studies by Woerpel 

on oxocarbenium-like intermediates have shown that alkoxy substituents preferentially adapt 

axial configurations in oxocarbenium-like pyranosyl structures.5,6 This is explained as the axial 

alkoxy substituent is more proximate to the developing oxocarbenium cation, stabilizing it 
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through a dipole interaction. The incoming nucleophile generally attacks in a manner that 

avoids bulky substituents, as well as minimizes strain by proceeding through a chair-like 

transition state if possible (Scheme 4.1). Further studies also showed that the nucleophilicity of 

an acceptor can also influence the selectivity of a  glycosylation reaction,7,8 with less 

nucleophilic acceptors being more influenced by transition state structure than strongly 

nucleophilic acceptors, which showed erosion of selectivity. The influence of oxocarbenium 

conformation was further expanded upon in work by Codee on glycosylation under SN1-like 

conditions.9 Through in silico mapping of the energy profiles of all possible conformers of 

oxocarbenium cations for a given glycosyl donor, it was possible to predict the proportion of -h 

and ̡ -products of a glycosylation with high accuracy by calculating the relative population of 

each conformer in a Boltzman distribution, as well as assigning which conformers would favor 

addition to the h -face and which would favor addition to the ̡ -face. The influence of donor 

configuration was most noticeable in the 2-deoxy donors studied. While 2-deoxy glucose 

produced a roughly equal mixture of h- and ̡ -glycosides, 2-deoxy galactose showed a strong 

preference for the h-glycoside both in prediction and experiment. Similar observations were 

seen in the 2,6-dideoxy series, with 2,6-dideoxy glucose forming a mixture of anomers, while 

2,6-dideoxy galactose showed a strong tendency to form the -hglycoside. This effect on 

Scheme 4.1: Oxocarbeium transition-state conformers and nucleophile addition 
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selectivity was not due to protecting group effects, but was due to the energetic accessibility of 

different conformations of oxocarbenium ions for each donor. 

The influence by remote effect on reactions with differently configured sugars can also 

be seen in studies by Withers on the hydrolysis of 2,4-dinitrophenol glycosides.10 In their 

studies of glycosides with varying substituents on the pyran ring, it was found that donors with 

axial substituents showed higher rates of hydrolysis compared to their equatorial counterparts. 

Using a Kirkwood-Westheimer model (Figure 4.1),11 in which the influence of substituents on 

the rate of hydrolysis is calculated based both the strength of the substituent dipole and its 

orientation relative to the reactive center (either the anomeric C1, or pyran O5 depending upon 

the distribution of positive charge in the transition state), a quantitative relationship between 

the predicted transition-state structure for variously substituted pyranoglycosides, and the 

experimental rate of hydrolysis was observed. Generally, equatorial polar substituents were 

predicted to be more destabilizing to the build-up of positive charge at the reaction center as 

the substituent dipole is oriented away from the anomeric position, disfavoring the build-up of 

positive charge in the transition state. Comparatively, axial substituents were less destabilizing 

to the build-up of positive charge at the anomeric position due to the substituent dipole being 

nearly orthogonal to the reactive center.  

Figure 4.1: Kirkwood-Westheimer model of through-space influence on transition state stability 
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A further factor affecting selectivity in a glycosylation is the reactivity of the glycosyl 

donor. Early work by Fraser-Reid demonstrated how the use of ethereal and acetyl protecting 

groups can influence the reactivity of a glycosyl donor (the so called άarmed-disarmedέ 

effect),12,13 allowing for the selective activation of an άarmedέ benzylated donor over a 

άdisarmedέ acetylated donor, allowing for the development of one-pot glycosyation. Later 

studies by Ley first indicated that locking the configuration of a rhamnosyl donor into a decaline 

system also decreased its reactivity.14 The reasoning of this observation was that the locked 

conformation disfavored the preferred half-chair conformation of the oxocarbenium cation.  

Donor reactivity was further studied by Wong who quantified donor reactivity based on 

how reactive a given ̡ -S-Tolyl donor was relative to tetra-O-Acetyl h -S-tolyl-mannose. This was 

done through a competition assay, where two donors are activated with sub-stoichiometric 

amounts of promoter. By comparing the initial and final concentrations of each donor in the 

reaction, a comparison of the rate constants for the activation of the two donors can be 

established using equation 2. This value is called the Relative Reactivity Velocity (RRV).  

ὙὙὠ 
 ȟ ȟϳ

 ȟ ȟϳ
   (2) 

Figure 4.2: Relative Reactivity Values (RRV) for glucose and galactose donors 
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This established both a simple procedure for measuring reactivity, as well as a scale for 

quantifying donor reactivity that has since become the standard measure of glycoside 

reactivity. This work showed quantitatively that analogous sugar configurational isomers (with 

identical protecting groups) could be significantly more reactive (Figure 4.2). As an example, 

per-benzylgalactose 4.12 was shown to be 6.5 times more reactive than per-benzylglucose 

4.09.15 Similar trends were seen for disarmed sugars as well. This is largely in agreement with 

Withers observations of axial substituents leading to more readily hydrolysable glycosides.  

More recent work by Wang has shown that the inherent reactivity of a sugar donor can 

change the mechanism of a glycosylation under otherwise identical conditions and alter the 

distribution of product anomers.16 In this work it was shown that under a NXS/TfOH promotor 

system (X = I, Br, Cl), more reactive donors went through halogen intermediates, while less 

reactive donors formed glycosyl h-triflate intermediates. This shift in mechanism resulted in an 

increased selectivity towards the h -glycosides of more reactive sugars and -̡glycosides of less 

reactive donors. Similar to CrichΩs ̡ -mannosylation as discussed in Chapter 1, it was postulated 

that the lower-reactivity donors were able to form stable h-triflate intermediates, leading to 

the formation of ̡ -glycosides preferentially, while the high-reactivity donors formed glycosyl 

halides that could equilibrate between the h - and ̡ -halide in a Curtin-Hammett equilibrium. In 

such an equilibrium, the minor, but more reactive ̡ -halide reacts with the acceptor faster, 

leading to higher prevalence of the h -glycoside. Following work also noted the influence of 

acceptor nucleophilicity, demonstrating a semi-quantitative relationship between donor 

reactivity, acceptor nucleophilicity, and the selectivity of glycosylation reactions.17 
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Given these studies that have demonstrated how changes in donor configuration at 

remote positions can impact the mechanistic pathways of a glycosylation, and by extension 

change the stereoselectivity, we wanted to study the influence that donor configuration would 

have on our glycosyl sulfonate-promoted glycosylation methodology. Although sulfonate-

promoted glycosylation reactions are predicted to proceed through an SN2-like mechanism, the 

influence of substituent orientation had not been explicitly studied. Given the observations 

from Wang on how highly reactive donors can show a mechanistic shift away from a glycosyl 

sulfonate intermediate towards a glycosyl halide intermediate, as well as the predicted increase 

in reactivity from axial substituents compared to equatorial substituents, it was a possibility 

that multiply deoxygenated sugars with axial substituents could undergo a similar shift in 

mechanism under our developed tosyl chloride promoted glycosylation.  

4.1.2: Unexpected glycosylation selectivity 
The development of glycosyl tosylates as donors for 2-deoxyglucose, 2,6-

dideoxyglucose, and 2,3,6-trideoxyglucose has proved to be an extremely effective method for 

the synthesis of ̡-glycosides of these 2-deoxy donors.18ς20 The utility of this chemistry has been 

demonstrated through the synthesis of several 2-deoxy-glycoside containing natural product 

oligosaccharides.20ς22 However, in the course of applying this chemistry more widely we have 

also observed several instances where the outcome of a tosyl chloride-promoted glycosylation 

with a 2-deoxy donor unexpectedly provided the -hglycoside (Figure 4.3). During the synthesis 

of the tetrasaccharide of the antibacterial FD-594 the use of this chemistry was expanded to 

the include to include the trideoxy sugar amecitose (2,3,6-trideoxy glucose). While tosyl 

chloride promoted glycosylation produced the ̡ -glycoside with high selectivity, it was not 
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completely selective as had been previously observed with 2-deoxy and 2,6-dideoxy donors. In 

the course of the optimization of this reaction alternate sulfonyl chlorides and protecting 

groups were explored. Surprisingly, it was found that when an acetate protecting group was 

installed at the C4 position, in conjunction with using 2,4,6-triisopropylbenzenesulfonyl chloride 

(trisylCl) as a promoter, the reaction exclusively produced the -hglycoside.20 Similar results 

were also observed with h -rhodinose glycosides in the synthesis of glycosides of saquayamycin 

Z and landomycin A.21,22 However, comparing the selectivity observed between amecitose and 

rhodinose, it was observed that rhodinose showed significantly higher tendency to form the h-

glycoside even when using etherial protecting groups, limiting explanations by remote 

participation. In progress on the synthesis of saccharomycin B it was also observed that when 

saccharosamine was used as a donor with our tosyl chloride promoted glycosylation the h-

glycoside was seen to be the major product.23 Even more recently, as was discussed in Chapter 

3, it was found that digitoxose, the C3 configurational isomer of olivose, favored the formation 

of h -digitoxosides, which was applied to the synthesis of the oligosaccharide fragment of 

Kijanmicin.24 These results suggested that the configuration of the sugar substituents has a 

Figure 4.3: Unexpected h -selective glycosylation reactions using arylsulfonyl chloride promoters 
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more significant role in the stereoselectivity of our sulfonyl chloride-promoted glycosylation 

reaction than has previously been assumed. More specifically, it suggests that 2-deoxy donors 

with axial substituents are less likely to undergo -̡glycosylation through the generation of 

intermediate glycosyl sulfonates.  

The influence of configuration on selectivity has also seen outside of the context of 

glycosyl sulfonates. While the use of tosyl chloride as a promoter proved to be ineffective for 

the synthesis of ̡-saccharosamine, the activation of the TBS glycoside of saccharosamine with 

boron trifluoride diethyletherate was shown to be very effective for the synthesis of this 

target.25 In another unusual observation as part of ongoing work, these same conditions 

applied to epi-vancosamine, a configurational isomer of saccharosamine, synthesized the -h

glycoside with high selectively. Again, these results emphasized how donor configuration can 

greatly impact selectivity. 

To address this question, we opted to study the behavior of the four configurational 

isomers of the 2,6-dideoxy series using the sulfonyl chloride promoted glycosylation 

methodology. In order to maintain consistency between the various hemiacetal donors, all four 

stereoisomers of 2,6-dideoxy glucose were synthesized with 3-O-Naphthylmethyl and 4-O-

Benzyl ether protecting groups.  

4.2: Synthesis of 2,6-dideoxy donors 

4.2.1: Synthesis of L-Digitoxose: 

 L-Digitoxose was synthesized as previously described in chapter 3. 

4.2.2: Synthesis of D-Olivose 
 

 D-olivose was synthesized as previously described in chapter 2.  
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4.2.3: Synthesis of L-oliose  
 

 

 

 The synthesis of L-oliose was adapted from known procedures (Scheme 4.2).26,27  

Selectively protected L-fucal 4.21 was prepared in a seven steps from the commercially 

available L-fucose. Fucose was per-acetylated, converted to the glycosyl bromide via hydrogen 

bromide generated in situ from phosphorous of tribromide and water. The resulting bromide 

was the subjected to a Fischer-Zach reaction affording di-O-acetyl fucal. The resulting fucal was 

deacetylated under Zemplen conditions, selectively TBS-protected at the allylic hydroxyl group 

and benzylated at the remaining C4 alcohol. The TBS group was then removed using 

tetrabutylammonium fluoride affording compound 4.21. From compound 4.21, the remaining 

allylic alcohol was protected as a naphthylmethyl ether via a Willamson etherification with 

sodium hydride in 82% yield. The resulting glycal 4.22 was then hydrated with catalytic 

triphenylphospine hydrobromide to afford the oliose hemiacetal 4.23 in 33% yield.  

4.2.4: Synthesis of L-boivinose 
 

 L-boivinose was synthesized starting from the previously described selectively 

benzylated L-fucal 4.21. Thiocresol was added across the glycal in an acid-catalyzed addition 

with triphenylphosphine hydrobromide to afford thioglycoside 4.24 in 92% yield as a seperable 

mixture of anomer. The isolated major h -anomer was subsequently oxidized with Dess-Martin 

Scheme 4.2: Synthesis of L-oliose donor 
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periodinane to afford ketone 4.25 in 82% yield. Reduction with sodium borohydride at 

cryogenic temperatures unfortunately produced a roughly equal mixture of boivino- and olio-

configured sugars in 59% yield. Attempts at further increasing the selectivity of this reduction 

were unsuccessful, and we opted to separate the mixture and proceed with the boivino-

configured product. Following naphthylation of the resulting alcohol, hydrolysis of thioglycoside 

4.26 afforded the desired boivinose hemiacetal donor 4.27.  

4.3: Screening donors with PMP acceptor 
 

 With our set of isomeric donors in hand, we wanted to establish a baseline of selectivity 

for each donor. To initially assess the selectivity associated with the isomeric donors, we used 

p-methoxyphenol (PMP-OH) as a model acceptor. Previously, p-methoxyphenol has been used 

as a model acceptors for sulfonate-promoted glycosylation and is generally a well-behaved 

nucleophile with glycosyl tosylate donors. Additionally, natural glycosides are commonly found 

as phenolic glycosides in bacterial secondary metabolites, making PMP-OH a simple analogue of 

natural systems. Lastly, as an achiral acceptor, selectivity in glycosylation would be entirely 

based on the donor rather than any donor-acceptor steric interactions.  

Scheme 4.3 Synthesis of L-boivinose donor 
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 Consistent with previous results,20 glycosylation with D-olivose produced exclusively the 

-̡glycoside in good yield. Additionally, as was previously seen in the synthesis of kijanimicin,24 

glycosylation with the digitoxose donor and tosyl chloride as a promoter proceeded with 

moderate selectivity for the h-glycoside. Using the less reactive p-O-isopropylbenzenesulfonyl 

chloride the selectivity could be increased to 7:1 (:h )̡. Interestingly, when we screened the 

analogous oliose donor, we saw erosion of selectivity, with roughly equal h- and ̡ -glycosides. 

We attempted to use poipsyl chloride to drive the selectivity towards the -hglycoside in a 

manner analogous to what had been seen with digitoxose. Unfortunately, the selectivity of the 

glycosylation remained largely unchanged, albeit with significant loss of yield. Lastly, when the 

boivinose donor was subjected to the same conditions, we saw that the resulting products 

strongly favored the formation of the h -glycoside. Through these donors, it was very clear that 

Table 4.1: Synthesis of PMP-glycosides  
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the presence of axial substituents plays a very significant role in directing the selectivity of 

these glycosylation reactions. There seemed to be a general trend with donors with more axial 

substituents showing higher favorability for the formation of the h-glycoside. These results 

would seem to suggest that the glycosyl tosylate species, which had been previously seen to be 

stable as an h -tosylate on olivose at cryogenic temperatures,20 may not be the key intermediate 

in reactions with the digitoxose, oliose, and boivinose donors.  

4.4: Match-Mismatch studies 
 

 While our initial results suggested a relationship between axial groups and preference 

for the formation of h -glycosides, we were left with the question of how the mechanism of the 

glycosylation was changing to produce this change in selectivity. Our key question was whether 

this observed selectivity trend is a result of moving out of an SN2-like mechanism and through 

an intermediate with more oxocarbenium character, if the reaction was going through an 

intermediate that was equilibrating between the h- and ̡ -sulfonates, or if an entirely different 

mechanism was taking place. To begin to probe the origin of the change in selectivity we 

decided to screen our set of donors against enantiomeric acceptors in a match/mismatch study. 

¢ƘŜ άƳŀǘŎƘκƳƛǎƳŀǘŎƘέ ŜŦŦŜŎǘ Ƙŀǎ ōŜŜƴ ǎŜŜƴ ǘƻ Ǉƭŀȅ ŀ ǊƻƭŜ ƛƴ ŎƘŜƳƛŎŀƭ ƎƭȅŎƻǎȅƭŀǘƛƻƴΦ 

Studies from van Boeckel showed that couplings with glycosyl halides can be significantly 

influenced by the chirality of either the donor or acceptor to influence selectivity.28 As 

glycosylation with activated glycosyl halides is considered to proceed through an SN1-like 

reaction, the steric interactions between the activated donor and chiral acceptors were 

believed to have a direct impact on the selectivity. In another study by Bennett et al., 

glycosylation with 2-deoxy-trichloroacetamidates promoted by chiral phosphoric acids to form 
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2-deoxy- -̡glycosides was shown to be sensitive to the chirality of the phosphoric acid. From 

the isolated h -glycosyl acetamidate donor tƘŜ άƳŀǘŎƘŜŘέ ǇƘƻǎǇƘƻǊƛŎ ŀŎƛŘ was able to produce 

selectivity of 16:1 (̡: )h, while the mismatched acid could showed a significantly reduced 

selectivity of  2.5:1 (̡: )h.29 This effect was reduced when the ̡-acetamidate was used as a 

donor. 

For our screening design we opted to use the two enantiomers of p-methoxyphenyl 4-O-

benzyl- -̡olivose. Our rational for this was three-fold: firstly, the nucleophilicity of the glycosyl 

acceptor has been shown to influence the selectivity of a glycosylation under various activation 

conditions,17,30,31 an effect we wanted to minimize; as the two acceptors are enantiomers, their 

nucleophilicity would be identical. Secondly, with four chiral centers, this acceptor would 

provide a highly chiral environment to influence any interactions between the donor and 

acceptors. And lastly, either enantiomer was readily preparable on gram scales from common 

commercially available starting materials. With our desired set of enantiomeric acceptors, we 

were able to proceed with our match-mismatch screening. 

 As expected, the olivose donor, with tosyl chloride as a promoter, afforded exclusively 

the ̡ -glycoside in good yield (Table 4.2, entries 1-2). This was observed regardless of which 

enantiomer of the acceptor was used. This was unsurprising as this chemistry was largely 

developed using olivose as a model donor.19,20 For the digitoxose donor (Entries 3-4) we looked 

at the glycosylation using PoipsCl as a promoter, as this promoter had previously been seen to 

afford the most selective glycosylations.24 Here, we were pleased that when glycosylating the D-

olivose acceptor we observed a very high selectivity for the -hglycoside (h:  ̡= 16:1), and that 

when glycosylating the L-olivose acceptor similar levels of selectivity were observed (:h  ̡= 
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11:1). Yields for this glycosylation were similar to what had previously been seen with the PMP 

glycosylation. With the oliose donor, we observed erosion of selectivity similar to what had 

been seen for the PMP glycosylation. The mixture of anomers however, was largely unchanged 

for either the D- or L-oliovse acceptor. We attempted again to bias the glycosylation to either 

product anomer through varying the sulfonyl chloride promoter, but observed a consistent h:  ̡

ratio of products regardless of the choice of promoter. Lastly, turning to boivinose, we 

Table 4.2 Screening with enantiomeric olivose acceptors 
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observed a similar selectivity compared to the PMP glycosylation, also largely independent of 

the chirality of the acceptor. As with the oliose donor, the selectivity observed for boivinose 

appeared to not be influenced by the choice of promoter. In general, for all four tested donors, 

selectivity was independent of the handedness of the acceptor, and was similar to selectivity 

observed with PMP-OH acceptors, suggesting that the observed selectivity is primarily 

dependent upon the configuration of the donor.  

 In order to further uncover the source of the change in selectivity observed in reactions 

with these donors, we attempted to observe the reactive intermediate by low-temperature 

NMR. We chose to study digitoxose donor 3.67, as this donor had shown the most significant 

bias for the h -glycoside. After activating the donor with PoipsCl in THF-d8, we attempted to 

observe the intermediate by low-temperature NMR. Unfortunately, despite repeated efforts, 

we were unable to observe any stable intermediate. As a preliminary result, this suggests that 

for these less selective reactions the mechanism may be less associative than in the highly -̡

selective glycosylation reactions that had been previously studied.  

 These results suggest that the previously established mechanism of glycosylation with 

arylsulfonyl chloride promoters is not consistent across all donors. While for gluco-configured 

donors the well studied mechanism clearly indicates generation and subsequent displacement 

of an h -tosylate in an SN2-like reaction, the synthesis of h -glycosides from other donor types 

indicates the reaction is likely proceeding through a different mechanism. The consistency of 

selectivity for the set of donor with the acceptor enantiomers suggests that the reaction is not 

proceeding through a mechanism with significant SN1-like character, as such a mechanism 

would likely lead to moderately different selectivity with D- and L-acceptors. Possible 
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mechanisms could include proceeding through a sulfonate at equilibrium between the -h and ̡ -

sulfonate in a Curtin-Hammett pathway (Scheme 4.4). In such an equilibrium, although the ̡ -

sulfonate would likely be the minor anomer, it would also be more reactive than the h -

sulfonate, leading it to react faster with the acceptor nucleophile to produce the h-glycoside. 

Depending on the distribution of the two intermediate anomers differing distributions of 

product glycosides would be expected. Furthermore, under such a mechanism the selectivity 

would likely be determined by the distribution of intermediates and the nucleophilicity of the 

acceptor, explaining why the selectivity of the glycosylation was largely unaffected by the 

chirality of the acceptor for a given donor. Further studies studies are necessary to determine if 

this proposed mechanism is an accurate description of the reaction pathway.  

4.5 Conclusions 
 

 Here, we see the strong influence that donor configuration has on the selectivity of a 

glycosylation using arylsulfonyl chlorides as promoters. While this chemistry had been 

developed for the synthesis of 2-deoxy- -̡glycosides, in allo-configured donors with an axial C3 

substituent the selectivity can be nearly completely reversed to afford high selectivity for the -h

glycoside. Galacto-configured donors with an axial C4 substituent observed erosion of 

selectivity, regardless of the sulfonyl chloride used as a promoter. In the case of the talo-

configured boivinose, with both C3 and C4 axial substituents, there was bias for the -hglycoside, 

Scheme 4.4: Possible mechanism to explain observed changes in selectivity 
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but to a lesser extent than the allo-configured donor. This effect was seen to be largely 

unaffected by the stereochemistry of the acceptor, limiting a match-mismatch effect to explain 

changes in selectivity. Overall, this work indicates that the previously understood mechanism of 

glycosylation with glycosyl arylsulfonates may not be consistent across all donor types.  

4.6 Experimental Methods 

4.6.1 General Experimental Methods 
 

Prior to running the glycosylation reactions, all solid reagents were dried by azeotropic 

removal of water using toluene and a rotary evaporator then set under vacuum 16 h before 

use. All reactions were performed under inert argon atmosphere, unless otherwise noted. 

Solvents for reactions were dried through a commercial solvent purification system 

immediately prior to use. All other chemicals were purchased at the highest possible quality 

and used as received, except where noted. Flash column chromatography was performed on 

нолҍплл ƳŜǎƘ ǎƛƭƛŎŀ ƎŜƭΦ !ƴŀƭȅǘƛŎŀƭ ŀƴŘ ǇǊŜǇŀǊŀǘƛǾŜ ǘƘƛƴ ƭŀȅŜǊ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ 

on silica gel 60 F-254 plates. Products were visualized using UV or by staining with either 5% 

aqueous sulfuric acid or ceric ammonium molybdate. NMR spectra were recorded on an NMR 

spectrometer at 500 MHz for 1H NMR and 125 MHz for 13C NMR. Chemical shifts are reported in 

ppm relative to TMS (for 1H NMR in CDCl3) or CDCl3 (for 13C NMR in CDCl3). For 1H NMR spectra, 

Řŀǘŀ ŀǊŜ ǊŜǇƻǊǘŜŘ ŀǎ ŦƻƭƭƻǿǎΥ ʵ ǎƘƛŦǘΣ ƳǳƭǘƛǇƭƛŎƛǘȅ όǎ Ґ ǎƛƴƎƭŜǘΣ Ƴ Ґ ƳǳƭǘƛǇƭŜǘΣ ǘ Ґ ǘǊƛǇƭŜǘΣ Ř Ґ 

doublet, q = quartet, dd = doublet of doublets, td = triplet of doublets, dt = doublet of triplets, 

dq = doublet of quartets, ddd = doublet of doublet of doublets), coupling constants are 

reported in Hz. Low resolution mass spectra (LRMS) were recorded using an ESI-MS with an 

additional APCI source.  
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High-resolution mass spectra (HRMS) were obtained on an Agilent 6230 TOF mass spectrometer 

in the positive ion mode. 

 

Optical rotations were measured at 589 nm in a 10 cm cell at room temperature. 

 

4.6.2 Experimental Procedures 
Synthesis of Oliose Donor 

 

 

4.22 

4-O-benzyl-3-O-Naphthylmethyl-L-fucal Compound 4.21 (1.5 g, 6.81 mmol) was dissolved in 19 

mL DMF and cooled to 0 °C. Sodium hydride (60% wt in mineral oil, 0.55 g, 13.63 mmol) was 

added as a solid and the reaction was stirred at 0 °C for 10 minutes. 2-(bromomethyl)-

naphthylene (2.26 g, 10.21 mmol) was added as a solid and the reaction was stirred while 

gradually warming to room temp. Following completion of the reaction as determined by TLC, 

the reaction was quenched with ~20 mL of saturated ammonium chloride. The reaction was 

poured over ~100 mL water, and extracted with diethyl ether (4 x 50 mL). The combined 

organic layers were washed with 1M lithium chloride (~50 mL). The organic layer was dried over 
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sodium sulfate, filtered through cotton, and concentrated in vacuo. The crude mixture was 

purified by flash chromatography on silica (2% Ethyl acetate:hexanes to 3% ethyl 

acetate:hexanes) to afford compound 4.22 as a white solid (1.61 g, 82%) 

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦут ς 7.77 (m, 4H), 7.54 ς 7.45 (m, 3H), 7.41 (d, J = 7.0 Hz, 

2H), 7.36 ς 7.30 (m, 2H), 7.30 ς 7.27 (m, 1H), 6.39 (dd, J = 6.3, 1.8 Hz, 1H), 5.00 (d, J = 12.0 Hz, 

1H), 4.90 ς 4.83 (m, 2H), 4.80-4.75 (m, 2H), 4.32 ς 4.27 (m, 1H), 4.05 (q, J = 6.7 Hz, 1H), 3.74 ς 

3.70 (m, 1H), 1.29 (d, J = 6.6 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мппΦуΣ моуΦтΣ мосΦнΣ мооΦпΣ мооΦмΣ мнуΦрΣ мнуΦпΣ мнуΦоΣ мнуΦлΣ мнтΦфΣ 

127.8, 126.3, 126.0, 125.7, 99.6, 73.9, 73.3, 73.0, 72.2, 71.0, 16.7. 

 

LRMS (ESI, pos. ion): m/z calculated for C24H24NaO3 (M+Na) 383.16, found: 383.30 

 

HRMS (TOF MS ES+): m/z calculated for C24H24NaO3 (M+Na) 383.1623, found: 383.1644 

 

[ ]h˂23 = 10.9864, (c = 0.98, CH2Cl2) 

 

4.23 

4-O-benzyl-3-O-(methyl-2-naphthy)-L-oliose Compound 4.22 (1.60 g, 4.44 mmol) was dissolved 

in 26 mL THF and 0.4 mL DI water. Triphenylphosphine hydrobromide (0.31 g, 0.89 mmol, 0.2 
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equiv.) was added as a solid and the reaction was stirred at room temperature. After 

completion of the reaction as seen by TLC, the reaction was quenched with saturated sodium 

bicarbonate and poured over ~100 mL water. The mixture was extracted with ethyl acetate (3 x 

100 mL), and the combined organic layers were washed with brine. The organic layer was then 

dried over sodium sulfate, filtered through cotton, and concentrated in vacuo. The crude 

mixture was purified by flash chromatography over silica (25% ethyl acetate:hexanes to 40% 

ethyl acetate:hexanes), affording compound 4.23 as a thick, clear oil (548 mg, 33%) 

NMR data for major h -anomer: 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦуф ς 7.75 (m, 4H), 7.53 ς 7.44 (m, 3H), 7.44 ς 7.38 (m, 

2H), 7.36 ς 7.30 (m, 2H), 7.28 (dd, J = 4.2, 2.6 Hz, 1H), 5.46 (d, J = 3.4 Hz, 1H), 5.01 (d, J = 11.7 

Hz, 1H), 4.83 ς 4.71 (m, 3H), 4.11 ς 3.99 (m, 2H), 3.68 ς 3.64 (m, 1H), 2.46 (t, J = 2.5 Hz, 1H), 

2.27 ς 2.17 (m, 1H), 2.08 ς 1.94 (m, 1H), 1.18 (d, J = 6.5 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ моуΦфΣ мосΦнΣ мооΦпΣ мооΦлΣ мнуΦсΣ мнуΦоΣ мнуΦоΣ мнуΦлΣ мнтΦуΣ мнтΦтΣ 

126.2, 126.1, 125.9, 125.5, 92.8, 75.9, 74.9, 74.5, 70.7, 67.1, 30.7, 17.5. 

 

Mixture of anomers (2:1 h : )̡: 

LRMS (ESI, pos. ion): m/z calculated for C24H26NaO4 (M+Na) 401.17, found: 401.29 

 

HRMS (TOF MS ES+): m/z calculated for C24H26NaO4 (M+Na) 401.1729, found: 401.1753 

 

[ ]h˂23 = -43.6434 (c = 0.86, CH2Cl2) 
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Synthesis of Boivinose Donor 

 

 

4.24 

Tolyl 4-O-benzyl-1-thio- -hL-oliose Compound 4.21 (1.02 g, 4.63 mmol) and thiocresol (2.30 g, 

18.52 mmol, 4 equiv.) were dissolved in 23 mL dichloromethane. Triphenylphosphine 

hydrobromide (795 mg, 2.35 mmol, 0.5 equiv.) was added as a solid and the reaction was 

stirred at room temperature until the reaction was seen to be complete by TLC. The reaction 

was quenched with by pouring over ~100 mL saturated sodium bicarbonate. The mixture was 

extracted with dichloromethane (3 x 50 mL), and the combined organic layers were washed 

with water (~50 mL), dried over sodium sulfate, filtered through cotton, and concentrated in 

vacuo. The crude mixture was purified by flash chromatography on silica (15% ethyl 

acetate:hexanes to 30% ethyl acetate:hexanes), affording compound 4.24h  (1.24 g) and 4.24̡  

(221 mg), for a total yield of 92% (5.6:1 :h )̡ 
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-hanomer: 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦпм ς 7.28 (m, 7H), 7.10 (d, J = 7.9 Hz, 2H), 5.61 (d, J = 5.6 

Hz, 1H), 4.85 (d, J = 11.6 Hz, 1H), 4.66 (d, J = 11.6 Hz, 1H), 4.43 ς 4.35 (m, 1H), 4.02 (m, 1H), 3.58 

(d, J = 3.3 Hz, 1H), 2.32 (s, 3H), 2.25 (td, J = 12.5, 5.7 Hz, 1H), 2.05 (dd, J = 13.0, 4.9 Hz, 1H), 1.84 

(d, J = 10.0 Hz, 1H), 1.29 (d, J = 6.6 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ моуΦнΣ мотΦлΣ момΦпΣ момΦпΣ мнфΦсΣ мнуΦсΣ мнуΦл, 128.0, 84.2, 79.6, 

75.9, 67.5, 66.8, 34.8, 21.1, 17.2. 

 

LRMS (ESI, pos. ion): m/z calculated for C20H24NaO3S (M+Na) 367.13, found: 367.29 

 

HRMS (TOF MS ES+): m/z calculated for C20H24NaO3S (M+Na) 367.1344, found: 367.1372 

 

[ ]h˂23 = -98.9506 (c = 1.08, CH2Cl2) 
 
-̡anomer: 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦпн όŘΣ J = 8.0 Hz, 2H), 7.40 ς 7.28 (m, 5H), 7.09 (d, J = 7.8 

Hz, 2H), 4.87 (d, J = 11.7 Hz, 1H), 4.68 ς 4.58 (m, 2H), 3.76 ς 3.65 (m, 1H), 3.53 (q, J = 6.6 Hz, 

1H), 3.45 (d, J = 3.3 Hz, 1H), 2.33 (s, 3H), 2.04 (ddd, J = 12.5, 5.1, 2.1 Hz, 1H), 1.95 ς 1.80 (m, 2H), 

1.38 (d, J = 6.5 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ моуΦпΣ мотΦрΣ мон.2, 130.6, 129.6, 128.7, 128.1, 127.9, 82.8, 78.8, 

76.0, 75.1, 70.2, 35.9, 21.3, 17.9. 
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LRMS (ESI, pos. ion): m/z calculated for C20H24NaO3S (M+Na) 367.13, found: 367.29 

 

HRMS (TOF MS ES+): m/z calculated for C20H24NaO3S (M+Na) 367.1344, found: 367.1376 

 

[ ]h˂23 = 17.1550 (c = 1.57, CH2Cl2) 

 

4.25 

Tolyl 4-O-benzyl-3-one-1-thio- -hL-oliose Compound 4.24h  (1.24 g, 3.60 mmol) was dissolved in 

36 mL dichloromethane. Dess-Martin periodinane (12.2 mL, 15% w/v in dichloromethane, 4.32 

mmol, 1.2 equiv.) was added over roughly five minutes. (N.B., significant amount of white solid 

formed over the course of the reaction.) Once the reaction was seen to be complete by TLC 

(approximately 30 minutes), the reaction was quenched with ~5 mL water. The reaction was 

diluted over ~50 mL water and extracted with dichloromethane (3 x ~25 mL). The combined 

organic layers were washed with water (~25 mL), dried over sodium sulfate, filtered through 

cotton, and concentrated in vacuo. The crude mixture was purified by flash chromatography on 

silica (5% ethyl acetate:hexanes to 20% ethyl acetate:hexanes), affording compound 4.25 as a 

white solid (1.01 g, 82%) 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦоф ς 7.27 (m, 7H), 7.12 (d, J = 7.8 Hz, 2H), 5.73 (dd, J = 6.6, 

2.8 Hz, 1H), 4.70 ς 4.62 (m, 2H), 4.39 (d, J = 12.0 Hz, 1H), 3.62 ς 3.57 (m, 1H), 3.38 (dd, J = 14.1, 

6.7 Hz, 1H), 2.54 (ddd, J = 14.1, 2.8, 1.2 Hz, 1H), 2.33 (s, 3H), 1.28 (d, J = 6.6 Hz, 3H). 
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13C NMR (126 MHz, CDCl3ύ ʵ нлпΦоΣ мотΦфΣ мотΦлΣ монΦмΣ молΦлΣ молΦлΣ мнуΦсΣ мнуΦнΣ уоΦсΣ унΦоΣ 

72.1, 70.1, 44.0, 21.3, 15.6. 

 

LRMS (ESI, pos. ion): m/z calculated for C20H22NaO3S (M+Na) 365.12, found: 365.26 

 

HRMS (TOF MS ES+): m/z calculated for C20H23O3S (M+H) 343.1368, found: 343.1376 

 

[ ]h˂23 = -121.5152 (c = 0.77, CH2Cl2) 

 

4.41 

Tolyl 4-O-benzyl-1-thio- -hL-boivinose Compound 4.25 (1.0 g, 2.92 mmol) was dissolved in 27 

mL methanol and 9 mL dichloromethane. The mixture was cooled to -15 °C. Sodium 

borohydride (331 mg, 8.76 mmol, 3 equiv.) was added in three batches over ~10 minutes, and 

the reaction was stirred at -15 °C. Following the consumption of the staring material as seen by 

TLC (~30 minutes) the reaction was quenched with 5 mL saturated ammonium chloride. The 

solvent was removed in vacuo. The crude mixture was partitioned between water and 

dichloromethane, and extracted with dichloromethane (3 x 25 mL). The combined organic 

layers were washed with water (25 mL), dried over sodium sulfate, filtered through cotton, and 

concentrated in vacuo. The crude mixture was purified by flash chromatography on silica (10% 
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ethyl acetate:hexanes to 15% ethyl acetate:hexanes) to afford 313 mg of oliose 4.24, and 274 

mg of boivinose 4.41, for a total yield of 59% (oliose:boivinose = 1.14:1) 

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦпл ς 7.27 (m, 7H), 7.11 (d, J = 7.8 Hz, 2H), 5.44 (dd, J = 5.4, 

3.8 Hz, 1H), 4.64 (d, J = 11.8 Hz, 1H), 4.58 (d, J = 11.8 Hz, 1H), 4.57 ς 4.52 (m, 1H), 4.13 ς 4.05 

(m, 1H), 3.27 (dd, J = 4.9, 2.5 Hz, 1H), 2.53 (ddd, J = 14.5, 5.5, 3.9 Hz, 1H), 2.44 (d, J = 5.8 Hz, 1H), 

2.32 (s, 3H), 1.88 (dt, J = 14.5, 4.4 Hz, 1H), 1.21 (d, J = 6.7 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ моуΦмΣ мотΦпΣ момΦтΣ момΦсΣ мнфΦуΣ мнуΦсΣ мнуΦмΣ мнуΦмΣ умΦпΣ туΦпΣ 

73.0, 65.8, 64.7, 34.1, 21.2, 15.7. 

 

LRMS (ESI, pos. ion): m/z calculated for C20H24NaO3S (M+Na) 367.13, found: 367.32 

 

HRMS (TOF MS ES+): m/z calculated for C20H24NaO3S (M+Na) 367.1344, found: 367.1395 

 

[ ]h˂23 = -85.2174 (c = 0.92, CH2Cl2) 

 

4.26 

Tolyl 4-O-benzyl-3-O-(naphthylmethyl)-1-thio- -hL-boivinose Compound 4.41 (207 mg, 0.600 

mmol) was  dissolved in 2 mL DMF and cooled to 0 °C. sodium hydride (60% wt in mineral oil, 48 

mg, 1.20 mmol, 2 equiv.) was added as a solid and the reaction was stirred for 5 minutes. 2-
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(bromomethyl)-naphthalene (199 mg, 0.90 mmol, 1.5 equiv.) was added as a solid and the 

reaction was stirred while gradually warming to room temperature. After the reaction was seen 

to be complete by TLC (~2 hours), the reaction was quenched with ~2 mL saturated ammonium 

chloride and poured over water (~20 mL). The mixture was extracted with diethyl ether (3 x 10 

mL), and the combined organic layers were washed with water (10 mL). The organic layer was 

dried over sodium sulfate, filtered through cotton, and concentrated in vacuo. The crude 

mixture was purified by flash chromatography on silica (0% ethyl acetate: hexanes to 3% ethyl 

acetate:hexanes) to afford compound 4.26 (226 mg, 91%). 

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦуф ς 7.80 (m, 4H), 7.54 (dd, J = 8.4, 1.7 Hz, 1H), 7.52 ς 

7.45 (m, 2H), 7.42 ς 7.36 (m, 2H), 7.31 ς 7.21 (m, 5H), 7.09 (d, J = 7.8 Hz, 2H), 5.51 (dd, J = 6.2, 

2.0 Hz, 1H), 4.89 (d, J = 12.2 Hz, 1H), 4.70 (qd, J = 6.6, 1.8 Hz, 1H), 4.63 (d, J = 12.2 Hz, 1H), 4.58 

(d, J = 12.0 Hz, 1H), 4.48 (d, J = 12.0 Hz, 1H), 3.81 (q, J = 3.5 Hz, 1H), 3.32 ς 3.26 (m, 1H), 2.48 

(ddd, J = 14.6, 6.3, 3.3 Hz, 1H), 2.31 (s, 3H), 2.17 (dt, J = 14.6, 2.8 Hz, 1H), 1.22 (d, J = 6.7 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ моуΦнΣ мосΦрΣ морΦфΣ 134.6, 133.4, 133.2, 130.6, 129.7, 128.5, 128.4, 

128.2, 128.1, 128.0, 127.9, 126.5, 126.3, 126.1, 125.9, 83.8, 76.2, 73.1, 71.4, 71.2, 64.2, 30.7, 

21.2, 16.6. 

 

LRMS (ESI, pos. ion): m/z calculated for C31H32NaO3S (M+Na) 507.20, found: 507.32 

 

HRMS (TOF MS ES+): m/z calculated for C31H32NaO3S (M+Na) 507.1970, found: 507.1987 
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[ ]h˂23 = -204.5417 (c = 0.80, CH2Cl2) 

 

4.27 

4-O-benzyl-3-O-(naphthylmethyl)-L-boivinose Compound 4.26 (266 mg, 0.549 mmol) was 

dissolved in 4.9 mL acetone and 0.5 mL water, and cooled to 0 °C. N-bromosuccinimide (293 

mg, 1.65 mmol, 3 equiv.) was added as a solid and the reaction was stirred while warming to 

room temperature. When the reaction was seen to be complete by TLC, the reaction mixture 

was concentrated in vacuo and partitioned between dichloromethane and saturated sodium 

bicarbonate. The mixture was extracted with dichloromethane (3 x 15 mL), and the combined 

organic layers were washed with water (~15 mL). The organic layer was dried over sodium 

sulfate, filtered through cotton, and concentrated in vacuo. The crude mixture was then 

purified by flash chromatography on silica (20% ethyl acetate: hexanes to 30% ethyl 

acetate:hexanes)  to afford compound 4.27 as a mixture of anomers as a thick oil (139 mg, 

67%).  

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦуф ς 7.80 (m, 5H), 7.69 (d, J = 8.6 Hz, 2H), 7.50 (pt, J = 7.0, 

3.3 Hz, 3H), 7.40 (dd, J = 8.4, 1.7 Hz, 2H), 7.31 ς 7.19 (m, 7H), 5.18 (dd, J = 10.5, 2.9 Hz, 1H), 5.09 

(ddd, J = 9.8, 7.5, 2.2 Hz, 1H), 4.89 (d, J = 10.4 Hz, 1H), 4.72 ς 4.66 (m, 2H), 4.63 ς 4.44 (m, 5H), 

4.37 (d, J = 6.7 Hz, 1H), 4.05 (dq, J = 6.6, 1.6 Hz, 1H), 3.87 ς 3.81 (m, 2H), 3.26 (t, J = 2.4 Hz, 1H), 
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3.15 ς 3.10 (m, 1H), 2.76 (d, J = 7.6 Hz, 1H), 2.15 (dt, J = 14.5, 3.6 Hz, 1H), 2.11 ς 2.05 (m, 1H), 

1.90 (dt, J = 13.7, 1.8 Hz, 1H), 1.77 (ddd, J = 13.3, 9.8, 3.0 Hz, 1H), 1.29 ς 1.15 (m, 5H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мот.9, 135.5, 134.5, 133.2, 133.0, 129.0, 128.6, 128.4, 128.3, 128.2, 

128.2, 128.2, 128.0, 127.9, 127.8, 127.8, 127.7, 126.7, 126.4, 126.3, 126.0, 125.5, 125.5, 125.3, 

92.7, 92.3, 74.3, 74.1, 73.2, 73.0, 72.9, 72.8, 72.2, 71.2, 69.6, 61.6, 33.2, 29.5, 21.4, 16.8. 

 

LRMS (ESI, pos. ion): m/z calculated for C24H26NaO4 (M+Na) 401.17, found: 401.19 

 

HRMS (TOF MS ES+): m/z calculated for C24H26NaO4 (M+Na) 401.1729, found: 401.1739 

 

[ ]h˂23 = -12.9664 (c = 1.09, CH2Cl2) 
 
Olivose Acceptors: 
 

 
 

 
4.42 

4-O-benzyl-3-O-(2-naphthylmethyl)-L-rhamnal Compound 3.65 (2.43 g, 11.0 mmol) was 

dissolved in 25 mL DMF and cooled to 0 °C. Sodium hydride (883 mg, 0.22 mmol, 2 equiv) was 

added as a solid and the reaction was stirred at 0 °C for ten minutes. 2-(bromomethyl)-
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naphthylene (3.66 g, 16.5 mmol, 1.5 equiv.) was added as a solid and the reaction was stirred 

while warming to room temperature. After the reaction was complete as derermined by TLC, 

the reaction was quenched with saturated ammonium chloride (~30 mL), and poured over 

water (~100 mL). The aqueous mixture was extracted with ethyl acetate (3 x 100 mL), and the 

combined organic layers were washed with 1M lithium chloride (~50 mL). The combined 

organic layers were dried over sodium sulfate, filtered through cotton, and concentrated in 

vacuo. The crude mixture was roughly purified by flash chromatography (0% ethyl 

acetate:hexanes to 5% ethyl acetate hexanes) to remove the most non-polar components, then 

the semi-pure 4.42 was taken as is to the next reaction. 

 

 
4.43 

4-O-benzyl-3-O-(2-naphthylmethyl)-L-olivose The semi-pure compound 4.42 was dissolved in 

35.3 mL THF and 0.54 mL DI water. Triphenylphosphine hydrobromide (698 mg, 1.22 mmol, 0.1 

equiv) was added as a solid and the reaction was stirred at room temperature. Upon 

completion of the reaction as determined by TLC (~1 hour), the reaction mixture was ppoured 

over saturated sodium bicarbonate (~50 mL), and the aqueous layer was extracted with ethyl 

acetate (3 x 50 mL). The combined organic layers were washed with brine (1 x 50 mL), dried 

over sodium sulfate, filtered through cotton, and concentrated in vacuo. The crude mixture was 

purified by flash chromatography (25% ethyl acetate:hexanes to 35% ethyl acetate:hexanes) to 

afford compound 4.43 as a white solid (1.94 g (h:  ̡= 5:1), 46% over 2-steps).  

 

Data for major h -anomer 
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1H NMR (500 MHz, Chloroform-dύ ʵ тΦус ς 7.71 (m, 4H), 7.46 (dq, J = 6.2, 3.3, 2.9 Hz, 3H), 7.38 ς 

7.27 (m, 5H), 5.35 (d, J = 3.6 Hz, 1H), 4.99 (d, J = 11.0 Hz, 1H), 4.84 (d, J = 11.7 Hz, 1H), 4.80 (d, J 

= 11.6 Hz, 1H), 4.70 (d, J = 11.1 Hz, 1H), 4.07 (ddd, J = 11.4, 8.7, 4.9 Hz, 1H), 4.00 (dq, J = 9.6, 6.2 

Hz, 1H), 3.17 (t, J = 9.1 Hz, 1H), 2.39 ς 2.31 (m, 2H), 1.72 (dddd, J = 13.3, 11.3, 3.6, 2.3 Hz, 1H), 

1.29 (d, J = 6.2 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ моуΦуΣ мосΦоΣ мооΦрΣ мооΦмΣ мнуΦрΣ мнуΦоΣ мнуΦмΣ мнуΦмΣ мнтΦуΣ мнтΦуΣ 

126.4, 126.2, 126.0, 92.2, 84.5, 77.0, 75.3, 72.1, 67.6, 36.0, 18.4. 

 
 

LRMS (ESI, pos. ion): m/z calculated for C24H26NaO4 (M+Na) 401.17, found: 401.18 

 

HRMS (TOF MS ES+): m/z calculated for C24H26NaO4 (M+Na) 401.1729, found: 401.1736 

 

[ ]h˂23 = -4.6154 (c = 0.91, CH2Cl2) 
 

 
 

 
4.44 

4-methoxyphenyl 4-O-benzyl-3-O-(2-nephthylmethyl)- -̡L-olivose Compound 4.44 (1.0 g, 2.64 

mmol) and TTBP (656 mg, 2.64 mmol) was dissolved in 21.4 mL THF and cooled to -78 °C. 

KHMDS, (1.0 M in THF, 2.7 mL, 2.64 mmol, 1 equiv) was added to the mixture which was stirred 

at -78 °C. After ten minutes, a solution of TsCl (504 mg, 2.64 mmol, 1 equiv) in 11.2 mL THF, 
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previously cooled to -78 °C, was transferred into the reaction by syringe. At the same time a 

solution of PMP-OH (328 mg, 2.64 mmol, 1 equiv) in 10.2 mL THF was cooled to -78 °C. KHMDS 

(1.0M in THF, 2.7 mL, 1 equiv) was added to the solution of PMP-OH which was held stirring at -

78 °C. Fifteen minutes after adding the TsCl, the solution of PMP-OH and KHMDS was 

transferred into the reaction mixture via syringe and the reaction was stirred while gradually 

warming from -78 °C to ~0 °C over two hours. After completion of the reaction as determined 

by TLC, the reaction was quenched with ~5 ml saturate ammonium chloride. The reaction 

mixture was concentrated in vacuo, and the crude mixture was roughly purified by flash 

chromatography (10% ethyl acetate:hexanes) to afford 840 mg of semi-pure 4.44. 1H NMR of 

the semi-pure mixture confirmed the presence of the ̡-anomer only. The partially purified 

mixture was taken to the next reaction. 

 

 

 
4.32 

4-methoxyphenyl 4-O-benzyl- -̡L-olivose Semi-crude compound 4.44 (840 mg, 1.73 mmol) was 

dissolved in 165 mL CH2Cl2 and 8.2 mL H2O with ̡ -pinene (0.87 mL, 5.89 mmol, 3.4 equiv). DDQ 

(787 mg, 3.47 mmol, 2 equiv) was added as a solid and the reaction was stirred for 90 minutes 

until starting material was consumed as determined by TLC. The reaction was diluted with 150 

mL CH2Cl2, and washed with 2M sodium hydroxide (2 x 100 mL). The aqueous layers were back-

extracted with CH2Cl2 (100 mL), and the combined organic layers were washed with water (100 

mL). The organic layer was dried over sodium sulfate, filtered through cotton, and concentrated 

in vacuo. The crude mixture was purified by flash chromatography on silica (25% ethyl acetate 
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hexanes) to afford compound 4.32 as a yellow solid. Compound 4.32 was further purified by 

recrystallization (the compound was dissolved in a minimum of CH2Cl2, and diluted with 

hexanes until solid began to precipitate. The solid was collected by vacuum filtration and dried 

under high vacuum) to afford pure 4.32 as a white solid (350 mg, 40% over 2 steps) 

 
1H NMR (500 MHz, Chloroform-dύ ʵ тΦпн ς 7.29 (m, 5H), 7.00 ς 6.93 (m, 2H), 6.85 ς 6.78 (m, 

2H), 5.01 (dd, J = 9.7, 2.2 Hz, 1H), 4.80 (d, J = 11.4 Hz, 1H), 4.72 (d, J = 11.3 Hz, 1H), 3.83 ς 3.76 

(m, 1H), 3.76 (s, 3H), 3.46 (dq, J = 9.2, 6.2 Hz, 1H), 3.08 (t, J = 8.9 Hz, 1H), 2.36 (ddd, J = 12.5, 5.1, 

2.2 Hz, 1H), 2.20 (d, J = 3.4 Hz, 1H), 1.88 (td, J = 12.1, 9.6 Hz, 1H), 1.42 (d, J = 6.2 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мррΦмΣ мрмΦоΣ моуΦнΣ мнуΦуΣ мнуΦнΣ мнуΦлΣ ммуΦмΣ ммпΦсΣ фуΦрΣ урΦтΣ 

75.3, 71.5, 71.2, 55.7, 38.8, 18.5. 

 

LRMS (ESI, pos. ion): m/z calculated for C20H24NaO5 (M+Na) 367.15, found: 367.17 

 

HRMS (TOF MS ES+): m/z calculated for C20H24NaO5 (M+Na) 367.1521, found: 367.1529 

 

[ ]h˂23 = 13.6303 (c = 5.50, CH2Cl2) 
 

 

 
4.28 

4-methoxyphenyl 4-O-benzyl-3-O-(2-naphthylmethyl)- -̡D-olivose Compound 2.07 (1.0 g, 2.64 

mmol) and TTBP (656 mg, 2.64 mmol) was dissolved in 21.4 mL THF and cooled to -78 °C. 
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KHMDS, (1.0 M in THF, 2.7 mL, 2.64 mmol, 1 equiv) was added to the mixture which was stirred 

at -78 °C. After ten minutes, a solution of TsCl (504 mg, 2.64 mmol, 1 equiv) in 11.2 mL THF, 

previously cooled to -78 °C, was transferred into the reaction by syringe. At the same time a 

solution of PMP-OH (328 mg, 2.64 mmol, 1 equiv) in 10.2 mL THF was cooled to -78 °C. KHMDS 

(1.0M in THF, 2.7 mL, 1 equiv) was added to the solution of PMP-OH which was held stirring at -

78 °C. Fifteen minutes after adding the TsCl, the solution of PMP-OH and KHMDS was 

transferred into the reaction mixture via syringe and the reaction was stirred while gradually 

warming from -78 °C to ~0 °C over two hours. After completion of the reaction as determined 

by TLC, the reaction was quenched with ~5 ml saturate ammonium chloride. The reaction 

mixture was concentrated in vacuo, and the crude mixture was roughly purified by flash 

chromatography (10% ethyl acetate:hexanes), affording 760 mg of semi-pure 4.28. 1H NMR of 

the semi-crude mixture confirmed the presence of the -̡anomer only. The partially purified 

mixture was taken to the next reaction. Full characterization data given below for small scale 

reaction. 

 

4.31 

4-methoxyphenyl 4-O-benzyl- -̡D-olivose Semi-crude compound 4.28 (760 mg, 1.56 mmol) was 

dissolved in 149 mL CH2Cl2 and 7.5 mL H2O with ̡ -pinene (0.83 mL, 5.30 mmol, 3.4 equiv). DDQ 

(712 mg, 3.14 mmol, 2 equiv) was added as a solid and the reaction was stirred for 90 minutes 

until starting material was consumed as determined by TLC. The reaction was diluted with 150 

mL CH2Cl2, and washed with 2M sodium hydroxide (2 x 100 mL). The aqueous layers were back-

extracted with CH2Cl2 (100 mL), and the combined organic layers were washed with water (100 
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mL). The organic layer was dried over sodium sulfate, filtered through cotton, and concentrated 

in vacuo. The crude mixture was purified by flash chromatography on silica (25% ethyl acetate 

hexanes) to afford compound 4.31 as a yellow solid. Compound 4.31 was further purified by 

recrystallization (4.31 was dissolved in a minimum of CH2Cl2, and diluted with hexanes until 

solid began to precipitate. The solid was collected by vacuum filtration and dried under high 

vacuum) to afford pure 4.31 as a white solid (333 mg, 37% over 2 steps) 

 
1H NMR (500 MHz, Chloroform-dύ ʵ тΦпн ς 7.29 (m, 5H), 7.00 ς 6.93 (m, 2H), 6.85 ς 6.78 (m, 

2H), 5.01 (dd, J = 9.7, 2.2 Hz, 1H), 4.80 (d, J = 11.4 Hz, 1H), 4.72 (d, J = 11.3 Hz, 1H), 3.83 ς 3.76 

(m, 1H), 3.76 (s, 3H), 3.46 (dq, J = 9.2, 6.2 Hz, 1H), 3.08 (t, J = 8.9 Hz, 1H), 2.36 (ddd, J = 12.5, 5.1, 

2.2 Hz, 1H), 2.20 (d, J = 3.4 Hz, 1H), 1.88 (td, J = 12.1, 9.6 Hz, 1H), 1.42 (d, J = 6.2 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мррΦмΣ мрмΦоΣ моуΦнΣ мнуΦуΣ мнуΦнΣ мнуΦлΣ ммуΦмΣ ммпΦсΣ фуΦрΣ урΦтΣ 

75.3, 71.5, 71.2, 55.7, 38.8, 18.5. 

 

LRMS (ESI, pos. ion): m/z calculated for C20H24NaO5 (M+Na) 367.15, found: 367.18 

 

HRMS (TOF MS ES+): m/z calculated for C20H24NaO5 (M+Na) 367.1521, found: 367.1532 

 

[ ]h˂23 = -2.4638 (c = 1.61, CH2Cl2) 
 

 
 
 

 



187 
 

General glycosylation I (with PMP-OH Acceptor) 

Donor (0.10 mmol) and TTBP (0.10 mmol) were dissolved in 0.81 mL THF and cooled to -78 °C. 

The sulfonyl chloride (0.10 mmol) was dissolved in 0.42 mL THF and cooled to -78 °C. The 

acceptor alcohol (0.10 mmol) was dissolved in 0.38 mL THF and cooled to -78 °C. KHMDS (1.0 M 

in THF, 0.10 mL) was added to the donor solution, and KHMDS (1.0M in THF, 0.10 mL) was 

added to the acceptor solution. Both were kept stirring at -78 °C. After ten minutes, the 

solution of sulfonyl chloride was transferred via syringe into the donor solution. This reaction 

was the stirred at -78 °C for ten minutes. The acceptor solution was then transferred via syringe 

and added quickly into the reaction flask. When the reaction was seen to be complete by TLC 

(~1 hour), the reaction was quenched with 0.5 mL saturated ammonium chloride and the 

reaction was poured over water. The mixture was extracted with dichloromethane (3 x 10 mL), 

and the combined organic layers washed with water (~10 mL). The organic layer was then dried 

with sodium sulfate, filtered through cotton, and concentrated in vacuo. The crude mixture was 

then purified by flash chromatography to afford the pure compounds. 

 

4.28 

4-methoxyphenyl 4-O-benzyl-3-O-(2-naphthylmethyl)- -̡D-olivose Compound 4.28 was 

prepared according to the general glycosylation procedure I from olivose donor 2.07. The crude 

mixture was purified via flash chromatography on silica (10% ethyl acetate:hexanes) to afford 

compound 4.28 as a white solid (39.6 mg, 82%) 
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1H NMR (500 MHz, Chloroform-dύ ʵ тΦус ς 7.78 (m, 3H), 7.80 ς 7.74 (m, 1H), 7.51 ς 7.43 (m, 

3H), 7.38 ς 7.27 (m, 5H), 6.97 ς 6.91 (m, 2H), 6.83 ς 6.77 (m, 2H), 5.01 (d, J = 10.9 Hz, 1H), 4.95 

(dd, J = 9.8, 2.1 Hz, 1H), 4.88 (d, J = 11.9 Hz, 1H), 4.79 (d, J = 11.9 Hz, 1H), 4.71 (d, J = 10.9 Hz, 

1H), 3.76 (s, 3H), 3.76 ς 3.70 (m, 1H), 3.51 ς 3.41 (m, 1H), 3.25 (t, J = 9.0 Hz, 1H), 2.53 (ddd, J = 

12.4, 5.1, 2.1 Hz, 1H), 1.92 (td, J = 12.0, 9.8 Hz, 1H), 1.38 (d, J = 6.2 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мррΦнΣ мрмΦоΣ моуΦсΣ морΦфΣ мооΦпΣ мооΦнΣ мнуΦсΣ мнуΦпΣ мнуΦнΣ мнуΦмΣ 

127.9, 127.9, 126.6, 126.3, 126.1, 126.0, 118.0, 114.6, 98.5, 83.7, 79.1, 75.5, 71.8, 71.7, 55.8, 

37.1, 18.5. 

 

LRMS (ESI, pos. ion): m/z calculated for C31H32O5Na (M+Na) 507.21, found: 507.42 

 

HRMS (TOF MS ES+): m/z calculated for C31H32O5Na (M+Na) 507.2147, found: 507.2161 

 

[ ]h˂23 = -11.2131 (c = 3.16, CH2Cl2) 

 

4.29 

4-methoxyphenyl 4-O-benzyl-3-O-(2-naphthylmethyl)- /h -̡D-oliose Compound 4.29 was 

prepared according to the general glycosylation procedure I from oliose donor 4.23. The crude 

mixture was purified by flash chromatography on silica (8% ethyl acetate:hexanes) to afford 

compound 4.29h  and 4.29̡ . 
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Alpha product: 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦуф ς 7.78 (m, 4H), 7.54 ς 7.44 (m, 3H), 7.44 ς 7.39 (m, 

2H), 7.36 ς 7.30 (m, 2H), 7.30 ς 7.25 (m, 1H), 7.00 ς 6.93 (m, 2H), 6.83 ς 6.75 (m, 2H), 5.59 (d, J 

= 3.5 Hz, 1H), 5.03 (d, J = 11.7 Hz, 1H), 4.85 (d, J = 12.1 Hz, 1H), 4.81 (d, J = 12.3 Hz, 1H), 4.76 (d, 

J = 11.6 Hz, 1H), 4.17 (ddd, J = 12.0, 4.7, 2.5 Hz, 1H), 3.96 (q, J = 6.5 Hz, 1H), 3.76 (s, 3H), 3.73 ς 

3.68 (m, 1H), 2.38 (td, J = 12.4, 3.7 Hz, 1H), 2.22 (dd, J = 12.7, 4.6 Hz, 1H), 1.16 (d, J = 6.5 Hz, 

3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мрпΦтΣ мрмΦнΣ мофΦлΣ мосΦнΣ мооΦрΣ мооΦмΣ мнуΦрΣ мнуΦпΣ мнуΦоΣ мнуΦлΣ 

127.9, 127.7, 126.3, 126.1, 126.0, 125.6, 117.7, 114.6, 97.5, 75.9, 75.3, 74.6, 70.8, 67.7, 55.8, 

31.0, 17.4. 

 

LRMS (ESI, pos. ion): m/z calculated for C31H32O5Na (M+Na) 507.21, found: 507.41 

 

HRMS (TOF MS ES+): m/z calculated for C31H32O5Na (M+Na) 507.2147, found: 507.2167 

 

[ ]h˂23 = -34.5912 (c = 1.08, CH2Cl2) 

Beta product: 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦфр ς 7.73 (m, 4H), 7.53 ς 7.46 (m, 3H), 7.46 ς 7.40 (m, 

2H), 7.36 ς 7.25 (m, 3H), 7.00 ς 6.93 (m, 2H), 6.81 ς 6.74 (m, 2H), 5.03 (d, J = 11.9 Hz, 1H), 4.90 

(dd, J = 9.8, 2.3 Hz, 1H), 4.84 ς 4.73 (m, 3H), 3.75 (s, 3H), 3.66 (ddd, J = 12.1, 4.5, 2.6 Hz, 1H), 
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3.60 ς 3.56 (m, 1H), 3.48 (q, J = 6.5 Hz, 1H), 2.35 (td, J = 12.1, 9.7 Hz, 1H), 2.24 (dt, J = 12.2, 3.5 

Hz, 1H), 1.26 (d, J = 6.4 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мррΦлΣ мрмΦсΣ мофΦлΣ морΦфΣ мооΦпΣ мооΦмΣ мнуΦрΣ мнуΦпΣ мнуΦоΣ мнуΦлΣ 

127.9, 127.6, 126.4, 126.2, 126.1, 125.6, 118.3, 114.5, 99.3, 77.7, 74.5, 71.2, 70.5, 55.8, 32.4, 

17.4. 

 

LRMS (ESI, pos. ion): m/z calculated for C31H32O5Na (M+Na) 507.21, found: 507.60 

 

HRMS (TOF MS ES+): m/z calculated for C31H32O5Na (M+Na) 507.2147, found: 507.2163 

 

[ ]h˂23 = -6.6374 (c = 1.14, CH2Cl2) 

 

4.30 

p-methoxyphenyl 4-O-benzyl-3-O-(2-napthylmethyl)- /h -̡L-boivinose Compound 4.30 was 

prepared from boivinose donor 4.27 following the general glycosylation procedure I. The crude 

mixture was purified by flash chromatography on silica (15% ethyl acetate:hexanes) to afford 

4.30h /  ̡as a mixture of anomers 

 

NMR Data for major h-product 
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1H NMR (500 MHz, Chloroform-dύ ʵ тΦуф ς 7.77 (m, 4H), 7.58 ς 7.52 (m, 1H), 7.49 (tq, J = 6.7, 

4.9, 3.4 Hz, 2H), 7.34 ς 7.22 (m, 5H), 7.06 ς 7.00 (m, 2H), 6.86 ς 6.78 (m, 2H), 5.54 ς 5.47 (m, 

1H), 4.96 (d, J = 11.8 Hz, 1H), 4.69 ς 4.60 (m, 2H), 4.53 (d, J = 12.0 Hz, 1H), 4.50 ς 4.44 (m, 1H), 

3.90 (q, J = 3.5 Hz, 1H), 3.77 (s, 3H), 3.33 (t, J = 2.5 Hz, 1H), 2.29 ς 2.16 (m, 2H), 1.16 (d, J = 6.6 

Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мрпΦрΣ мрмΦуΣ моуΦнΣ мосΦнΣ мооΦрΣ мооΦнΣ мнуΦрΣ мнуΦоΣ мнуΦоΣ мнуΦлΣ 

128.0, 127.9, 126.4, 126.2, 126.0, 125.9, 117.9, 114.6, 96.2, 76.3, 73.1, 71.2, 70.6, 63.6, 55.8, 

28.2, 16.7. 

 

LRMS (ESI, pos. ion): m/z calculated for C31H32O5Na (M+Na) 507.21, found: 507.44 

 

HRMS (TOF MS ES+): m/z calculated for C31H32O5Na (M+Na) 507.2147, found: 507.2169 

 

[ ]h˂23 = -43.9943 (c = 1.16, CH2Cl2) 
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General glycosylation procedure II (with D/ L-olivose C3 Acceptor) 

Donor (0.10 mmol) and TTBP (0.10 mmol) were dissolved in 0.81 mL THF and cooled to -78 °C. 

The sulfonyl chloride (0.10 mmol) was dissolved in 0.42 mL THF and cooled to -78 °C. The 

acceptor alcohol (0.10 mmol) was dissolved in 0.38 mL THF and cooled to -78 °C. KHMDS (1.0 M 

in THF, 0.10 mL) was added to the donor solution, and 0.10 mL was added to the acceptor 

solution. Both were kept stirring at -78 °C. After ten minutes, the solution of sulfonyl chloride 

was transferred via syringe into the donor solution. This reaction was the stirred at -78 °C for 

ten minutes. The acceptor solution was then transferred via syringe and added quickly into the 

reaction flask. When the reaction was seen to be complete by TLC (~1 hour), the reaction was 

quenched with 0.5 mL saturated ammonium chloride and the reaction was poured over water. 

The mixture was extracted with dichloromethane (3 x 10 mL), and the combined organic layers 

washed with water (~10 mL). The organic layer was then dried with sodium sulfate, filtered 

through cotton, and concentrated in vacuo. A rough flash chromatography was performed on 

the crude mixture to separate the glycosylation products from the remaining starting materials 

and non-polar by-products (25% ethyl acetate:hexanes). A 1H NMR spectra was obtained to 

determine the anomeric ratio of the product glycoside. The semi-pure mixture was then fully 

purified (with conditions as noted for each compound) by flash chromatography to afford the 

pure compounds. 

 

4.33 
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p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)- -̡D-olivosyl)- -̡D-

olivose Compound 4.33 was prepared according to the general II with the following 

modifications: 0.15 mmol donor 2.07 was dissolved in 1.35 mL THF, 0.15 mmol tosyl chloride 

was dissolved in 1.0 mL THF, and 0.10 mmol D-olivose acceptor 4.21 was dissolved in 1.15 mL 

THF. The crude reaction mixture was purified by flash chromatography on silica (5% ethyl 

acetate:hexanes to 18% ethyl acetate:hexanes). 

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦус ς 7.73 (m, 4H), 7.51 ς 7.40 (m, 5H), 7.38 ς 7.26 (m, 

8H), 6.97 ς 6.90 (m, 2H), 6.84 ς 6.76 (m, 2H), 5.06 (d, J = 10.6 Hz, 1H), 4.99 (d, J = 10.9 Hz, 1H), 

4.95 (dd, J = 9.8, 2.1 Hz, 1H), 4.85 (d, J = 11.9 Hz, 1H), 4.76 (d, J = 11.8 Hz, 1H), 4.70 (d, J = 10.9 

Hz, 1H), 4.64 ς 4.57 (m, 2H), 4.10 (ddd, J = 11.7, 8.7, 5.2 Hz, 1H), 3.76 (s, 3H), 3.69 (ddd, J = 11.6, 

8.6, 5.0 Hz, 1H), 3.50 ς 3.41 (m, 1H), 3.38 ς 3.30 (m, 1H), 3.19 (t, J = 8.9 Hz, 1H), 3.14 (t, J = 8.9 

Hz, 1H), 2.43 (ddd, J = 12.9, 5.4, 2.3 Hz, 1H), 2.37 (ddd, J = 12.5, 5.1, 2.0 Hz, 1H), 1.80 (td, J = 

12.1, 9.8 Hz, 1H), 1.70 (td, J = 12.1, 9.7 Hz, 1H), 1.37 (d, J = 6.1 Hz, 3H), 1.34 (d, J = 6.1 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мррΦмΣ мрмΦоΣ моуΦуΣ моуΦсΣ морΦфΣ мооΦпΣ мооΦмΣ мнуΦрΣ мнуΦпΣ мнуΦоΣ 

128.2, 128.0, 127.9, 127.8, 127.8, 126.5, 126.2, 126.0, 125.9, 118.0, 114.6, 98.3, 96.0, 84.0, 

82.1, 79.3, 75.9, 75.4, 75.0, 71.6, 71.6, 55.7, 37.7, 36.5, 18.5, 18.4. 

 

LRMS (ESI, pos. ion): m/z calculated for C44H48O8Na (M+Na) 727.32, found: 727.42 

 

HRMS (TOF MS ES+): m/z calculated for C44H48O8Na (M+Na) 727.3247, found: 727.3245 
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[ ]h˂23 = -14.5662 (c = 3.65, CH2Cl2) 
 

 

4.34 

p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)- -̡D-olivosyl)- -̡L-

olivose Compound 4.34 was prepared according to the general II with the following 

modifications: 0.15 mmol donor 2.07 was dissolved in 1.35 mL THF, 0.15 mmol tosyl chloride 

was dissolved in 1.0 mL THF, and 0.10 mmol L-olivose acceptor 4.32 was dissolved in 1.15 mL 

THF. The crude reaction mixture was purified by flash chromatography on silica (5% ethyl 

acetate:hexanes to 18% ethyl acetate:hexanes). 

 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦур ς 7.77 (m, 2H), 7.77 ς 7.70 (m, 2H), 7.49 ς 7.42 (m, 

3H), 7.35 ς 7.24 (m, 10H), 6.99 ς 6.92 (m, 2H), 6.84 ς 6.77 (m, 2H), 5.01 ς 4.93 (m, 2H), 4.80 ς 

4.73 (m, 2H), 4.72 ς 4.60 (m, 4H), 3.83 ς 3.76 (m, 1H), 3.76 (s, 3H), 3.56 (ddd, J = 11.6, 8.7, 5.0 

Hz, 1H), 3.43 (dq, J = 9.3, 6.2 Hz, 1H), 3.30 (dq, J = 9.2, 6.2 Hz, 1H), 3.15 (t, J = 9.0 Hz, 2H), 2.52 

(ddd, J = 12.8, 5.2, 2.1 Hz, 1H), 2.26 (ddd, J = 12.5, 5.1, 2.0 Hz, 1H), 1.96 (td, J = 12.3, 9.9 Hz, 1H), 

1.66 (td, J = 12.0, 9.7 Hz, 1H), 1.36 (d, J = 6.2 Hz, 3H), 1.32 (d, J = 6.1 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мррΦнΣ мрмΦпΣ моуΦрΣ моуΦпΣ мосΦ0, 133.4, 133.1, 128.6, 128.6, 128.3, 

128.2, 128.0, 128.0, 127.9, 127.8, 127.8, 126.5, 126.3, 126.0, 125.9, 118.2, 114.6, 101.2, 98.5, 

84.2, 83.7, 79.9, 79.3, 75.5, 71.7, 71.6, 71.5, 55.8, 39.2, 37.5, 18.4. 
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LRMS (ESI, pos. ion): m/z calculated for C44H48O8Na (M+Na) 727.32, found: 727.43 

 

HRMS (TOF MS ES+): m/z calculated for C44H48O8Na (M+Na) 727.3247, found: 727.3250 

 

[ ]h˂23 = -0.6628 (c = 1.71, CH2Cl2) 
 

 

4.35 

p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)- -hL-digitoxosyl)- -̡D-

olivose 

Compound 4.35  was prepared according to general glycosylation procedure II, using digitoxose 

donor 3.67 and D-olivose acceptor 4.31. Selectivity as measured by semi-pure 1H NMR was 16:1 

( :h )̡. The semi-pure mixture was purified by flash chromatography on silica to afford 

compound 4.35 (36.3 mg, 51%). 

 

Characterization data for major h-anomer.  

1H NMR (500 MHz, Chloroform-dύ ʵ тΦтф ς 7.74 (m, 2H), 7.74 ς 7.67 (m, 1H), 7.64 ς 7.58 (m, 

1H), 7.51 ς 7.45 (m, 1H), 7.48 ς 7.38 (m, 2H), 7.41 ς 7.25 (m, 7H), 7.22 ς 7.12 (m, 3H), 6.98 ς 

6.90 (m, 2H), 6.84 ς 6.77 (m, 2H), 5.16 (d, J = 10.3 Hz, 1H), 5.02 (d, J = 4.4 Hz, 1H), 4.96 (dd, J = 

9.8, 2.0 Hz, 1H), 4.92 (d, J = 12.4 Hz, 1H), 4.73 (d, J = 12.4 Hz, 1H), 4.64 (d, J = 11.7 Hz, 1H), 4.53 
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(dq, J = 9.3, 6.1 Hz, 1H), 4.43 (d, J = 11.7 Hz, 1H), 4.29 (d, J = 10.3 Hz, 1H), 4.09 ς 4.03 (m, 1H), 

3.99 (ddd, J = 11.4, 8.7, 4.9 Hz, 1H), 3.76 (s, 3H), 3.44 (dq, J = 9.2, 6.1 Hz, 1H), 3.20 (dd, J = 9.4, 

3.1 Hz, 1H), 3.11 (t, J = 9.0 Hz, 1H), 2.53 (ddd, J = 12.4, 5.0, 2.1 Hz, 1H), 2.36 (dd, J = 14.8, 3.1 Hz, 

1H), 1.84 ς 1.71 (m, 2H), 1.30 (d, J = 6.1 Hz, 3H), 1.19 (d, J = 6.3 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мррΦмΣ мрмΦоΣ моуΦтΣ моуΦрΣ мосΦоΣ мооΦоΣ мооΦлΣ мнфΦмΣ мнуΦпΣ мнуΦнΣ 

128.0, 127.9, 127.7, 127.6, 127.5, 126.6, 126.2, 126.1, 125.8, 118.1, 114.6, 98.5, 91.4, 82.3, 

80.5, 75.2, 73.2, 71.8, 71.2, 70.6, 70.0, 63.4, 55.7, 35.5, 32.6, 18.3, 18.2. 

 

LRMS (ESI, pos. ion): m/z calculated for C44H48O8Na (M+Na) 727.32, found: 727.44 

 

HRMS (TOF MS ES+): m/z calculated for C44H48O8Na (M+Na) 727.3247, found: 727.3257 

 

[ ]h˂23 = -38.4509 (c = 3.12, CH2Cl2) 
 

 

4.36 

p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)- -hL-digitoxosyl)- -̡L-

olivose 

Compound 4.36 was prepared according to general glycosylation procedure II using dixitoxose 

donor 3.67 and L-olivose acceptor 4.32. Selectivity measured by semi-pure 1H NMR was 11:1 
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( :h )̡. The compound was purified by flash chromatography on silica gel (10% ethyl 

acetate:hexanes to 15% ethyl acetate:hexanes) to afford compound 4.36 (38.1 mg 54%) 

 

Characterization for major h -anomer: 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦуу ς 7.73 (m, 4H), 7.58 ς 7.51 (m, 1H), 7.50 ς 7.42 (m, 

2H), 7.34 ς 7.21 (m, 10H), 7.00 ς 6.93 (m, 2H), 6.87 ς 6.78 (m, 2H), 5.05 ς 4.97 (m, 2H), 4.87 (d, J 

= 12.5 Hz, 1H), 4.76 (d, J = 11.2 Hz, 1H), 4.70 (d, J = 12.5 Hz, 1H), 4.62 (d, J = 12.0 Hz, 1H), 4.57 

(d, J = 11.2 Hz, 1H), 4.49 ς 4.41 (m, 2H), 3.92 (q, J = 3.3 Hz, 1H), 3.76 (s, 3H), 3.76 ς 3.71 (m, 1H), 

3.44 (dq, J = 9.4, 6.1 Hz, 1H), 3.19 ς 3.11 (m, 2H), 2.52 (ddd, J = 12.7, 5.2, 2.1 Hz, 1H), 2.27 (dd, J 

= 14.9, 3.7 Hz, 1H), 2.05 (td, J = 12.2, 9.8 Hz, 1H), 1.65 (ddd, J = 14.8, 4.8, 3.4 Hz, 1H), 1.31 (d, J = 

6.1 Hz, 3H), 1.27 (d, J = 6.4 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мррΦмΣ мрмΦоΣ моуΦсΣ моуΦпΣ мосΦпΣ мооΦпΣ мооΦмΣ мнуΦрΣ мнуΦпΣ мнуΦмΣ 

128.0, 127.9, 127.8, 127.7, 126.3, 126.2, 126.0, 125.9, 118.1, 114.6, 98.8, 98.5, 83.9, 80.0, 79.7, 

75.3, 71.6, 70.9, 70.5, 69.5, 63.7, 55.7, 39.2, 32.3, 18.4, 18.2. 

 

LRMS (ESI, pos. ion): m/z calculated for C44H48O8Na (M+Na) 727.32, found: 727.44 

 

HRMS (TOF MS ES+): m/z calculated for C44H48O8Na (M+Na) 727.3247, found: 727.3251 

 

[ ]h˂23 = -35.3434 (c = 3.30, CH2Cl2) 
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4.37 

p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)- -hL-oliosyl)- /h -̡D-

olivose 

Compound 4.37 was prepared according to general glycosylation procedure II, using L-oliose 

donor 4.23 and D-olivose acceptor 4.31.  

p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)- -hL-oliosyl)- -̡D-olivose 

(4.37h ) 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦтт όm, 4H), 7.51 ς 7.41 (m, 3H), 7.39 (d, J = 7.0 Hz, 1H), 

7.35 ς 7.16 (m, 7H), 7.04 (m, 2H), 6.98 ς 6.90 (m, 2H), 6.84 ς 6.76 (m, 2H), 5.18 (d, J = 3.4 Hz, 

1H), 5.00 ς 4.93 (m, 2H), 4.76 (d, J = 12.3 Hz, 1H), 4.73 ς 4.65 (m, 2H), 4.54 (d, J = 11.3 Hz, 1H), 

4.47 (d, J = 11.2 Hz, 1H), 3.89 (ddd, J = 12.0, 4.6, 2.5 Hz, 1H), 3.87 ς 3.79 (m, 2H), 3.76 (s, 3H), 

3.47 ς 3.38 (m, 2H), 3.06 (t, J = 9.1 Hz, 1H), 2.51 (ddd, J = 12.4, 5.0, 2.2 Hz, 1H), 2.25 (td, J = 12.4, 

3.6 Hz, 1H), 2.00 (dd, J = 12.6, 4.4 Hz, 1H), 1.70 (td, J = 11.9, 9.8 Hz, 1H), 1.29 (d, J = 6.2 Hz, 3H), 

1.02 (d, J = 6.5 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мррΦнΣ мрмΦоΣ мофΦлΣ моуΦоΣ мосΦлΣ мооΦпΣ мооΦмΣ мнуΦрΣ мнуΦпΣ мнуΦпΣ 

128.3, 127.9, 127.8, 127.7, 127.6, 127.5, 126.3, 126.3, 126.0, 125.6, 118.1, 114.6, 98.5, 92.9, 

82.8, 76.0, 75.2, 74.8, 74.6, 72.8, 71.7, 70.4, 67.0, 55.8, 35.4, 30.5, 18.4, 17.2. 
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LRMS (ESI, pos. ion): m/z calculated for C44H48O8Na (M+Na) 727.32, found: 727.42 

 

HRMS (TOF MS ES+): m/z calculated for C44H48O8Na (M+Na) 727.3247, found: 727.3241 

 

[ ]h˂23 = -48.9583 (c = 0.64, CH2Cl2) 
 
p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)- -̡L-oliosyl)- -̡D-olivose 

(4.37̡ ) 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦуф ς 7.71 (m, 4H), 7.53 ς 7.37 (m, 5H), 7.36 ς 7.23 (m, 

8H), 6.98 ς 6.90 (m, 2H), 6.84 ς 6.75 (m, 2H), 5.02 ς 4.91 (m, 2H), 4.86 ς 4.75 (m, 2H), 4.74 ς 

4.63 (m, 3H), 4.59 (dd, J = 9.7, 2.2 Hz, 1H), 3.82 ς 3.71 (m, 4H), 3.52 ς 3.45 (m, 2H), 3.46 ς 3.37 

(m, 1H), 3.31 (q, J = 6.4 Hz, 1H), 3.17 (t, J = 9.1 Hz, 1H), 2.55 (ddd, J = 13.0, 5.0, 2.1 Hz, 1H), 2.12 

(q, J = 10.9 Hz, 1H), 2.06 ς 1.93 (m, 2H), 1.35 (d, J = 6.1 Hz, 3H), 1.18 (d, J = 6.3 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мррΦмΣ мрмΦпΣ моуΦфΣ моуΦрΣ мосΦ0, 133.4, 133.1, 128.7, 128.6, 128.5, 

128.4, 128.3, 128.0, 127.9, 127.9, 127.9, 127.7, 126.4, 126.1, 126.1, 125.5, 118.2, 114.6, 102.1, 

98.7, 84.0, 80.0, 78.0, 75.4, 74.8, 74.4, 74.2, 71.6, 71.0, 70.5, 55.8, 39.2, 32.9, 18.4, 17.5. 

 

LRMS (ESI, pos. ion): m/z calculated for C44H48O8Na (M+Na) 727.32, found: 727.41 

 

HRMS (TOF MS ES+): m/z calculated for C44H48O8Na (M+Na) 727.3247, found: 727.3288 

 

[ ]h˂23 = -8.5302 (c = 1.27, CH2Cl2) 
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4.38 

p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)-ʰκʲ-L-oliosyl)- -̡L-

olivose 

Compound 4.38 was prepared according to general glycosylation procedure II. The semi-pure 

mixture was purified by flash chromatography on silica gel (10% ethyl acetate:hexanes to 20% 

ethyl acetate:hexanes) to afford compound 4.38 as an inseparable mixture of anomers.  

Data for major ̡ -anomer 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦуу ς 7.73 (m, 4H), 7.54 ς 7.37 (m, 6H), 7.37 ς 7.17 (m, 

7H), 6.98 ς 6.89 (m, 2H), 6.84 ς 6.76 (m, 2H), 5.10 (d, J = 10.4 Hz, 1H), 5.05 (d, J = 11.8 Hz, 1H), 

5.00 (d, J = 11.8 Hz, 1H), 4.94 (dd, J = 9.7, 2.1 Hz, 1H), 4.83 ς 4.69 (m, 3H), 4.62 ς 4.55 (m, 2H), 

4.17 ς 4.08 (m, 1H), 3.76 (m, 4H), 3.65 ς 3.58 (m, 1H), 3.56 (d, J = 2.6 Hz, 1H), 3.15 (t, J = 8.9 Hz, 

1H), 2.47 ς 2.39 (m, 1H), 2.20 ς 2.12 (m, 1H), 2.10 ς 2.05 (m, 1H), 1.91 ς 1.77 (m, 1H), 1.38 (d, J 

= 6.1 Hz, 3H), 1.25 (d, J = 6.5 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мррΦмΣ мрмΦоΣ мофΦоΣ моуΦтΣ мосΦлΣ мооΦпΣ мооΦмΣ мнуΦуΣ мнуΦоΣ мнуΦоΣ 

128.1, 128.0, 128.0, 127.9, 127.7, 127.5, 126.3, 126.2, 126.1, 125.5, 118.0, 114.6, 98.4, 96.8, 

82.2, 77.9, 75.5, 75.3, 75.1, 74.6, 71.6, 71.1, 70.4, 55.8, 36.6, 32.9, 18.5, 17.5. 

Data for 1:2 (h :ʲύ mixture of anomers 

LRMS (ESI, pos. ion): m/z calculated for C44H48O8Na (M+Na) 727.32, found: 727.44 
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HRMS (TOF MS ES+): m/z calculated for C44H48O8Na (M+Na) 727.3247, found: 727.3269 

 

[ ]h˂23 = -1.7931 (c = 2.90, CH2Cl2) 
 

 

4.39 

p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)-ʰκʲ-L-boivinosyl)- -̡D-

olivose 

Compound 4.39 was prepared according to general glycosylation procedure II. The semi-pure 

product mixture was purified by flash chromatography on silica gel (0% diethyl 

ether:dichloromethane to 2% diethyl ether:dichloromethane). 

p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)- -hL-boivinosyl)- -̡D-

olivose (4.39h ) 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦуп ς 7.79 (m, 1H), 7.79 ς 7.73 (m, 2H), 7.70 (s, 1H), 7.50 ς 

7.44 (m, 2H), 7.39 (dd, J = 8.5, 1.7 Hz, 1H), 7.30 ς 7.18 (m, 8H), 7.14 (m, 2H), 6.97 ς 6.91 (m, 2H), 

6.84 ς 6.77 (m, 2H), 5.08 (d, J = 4.4 Hz, 1H), 5.05 (d, J = 11.1 Hz, 1H), 4.98 (dd, J = 9.8, 2.1 Hz, 

1H), 4.74 (d, J = 12.1 Hz, 1H), 4.62 ς 4.52 (m, 2H), 4.46 ς 4.34 (m, 3H), 4.00 (ddd, J = 11.5, 8.9, 

4.9 Hz, 1H), 3.81 ς 3.72 (m, 4H), 3.45 (dq, J = 9.2, 6.1 Hz, 1H), 3.18 (t, J = 2.4 Hz, 1H), 3.12 (t, J = 

9.0 Hz, 1H), 2.53 (ddd, J = 12.3, 5.0, 2.1 Hz, 1H), 2.10 (dt, J = 14.9, 4.4 Hz, 1H), 2.02 ς 1.94 (m, 

1H), 1.76 (td, J = 11.9, 9.9 Hz, 1H), 1.28 (d, J = 6.1 Hz, 3H), 1.06 (d, J = 6.6 Hz, 3H). 
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13C NMR (126 MHz, CDCl3ύ ʵ мррΦмΣ мрмΦоΣ моуΦфΣ моуΦнΣ морΦуΣ мооΦоΣ мооΦмΣ 128.4, 128.2, 128.1, 

127.9, 127.8, 127.8, 127.3, 126.8, 126.2, 126.1, 126.0, 118.0, 114.6, 98.4, 91.8, 82.3, 76.2, 74.7, 

73.2, 72.9, 71.7, 71.0, 62.6, 55.7, 35.5, 28.6, 18.3, 16.7. 

 

LRMS (ESI, pos. ion): m/z calculated for C44H48O8Na (M+Na) 727.32, found: 727.41 

 

HRMS (TOF MS ES+): m/z calculated for C44H48O8Na (M+Na) 727.3247, found: 727.3289 

 

[ ]h˂23 = -26.1538 (c = 2.47, CH2Cl2) 
 

p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)- -̡L-boivinosyl)- -̡D-

olivose (4.39̡ ) 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦут ς 7.81 (m, 1H), 7.79 (m, 2H), 7.63 (s, 1H), 7.53 ς 7.46 

(m, 2H), 7.35 (m, 3H), 7.29 ς 7.15 (m, 8H), 6.99 ς 6.91 (m, 2H), 6.84 ς 6.76 (m, 2H), 5.07 (dd, J = 

9.5, 2.5 Hz, 1H), 4.97 (dd, J = 10.0, 2.0 Hz, 1H), 4.90 (d, J = 10.7 Hz, 1H), 4.63 (d, J = 10.8 Hz, 1H), 

4.59 (d, J = 12.3 Hz, 1H), 4.55 (d, J = 12.3 Hz, 1H), 4.51 (d, J = 12.2 Hz, 1H), 4.46 (d, J = 12.4 Hz, 

1H), 3.98 (q, J = 6.6 Hz, 1H), 3.85 (ddd, J = 11.9, 8.8, 5.0 Hz, 1H), 3.80 (d, J = 3.1 Hz, 1H), 3.76 (s, 

3H), 3.42 (dd, J = 9.2, 6.1 Hz, 1H), 3.16 (t, J = 9.1 Hz, 1H), 3.09 (d, J = 2.9 Hz, 1H), 2.63 ς 2.54 (m, 

1H), 2.04 ς 1.87 (m, 3H), 1.35 (d, J = 6.2 Hz, 3H), 1.21 (d, J = 6.5 Hz, 3H). 
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13C NMR (126 MHz, CDCl3ύ ʵ мррΦмΣ мрмΦпΣ моуΦпΣ 138.2, 135.7, 133.3, 133.1, 128.6, 128.5, 128.4, 

128.4, 128.2, 128.0, 127.9, 127.9, 126.4, 126.3, 126.1, 125.6, 118.2, 114.5, 100.2, 98.7, 83.8, 

79.9, 75.5, 74.2, 73.4, 72.8, 71.6, 71.2, 69.4, 60.5, 55.8, 39.4, 32.1, 18.4, 17.0. 

 

LRMS (ESI, pos. ion): m/z calculated for C44H48O8Na (M+Na) 727.32, found: 727.41 

 

HRMS (TOF MS ES+): m/z calculated for C44H48O8Na (M+Na) 727.3247, found: 727.3290 

 

[ ]h˂23 = -4.2029 (c = 0.46, CH2Cl2) 
 

 

4.40 

p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)-ʰκʲ-L-boivinosyl)- -̡L-

olivose 

Compound 4.40 was prepared following general glycosylation procedure II from boivinose 

donor 4.27 and L-olivose acceptor 4.32. The semi-pure mixture was purified by flash 

chromatography on silica (10% ethyl acetate:hexanes to 20% ethyl acetate:hexanes). 

p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)- -hL-boivinosyl)- -̡L-

olivose (4.40h ) 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦуу ς 7.79 (m, 3H), 7.76 (s, 1H), 7.54 ς 7.44 (m, 3H), 7.34 ς 

7.20 (m, 10H), 7.00 ς 6.93 (m, 2H), 6.86 ς 6.78 (m, 2H), 5.13 (dd, J = 4.7, 2.1 Hz, 1H), 5.02 (dd, J 
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= 9.8, 2.1 Hz, 1H), 4.80 (dd, J = 11.5, 5.2 Hz, 2H), 4.63 (d, J = 12.0 Hz, 1H), 4.59 (d, J = 11.1 Hz, 

1H), 4.56 (d, J = 11.9 Hz, 1H), 4.52 (d, J = 12.0 Hz, 1H), 4.41 (m, 1H), 3.83 ς 3.73 (m, 5H), 3.50 ς 

3.40 (m, 1H), 3.30 (t, J = 2.8 Hz, 1H), 3.16 (t, J = 9.1 Hz, 1H), 2.52 (ddd, J = 12.5, 5.2, 2.1 Hz, 1H), 

2.09 ς 1.99 (m, 2H), 1.96 (dt, J = 14.8, 2.8 Hz, 1H), 1.31 (d, J = 6.1 Hz, 3H), 1.18 (d, J = 6.6 Hz, 3H). 

 

13C NMR (126 MHz, CDCl3ύ ʵ мррΦмΣ мрмΦпΣ моуΦрΣ моуΦоΣ мосΦнΣ мооΦпΣ мооΦмΣ мнуΦсΣ мнуΦрΣ мнуΦоΣ 

128.2, 128.0, 127.9, 127.9, 127.9, 126.3, 126.2, 126.0, 125.7, 118.1, 114.6, 99.1, 98.5, 83.9, 

79.4, 76.6, 75.3, 73.0, 71.6, 71.6, 70.6, 63.2, 55.8, 39.2, 28.9, 18.4, 16.7. 

 

LRMS (ESI, pos. ion): m/z calculated for C44H48O8Na (M+Na) 727.32, found: 727.42 

 

HRMS (TOF MS ES+): m/z calculated for C44H48O8Na (M+Na) 727.3247, found: 727.3291 

 

[ ]h˂23 = -9.0734 (c = 2.95, CH2Cl2) 
 

p-methoxyphenyl-3-O-benzyl-4-O-(3-O-benzyl-4-O-(2-naphthylmethyl)- -̡L-boivinosyl)- -̡L-

olivose (4.40̡ ) 

1H NMR (500 MHz, Chloroform-dύ ʵ тΦуу ς 7.79 (m, 3H), 7.72 (s, 1H), 7.54 ς 7.38 (m, 4H), 7.33 ς 

7.18 (m, 10H), 6.98 ς 6.90 (m, 2H), 6.84 ς 6.78 (m, 2H), 5.11 (d, J = 10.4 Hz, 1H), 4.98-4.93 (m, 

2H), 4.69 (d, J = 12.2 Hz, 1H), 4.64 (d, J = 12.2 Hz, 1H), 4.58 (m, 2H), 4.48 (d, J = 12.1 Hz, 1H), 

4.13 (ddd, J = 11.8, 8.7, 5.1 Hz, 1H), 3.99 (qd, J = 6.3, 0.8 Hz, 1H), 3.89 (q, J = 3.1 Hz, 1H), 3.76 (s, 

3H), 3.51 ς 3.39 (m, 1H), 3.18 ς 3.08 (m, 2H), 2.45 (ddd, J = 12.4, 5.1, 2.0 Hz, 1H), 1.97 ς 1.87 (m, 

2H), 1.81 (td, J = 12.1, 9.8 Hz, 1H), 1.36 (d, J = 6.1 Hz, 3H), 1.24 (d, J = 6.5 Hz, 3H). 
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13C NMR (126 MHz, CDCl3ύ ʵ мррΦмΣ мрмΦпΣ моуΦуΣ моуΦпΣ морΦуΣ мооΦпΣ мооΦнΣ мнуΦфΣ мнуΦрΣ мнуΦрΣ 

128.4, 128.3, 128.0, 128.0, 127.9, 127.8, 127.6, 126.4, 126.2, 125.7, 118.0, 114.6, 98.4, 95.0, 

82.3, 75.5, 75.0, 74.9, 73.7, 72.8, 71.6, 71.4, 69.5, 55.8, 36.7, 32.2, 18.5, 17.0. 

 

LRMS (ESI, pos. ion): m/z calculated for C44H48O8Na (M+Na) 727.32, found: 727.44 

 

HRMS (TOF MS ES+): m/z calculated for C44H48O8Na (M+Na) 727.3247, found: 727.3290 

 

[ ]h˂23 = -6.1649 (c = 0.93, CH2Cl2) 
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Appendix A: NMR Spectra of new compound
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1H NMR of 2.09 (500 MHz, CDCl3) 
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13C NMR of 2.09 (126 MHz, CDCl3) 
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1H NMR of 2.14 (500 MHz, CDCl3) 
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13C NMR of 2.14 (126 MHz, CDCl3) 
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1H NMR of 2.15 (500 MHz, CDCl3) 
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13C NMR of 2.15 (126 MHz, CDCl3) 



215 
 

  

1H NMR of 2.16 (500 MHz, CDCl3) 


