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ABSTRACT 

The research described in this thesis deals with the use of MIDA-boronate type purification tags in 

the synthesis of monosaccharide building blocks.  

The MIDA boronate tag was successfully installed onto a carbohydrate scaffold utilizing a 

visible light mediated photocatalytic thiol-ene click methodology using glycosyl thiols, an alkene 

bearing the MIDA moiety, and 9-mesityl-10-methylacridinium tetrafluoroborate as catalyst (1 

mol%). This allowed access to MIDA-tagged monosaccharides in good to excellent yields. The 

MIDA tag was able to influence the behaviour of the monosaccharides on silica as desired and the 

MIDA-tagged monosaccharides were purified using a “catch-and-release” procedure. Following 

attempts at deprotections (O-deacetylation, O-debenzylation), it was found that the MIDA tag was 

unstable under these conditions. However, further stability studies determined that the MIDA tag 

was stable to a range of protecting group conditions (Fmoc protection/deprotection, benzoyl 

protection, and Lev protection). The MIDA-tagged donors were also successfully used in 

glycosylation under standard activation conditions. 

 

 A tetramethylated variant of the MIDA tag (TIDA) was also synthesised on gram-scale. This 

facilitated access to a TIDA-bearing thiol tag which was successfully installed onto a range of 

monosaccharides using the thioglycosylation reaction under BF3·OEt2 activation. This new tag was 

found to be compatible with a range of protecting group manipulation conditions: acetyl 

deprotection, benzoyl protection, Fmoc protection, Lev protection, silyl protection, and benzylidene 

protection/regioselective ring-opening. This enabled the synthesis of monosaccharide building 

blocks bearing the TIDA tag. The TIDA tag was able to influence the behaviour of the 

monosaccharides on silica as desired and the TIDA-tagged monosaccharide intermediates were 

purified using a “catch-and-release” procedure. The reactivity of TIDA-tagged thioglycoside donors 
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was tested and found to be comparable to S-ethyl donors, giving similar yields and stereochemical 

outcome. The TIDA-tagged monosaccharides were also utilised in the construction of a 

trisaccharide. The TIDA-thiol tag was successfully recovered following glycosylation. 
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1.1 General Introduction 

Carbohydrates are one of the most abundant biopolymers in Nature and along with polynucleotides 

and polypeptides constitute the essential molecules for life on earth.[1] Due to their ubiquity, glycans 

are present in all living organisms, including animals, plants, and microbes.[2–4] They are integral to 

many of the processes that we depend on from fertilisation[5] to immune response[6] and cellular 

communication.[7] Glycans also feature in many medicines and vaccines.[8] While isolation from 

natural sources is an option in obtaining target carbohydrates, these sources are often heterogeneous 

making isolation difficult. Thus, there is a clear need for the comprehensive study of carbohydrate 

function and their structure-activity relationships. These studies require access to pure and 

structurally defined glycans. However, the synthesis of glycans poses more challenges than the 

synthesis of polynucleotides or polypeptides. One complication is the inherent heterogeneity of 

oligosaccharides. Each monosaccharide monomeric unit has several possible points of connection 

for chain growth and thus, branched polysaccharides are common (Figure 1). Conversely, 

polypeptides and polynucleotides are connected in a linear manner. Furthermore, unlike phosphate 

diester (polynucleotide) or amide bonds (polypeptide), formation of glycosidic linkages creates new 

stereogenic centres (Figure 1). This further increases the difficulty in synthesising glycans. 

 

Figure 1 Linkages of biopolymers: polynucleotides, polypeptides and oligosaccharides 

Due to these complicating factors, obtaining a specific glycan or oligosaccharide can be very labour 

intensive. In order to meet these challenges, oligosaccharide synthesis is currently carried out 

through two routes: chemical synthesis and enzymatic synthesis. Great strides have also been made 

to render these processes automated and ease the difficulty of synthesising target oligosaccharides. 
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1.2 Traditional manual glycan assembly strategies 

1.2.1 Mechanism of the glycosylation reaction 

An O-glycosylation is the nucleophilic displacement of an anomeric leaving group (LG) on the 

glycosyl donor by a hydroxy group of the glycosyl acceptor. In order to prevent unwanted reactivity, 

all other functionalities of both glycosylation partners are normally masked by protecting groups. A 

detailed mechanism of chemical glycosylation is unknown, but certain aspects and pathways have 

been established. The concise reaction mechanism consists of: 1) activation of the anomeric leaving 

group by promoter, 2) dissociation of the anomeric leaving group, and 3) nucleophilic attack of the 

acceptor (Scheme 1). A number of factors can greatly affect the reactivity and stereochemical 

outcome of this reaction. These include: the solvent, the temperature, the nature of the activator and 

leaving group and the size and electronic properties of the protecting groups.[9] 

 

Scheme 1 Concise mechanism of the glycosylation reaction[10] 

In general, the reactivity of a glycosyl donor is related to its ability to develop and stabilise positive 

charge at the anomeric carbon during the dissociation of the leaving group. Many glycosylation 

reactions exhibit features of both SN1 and SN2-type pathways. It is currently understood that the 

mechanism of forming a glycosidic bond can reside somewhere in the spectrum of reaction 

mechanisms spanning from a completely dissociative SN1 mechanism to an associative SN2 pathway 

(Scheme 2).[11] On one side, an SN1 pathway leads to glycosyl oxacarbenium ion intermediates. At 

the extreme of this pathway, these cationic oxacarbenium ions are separated from their counterions 

by solvent molecules leading to solvent separated ion pairs, SSIPs. The subsequent formation of 

products from these SSIPs will therefore not be influenced by the counterions. In SN2-type pathways, 



1.0 Introduction 

4 

 

the oxacarbenium ion pair exists as a closed contact ion-pair or even as a covalent adduct. The 

counterion can then hold some influence on the stereochemical outcome of the glycosylation. As 

most glycosylation reactions occur in apolar solvents such as CH2Cl2, strictly ionic intermediates 

tend to have a short lifetime. Thus reaction intermediates following activation will primarily be 

present as covalent intermediates.[12] 

 

Scheme 2 Mechanistic spectrum of the glycosylation reaction[12] 

1.3 Chemical synthesis of glycans 

The earliest glycosylations carried out by Michael,[13] Fischer,[14] and Koenigs and Knorr,[15] 

showcased that the glycosylation reaction is very complex. Since then several approaches have been 

developed in order to simplify the reaction and allow for more control of the process. A range of 

glycosyl donors have been developed in order to help control reactivity of donors and to make the 

process more simple. These donors include thioglycosides,[16] trichloroacetimidates (TCA),[17] 

glycosyl halides,[18,19] and phosphates.[20] Recent research has also expanded the versatility of more 

classic donors such as glycals,[21–24] and hemiacetals.[25,26] 

1.3.1 Conventional linear and convergent block glycan synthesis 

There are two basic strategies for glycan assembly: linear synthesis and convergent synthesis. The 

latter is more often used as it is a faster method of synthesising target glycans.[27] In linear assembly, 

the glycan chain is extended in a stepwise manner. This route often requires sequential deprotection 
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of temporary protecting groups after each glycosylation in order to reveal the next reactive site. This 

leads to many additional protection/deprotection steps being added to the synthesis. In convergent 

assembly, oligosaccharide fragments are pre-synthesised and then converged via glycosylation. This 

method leads to a rapid increase of the oligosaccharide chain. It is also useful as difficult linkages 

can be introduced earlier in glycan assembly. 

1.3.2 Strategies for expeditious glycan synthesis 

Other strategies are also employed to streamline glycan assembly by minimising or eliminating 

manipulations between coupling steps.[28] These strategies are often based on either: modulating 

donor reactivity based on protecting groups or selective activation of leaving groups. A seminal work 

in exploiting the modulating effects of protecting groups was published by Fraser-Reid in 1988.[29] 

In this “armed-disarmed strategy”, a more electron-rich glycosyl donor (armed, activated) can be 

selectively activated over a more electron-deficient or disarmed donor bearing the same leaving 

group using a mild promotor (Scheme 3). Protecting groups that are more electron-withdrawing such 

as esters (OAc, OBz) were shown to decrease the reactivity of a donor whereas less electron-

withdrawing groups such as benzyl ethers were shown to increase reactivity. 

 

Scheme 3 a) General concept of armed-disarmed chemoselective glycosylation strategy;[10] b) 

Example of Fraser-Reid’s selective activation of n-pentenyl glycosides[29] 

This strategy was further expanded with the development of super-armed[30] and super-disarmed[31] 

donors by Demchenko and co-workers. These new donors were developed based on the “O-2/O-5 

co-operative effect” (Figure 2). This effect occurs when the endocyclic oxygen (O-5) stabilises the 
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oxacarbenium ion through donation of its lone pair. Further stabilisation of the oxacarbenium is 

provided via charge distribution of the acyloxonium ion formed by an acyl group at O-2.[9,31] Super-

armed donors were made by protecting O-2 with an acyl group and the remaining hydroxy groups 

with electron-donating groups. This allows for stabilisation of the oxacarbenium by both the 

endocylic oxygen and the acyloxonium ion. These electronically super-armed donors produced 

exclusively 1,2-trans-glycosides due to neighbouring group participation of the O-2 acyl group. 

Super-disarmed donors were made by installing a non-participating group at C-2 and protecting the 

remaining positions with electron-withdrawing groups. This results in reduced stabilisation from the 

endocyclic oxygen as charge distribution is unavailable due to inductive electron-withdrawal of the 

acyl groups. This renders the super-disarmed donors the least reactive in glycosylation (Figure 2). 

The convenience of this method lies in that the same leaving group can be used for all donors. A 

number of efforts have also been reported in the quantification or prediction of the reactivity of 

donors by Fraser-Reid,[32,33] Ley,[34] Wong[35] and others. This has also expanded the use of this 

strategy, especially in one-pot methodologies (see Section 1.4). 

 

Figure 2 Reactivity of donors based on O-2/O-5 co-operative effect 

Another general concept to expedite oligosaccharide synthesis is the selective activation of 

orthogonal leaving groups (Scheme 4). A prominent example of this strategy is Ogawa’s orthogonal 

concept.[36,37] This concept involves the use of two chemically distinct leaving groups, and selective 

activation in order to extend the chain. In Ogawa’s report, building blocks bearing S-phenyl and 

fluoride leaving groups were used. The phenyl thioglycoside was selectively activated over a 

glycosyl fluoride acceptor in the presence of NIS/AgOTf. The fluoride leaving group of the resulting 

disaccharide was then activated over a thioglycoside acceptor in the presence of 

Cp2Hf2Cl2/AgClO4.[36] 
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Scheme 4 a) Selective Activation Approaches to Expeditious Oligosaccharide Synthesis;[10] b) 

Example of Ogawa’s selective activation of glycosyl fluorides and thioglycosides[36] 

1.4 One-pot methodologies for oligosaccharide synthesis 

One-pot strategies allow glycan synthesis to be streamlined as all glycosylations are performed in a 

single pot and intermediates are not purified.[38,39] One-pot strategies are often based on five 

approaches. Kahne and co-workers[40] used an approach where all reaction components were present 

in the flask from the beginning. In their reported synthesis of the Ciclamycin 0 trisaccharide 1 

(Scheme 5), the sulfoxide method was used to construct two glycosidic linkages sequentially in a 

single reaction flask. This was achieved by exploiting the selective activation of substituted 

sulfoxides. Through mechanistic studies, it was found that the RDS of the sulfoxide glycosylation 

was triflation of the sulfoxide when using triflic anhydride or catalytic triflic acid. Therefore, the 

reactivity of the sulfoxide donor could be influenced by manipulation of the p-substituent of the 

phenyl sulfoxide (reactivity order: OMe > H > NO2).[40] Thus sulfoxide donor 2 was glycosylated 

faster than donor 3 (Scheme 5) given that only half an equivalent of activating agent was present. 

Using an acceptor bearing a S-phenyl leaving group, the target trisaccharide was successfully 

synthesised in 25% isolated yield with no other trisaccharide being produced. 
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Scheme 5 Ciclamycin 0; Kahne’s one-pot synthesis of the ciclamycin 0 trisaccharide 1[40] 

The second approach is based on chemoselective activation, whereby the reactivity of the glycosyl 

donor and acceptor is varied through the protecting groups even if they bear the same leaving group. 

In contrast to the previous method, the subsequent building block is only added after the previous 

glycosylation is completed. An example of this is the synthesis of 4 using building blocks 5, 6, and 

7 (Scheme 6) reported by Wong and co-workers.[35] The sequential activation of the building blocks 

was based on their relative reactivity, 17000/162.8/13.1, respectively. The target trisaccharide 4 was 

obtained in 39% yield. 
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Scheme 6 Wong’s synthesis of tetrasaccharide 4 using the chemoselective activation one-pot 

strategy.[35] (RRVs in parenthesis) 

The third approach is based on orthogonal activation of one leaving group over another, akin to 

Ogawa’s approach. However, this method is limited as the number of orthogonal leaving groups that 

can be used concurrently in one reaction are still quite limited. Tetrasaccharide 8 was synthesised by 

Demchenko and co-workers[41] by first selectively activating SBox donor 9 over S-ethyl donor 10 

using AgOTf (Scheme 7). The S-ethyl group of the resulting disaccharide was then activated over 

the STaz donor 11 using NIS/TfOH. Following the final glycosylation, 8 was obtained in 73% yield. 
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Scheme 7 Demchenko’s synthesis of tetrasaccharide 8 using the orthogonal activation one-pot 

strategy[41] 

The fourth approach is useful as it is independent of building block reactivity as it is based on 

preactivation of the glycosyl donor. Huang and co-workers used this method for the synthesis of the 

tumor-associated carbohydrate antigen Globo-H hexasaccharide 12 (Scheme 8).[42] Fucosyl donor 

13 was preactivated at -78 °C with p-TolSCl and AgOTf before the addition of disaccharide acceptor 

14 and hindered base 2,4,6-tri(t-butyl)-pyrimidine (TTBP). The temperature was increased to -20 °C 

leading to formation of the resulting trisaccharide. The reaction mixture was lowered again to -78 

°C and AgOTf and p-TolSCl was added. Galactose acceptor 15 and TTBP were added, and the 

reaction mixture was again warmed to -20 °C. This sequence was repeated for glycosylation of 

lactose acceptor 16. This formed the Globo-H hexasaccharide 12 in 47% yield. 
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Scheme 8 Huang and co-workers’ preactivation-based one-pot synthesis of Globo-H 

hexasaccharide 12[42] 

The fifth approach relies on differentiation between various hydroxy groups, e.g., primary vs 

secondary, equatorial vs axial which have also been explored. An example of this differentiation was 

reported by Valverde and co-workers who utilised a combined intramolecular and intermolecular 

glycosidic coupling approach in a one-pot protocol to synthesise branched trisaccharides (Scheme 

9).[43] 
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Scheme 9 Valverde’s example of a one-pot oligosaccharide synthesis based on hydroxy 

differentiation[43] 

1.5 Supported and tagged oligosaccharide synthesis 

The development of supported or tagged synthesis has proven to be a breakthrough in the synthesis 

of oligosaccharides. Supported synthesis is attractive as much like one-pot methodology, target 

oligosaccharides can be synthesised without purification of intermediates being required. It also 

simplifies the synthesis as excess reagents can be easily removed by filtration in the case of insoluble 

polymer supports or fractionation, extraction, or precipitation in the case of soluble polymer 

supports. 

1.5.1 Synthesis on solid supports 

Classes of molecule that have been synthesised using solid supports include oligopeptides and 

oligonucleotides.[44] The synthesis of polypeptides using polystyrene beads was first reported by 

Merrifield,[45] while Frechet and Schuerch first reported solid-supported oligosaccharide 

synthesis.[46] Two main strategies used in applying solid supports for oligosaccharide synthesis are 

donor-bound and acceptor-bound (Scheme 10).[10] In the acceptor-bound approach, the acceptor is 

bound to the resin, often at the anomeric centre. An advantage of this strategy is that the reactive 

donors are added in solution and can be used in excess. This is important as donors tend to undergo 

more side reactions or hydrolysis than acceptors due to their reactivity.[10] This can lead to high 
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yields, even at late stages. In the donor-bound approach, the donor is bound to the resin instead. In 

this method, the acceptor used bears a temporary protecting group at the anomeric position. 

Following glycosylation, this temporary protecting group is transformed into the required leaving 

group for the next glycosylation. However, due to the reactivity of donors and their ability to undergo 

side reactions/hydrolysis, the chain elongation can be disrupted as the donor can no longer be used 

for glycosylation. 

 

Scheme 10 Acceptor bound (top) and donor bound (bottom) approaches to solid-supported 

oligosaccharide synthesis[10] 

Polymer beads or resin are the most commonly used supports in solid-phase synthesis. Merrifield’s 

resin (Figure 3) has been commonly used since it was introduced.[45] The resin is composed of 

polystyrene beads cross-linked with 1% divinylbenzene. While often used for peptide synthesis, it 

was also used for oligosaccharide synthesis in Frechet and Schuerch’s pioneering work.[46] The resin 

benefits from compatibility with many reaction conditions and has a high loading capacity. Other 

resins with different swelling properties have also been developed. These include polystyrene grafted 

with different lengths of polyethylene (PEG) groups such as Tentagel® (Figure 3). Other resins are 

also made by changing the cross-linker and using a tetrahydrofuran-type bridge.[47] While these 

resins are capable of swelling in both polar and non-polar solvents and are compatible with many 

reaction conditions, it has been noted that polystyrene resins can decompose in the presence of large 

amounts of TMSOTf, which is commonly used in glycosylations.[47] Other non-swelling materials 

have also been used as solid supports in oligosaccharide synthesis including controlled-pore glass[48] 

and nanoporous gold.[49,50]  
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Figure 3 Examples of solid support resins for oligosaccharide synthesis 

The linker that connects the growing oligosaccharide to the resin is also very important. It is crucial 

that the cleavage of the linker must be orthogonal to any protecting groups used during the synthesis. 

A variety of linkers have been developed for use in carbohydrate synthesis. Recent developments 

include Reichardt’s linker,[51] and Seeberger’s “Lenz linker” [52] and safety catch linker.[53] Recently, 

Seeberger has also reported a traceless photolabile linker that reveals the free reducing end after 

cleavage (Figure 4).[54–56] 

 

Figure 4 Recently introduced linkers for polymer-supported oligosaccharide synthesis 

1.5.2 Tagged synthesis of oligosaccharides with soluble supports. 

Soluble polymer supports have also been used in oligosaccharide synthesis. The resins are often 

based on polyethylene glycol core. They are often used to address problems associated with resin-

supported systems including: slow reactions and reactivity mismatch between less reactive solid-

phase reactants and highly reactive solution-based reactants.[57,58] These soluble supports are freely 

soluble and can often be isolated by precipitation or size-exclusion separation. An example of a 

soluble polymer support which was used by Boons and co-workers is given below (Figure 5).[59]  
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Figure 5 Soluble polymer support used in oligosaccharide synthesis[59] 

Ionic liquid methodologies have also been developed for use in oligosaccharide 

synthesis.[60,61] Ionic tags such as those developed by Galan, [62] He and Chan,[63] and Pathak[64] 

(Figure 6) expedite oligosaccharide synthesis as they remove the need for chromatographic 

purification of intermediates. Excess organic reagents can be removed by extraction with low 

polarity solvents. Excess inorganic reagents can also be removed with aqueous washings. 

 

Figure 6 Ionic tags used in the synthesis of oligosaccharides[62–64] 

Fluorous-tag (Figure 7) assisted approaches have emerged as attractive prospects for tagged 

synthesis of oligosaccharides. These methods rely on the phase partition of per-fluoroalkenes with 

methanol. Thus tagged carbohydrates (i.e., the growing oligosaccharide) can easily be separated 

from all other material. This solution phase synthesis can also be advantageous over the solid phase 

counterparts as often lower equivalents of donor are required and more convenient monitoring 

methods can be used (TLC and mass spectrometry).[65] Fluorous tags have been employed to great 

effect by Pohl and co-workers to develop an automated glycosylation methodology (see Section 

1.6.3). 

 

Figure 7 An example of fluorous tags used in oligosaccharide synthesis[66] 

1.6 Automated chemical synthesis of oligosaccharides 

Despite the development of methods which greatly expedite the synthesis of oligosaccharides, there 

remains a heavy reliance on manual manipulations and expert knowledge of carbohydrate chemistry. 

Automation of these processes remains an attractive goal which offers relative operational simplicity 

and methods which are accessible and transferable. The development of automated oligosaccharide 

synthesisers has revolutionised carbohydrate chemistry and has enabled an increased production of 

glycans. This helps to further the knowledge of carbohydrates and open new avenues in the field as 

experienced by the field of genomics and proteomics following the advent of automated DNA and 
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peptide synthesisers. Hence, the development of a broadly useful technology for scalable and 

transformative automation has emerged as a timely and significant area of research.[10] 

1.6.1 Early Developments 

Early work in the automation of carbohydrate synthesis was based on the relative reactivities of 

building blocks. Wong and co-workers experimentally determined relative reactivity values (RRV) 

for a range of building blocks which were then utilised in a programmable one-pot oligosaccharide 

assembly.[35] These RRVs were originally determined for tolylthioglycoside donors activated with 

an NIS/TfOH promoter system under standard conditions. This reactivity data was compiled to 

develop a programme named Optimer[35] which was further used to synthesise various 

oligosaccharides.[67] This approach cultivated the idea of using a computer programme to standardise 

reactions and even predict the reactivities of various building blocks despite not being fully 

automated. 

 Takahashi and co-workers also investigated a number of platforms for automating solution-

based oligosaccharide synthesis in one pot.[68] In contrast to Wong’s work where the different 

reactivities of donors were exploited, Takahashi’s work relied on selective activation of different 

leaving groups. Takahashi and co-workers also adapted a semi-automated parallel synthesis 

instrument Quest-210 by Argonaut Technologies to the solution phase one-pot synthesis of linear 

and branched oligosaccharides. This methodology was utilised in the synthesis of trisaccharide 17 

(Scheme 11) via the selective activation of bromide donor 18 over thioglycoside 19. This work was 

also further extended with the development of L-COS by Moritex, an automation platform. This 

system allowed for automated temperature control, stirring, and rate of reagent addition for 

deprotection and glycosylation steps.[69,70] 
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Scheme 11 Takahashi’s solution-phase automation of oligosaccharide synthesis in one-pot 

using parallel synthesizer Quest 210[68] 

1.6.2 Peptide synthesiser-based automated synthesis of oligosaccharides 

Some early work probed adapting ready-made peptide synthesizers for automated oligosaccharide 

synthesis.[71] The synthesiser was modified to allow for cryogenic conditions. Seeberger and co-

workers utilised a solid-phase acceptor-bound approach in their adapted synthesizer.[71] Merrifield 

resin was chosen as the solid support due to its chemical inertness under the conditions required for 

the synthesis. An olefin linker was chosen for the same reasons as well as mild cleavage conditions. 

Although a ten-fold excess of donor was required in some cases, Seeberger reported an improved 

overall yield of a heptasaccharide target 20 (Scheme 12) of 42% over 24 hours. Manual efforts 

yielded 20 in 9% over 14 days. The advantages of an automated approach were evident from these 

results.  
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Scheme 12 Heptasaccharide 20 synthesised using adapted peptide synthesiser[71] 

1.6.3 Fluorous-tagged mediated automated synthesis of oligosaccharides 

Fluorous-tag assisted glycosylation methodology has been applied by the Pohl group to develop an 

automated approach to oligosaccharide synthesis.[72] This solution-phase glycosylation platform was 

accomplished by using a commercially available automated liquid handler and the fluorous solid 

phase extraction (FSPE) technique. In this method, tagged acceptor was reacted with excess of donor 

and the tagged oligosaccharide was isolated by automated FSPE. FSPE utilizes a separating column 

with fluorous silica as the stationary phase. It allowed for the separation of fluorinated species by 

first eluting with 20% solution of water in methanol to remove all non-fluorinated material, followed 

by release of the fluorinated material with fluorophilic solvents such as THF. The purification was 

also automatable by utilising commercially available devices that either apply a positive pressure at 

the top of the FSPE column, or apply vacuum at the exit. The Pohl group has utilized this 

methodology to synthesise a number of oligosaccharides.[73–75] Included in these was the synthesis 

of challenging β-1,4-mannan hexasaccharide[74] (Scheme 13) which was accomplished by applying 

a β-directing C-5 carboxylate strategy pioneered by van der Marel.[76] Importantly, the use of this 

solution-phase automated platform allows for lesser excess of glycosyl donors (~3 equiv.)[74] to be 

used than in solid-supported methods. Thus, lesser quantities of monosaccharide building blocks are 

required. 
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Scheme 13 Automated Solution-Phase Synthesis of β-1,4-mannan hexasaccharide[74] 

1.7 Automated oligosaccharide Synthesiser – Glyconeer 2.1 

Following the promising results achieved by the peptide synthesiser, Seeberger and co-workers 

successfully developed the “first fully automated solid-phase oligosaccharide synthesiser”[52] in 

2012. This sophisticated system consists of a syringe pump-driven part and a valve-driven part. The 

jacketed glass reaction vessel is connected to a cryostat that allows for adjusting temperatures from 

−50 °C to 50 °C. The bottom of the vessel is equipped with a porous glass filter and pipelines that 

can be directed to waste or to a fraction collector.[77] The instrument is equipped with a programme 

that helps to design, record, and control glycosylation and deprotection protocols. This setup 

provides complete automation for reactions, temperature control, cleavage, and collection of the final 

product. 

A schematic of the overall automated glycan assembly is shown below (Scheme 14). The 

process begins by glycosylating the first monosaccharide building block (~5 – 6.5 equivalents of 

donor are used)[78] to a solid-supported linker. Any unreacted linkers are then blocked using a capping 

moiety. This aids in avoiding any unwanted reaction in later glycosylations. The temporary 

protecting group on the monosaccharide is then removed to reveal the next acceptor site. After the 

next glycosylation, any unreacted hydroxy groups are capped. The cycle of deprotection, 

glycosylation, and capping is repeated until the desired oligosaccharide is constructed. The product 

is then cleaved from the solid support and all protecting groups are removed. Purification of the 

desired product is then carried out. Crucially, no purification of intermediates is required. Seeberger 

has shown the power of this technology with the synthesis of a 151-mer polymannoside.[78] 
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Scheme 14 Schematic of automated glycan assembly – Glyconeer 2.1 

Other methodologies developed for automated glycan synthesis include a HPLC-based platform 

developed by Demchenko and co-workers.[79,80] In this work, a new experimental setup was 

developed based on an unmodified HPLC instrument. Automated solution phase electrochemical 

based protocols have also been investigated by Nokami, Yoshida and co-workers.[81] A dedicated 

synthesizer was developed specifically for this application, using commercially available 

components. The instrument was equipped with a chiller and a cooling bath, a power supply for 

constant current electrolysis, and a syringe pump. A H-type divided cell with a carbon-felt anode 

and a platinum plate cathode. The glycosyl donors (aryl thioglycosides) were activated in the anodic 

chamber via anodic oxidation. 

1.8 Automated synthesis of monosaccharide building blocks 

Most of the focus in developing automated platforms in carbohydrate chemistry has been in the 

construction of oligosaccharides. However, manual synthesis of the monosaccharide building blocks 

can account for up to 90% of the synthetic effort[77] and limit throughput. Large excesses of donors 

are also often used. This presents a clear need for developing methodologies for expediating access 

to these monosaccharides. Some recent prominent developments in this area include work done by 

the Bennett and Pohl labs. In 2018, Pohl and co-workers reported the synthesis of protected glucose 

derivatives from levoglucosan under continuous flow conditions.[82] By harnessing some of the 

benefits of using flow chemistry such as increased reaction efficiency[83,84] and avoiding unwanted 

exotherms,[85] the continuous flow methodology allowed for faster reaction times with residence 

times as low as 22 and 30 minutes. In 2020, the Pohl and Bennett labs developed a modular 

continuous flow synthesis of orthogonally protected 6-deoxy-glucose glycals.[86] The process 

afforded the desired target compounds in 57 – 74% overall yield in 21 – 37 minutes of flow time. In 

2021, the two groups reported an automated, multistep continuous-flow synthesis of 2,6-dideoxy and 

3-amino-2,3,6-trideoxy monosaccharides.[87] Using commercial starting materials, four 2,6-dideoxy 

and two 3-amino-2,3,6-trideoxy sugars were successfully synthesised with orthogonal protecting 
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groups in 11 – 32% overall yields in 74 – 131.5 minutes of total reaction time. The modularity of the 

reactor set-up allowed for splitting of the reaction stream for parallel synthesis of multiple donors.  

Automating monosaccharide synthesis would greatly increase the efficiency of synthesising 

target oligosaccharides. While the efforts described above have shown a path towards expediating 

access to monosaccharide building blocks, there is still scope for further investigation in finding a 

solution to this problem. 

1.9 MIDA boronate-based automated process for the synthesis of organic molecules 

The synthesis of small molecules often relies on a series of procedures that are customised for each 

target. However, Burke and co-workers developed a broadly applicable automated process and 

increased accessibility of 14 distinct classes of small molecules.[88] Inspired by general and 

automated platforms for the synthesis of oligopeptides, Burke and co-workers developed a platform 

for small molecule synthesis involving the iterative coupling of haloboronic acids protected as the 

corresponding N-methyliminodiacetic acid (MIDA) boronates (Scheme 15). These blocks were 

preinstalled with required functional groups, oxidation states, and stereochemistry. The approach 

involved iterative cycles of stereospecific couplings of these MIDA building blocks. The couplings 

were enabled by attenuating the reactivity of boronic acids with the MIDA ligand. The growing 

organic molecules bearing a free boronic acid were coupled to a MIDA-protected haloboronic acid 

under standard Suzuki conditions. The MIDA ligand was then removed under mild aqueous, basic 

conditions[89] to expose the boronic acid which fed into the next coupling cycle (Scheme 15). 

MIDA boronates have significantly improved bench-stability compared to other boron-

containing building blocks. Electron-donation into the boron p-orbital by complexation with the 

MIDA ligand helps to achieve this (Scheme 15). MIDA boronates are generally monomeric, 

crystalline, air- and temperature-stable, and easily purified through chromatography or 

recrystallisation.[90] The MIDA boronates have also been shown to be stable towards a range of 

reaction conditions.[91] These made the MIDA boronates attractive building blocks for small 

molecule synthesis. Burke and co-workers utilised this methodology to great effect to synthesise a 

range of organic molecules including the polyene motifs found in >75% of polyene natural products 

and a range of natural products.[88,90] This automated platform also enabled access to a 20-membered 

library of natural product derivatives based on ratanhine.[90] This highlighted the power of the 

building block platform in enabling rapid access to derivatives of a compound. 
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Scheme 15 Iterative coupling protocol for small molecule synthesis from MIDA boronate 

building blocks[90] 

One of the key challenges encountered in developing an automated platform was the purification of 

intermediates. This was overcome by utilising the MIDA boronate as a common purification handle. 

It was discovered by Burke and co-workers that MIDA boronates uniformly possess highly unusual 

binary affinity for silica gel with certain eluents (Figure 8, top). This allowed for the development 

of a “catch-and-release” purification protocol for MIDA boronates (Figure 8, bottom). In practice, 

a crude reaction mixture was transferred to a short silica gel plug. The MIDA-tagged compound was 

“caught” on the silica gel and excess reagents and by-products were removed using 1.5% 

MeOH/Et2O as eluent. The MIDA boronate was then “released” by switching eluent to THF. 

Harnessing this catch-and-release methodology, the designed synthesiser comprised of three 

modules: deprotection, coupling, and purification.[88] 
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Figure 8 Binary silica affinity of MIDA boronates (top); “catch-and-release” purification 

protocol of MIDA boronates (bottom)[90] 

A tetramethylated variant of MIDA (TIDA) has also been developed in order to improve the stability 

of the MIDA tag by Burke and co-workers.[92] TIDA was developed in order to extend the iterative 

methodology to include aqueous basic conditions with which MIDA was incompatible. This TIDA 

tag will be further discussed in Chapter 3. 

MIDA boronates provide an opportunity towards enabling rapid access to organic molecules in an 

automated protocol. If this methodology was applicable to the synthesis of protected 

monosaccharides, it would allow rapid access to much needed monosaccharide building blocks. If 

the MIDA tag is compatible with routine protecting group manipulations, the synthesis of 

monosaccharides could be automated and ease access to them. With facile access to monosaccharides 

and in conjunction with the automated oligosaccharide methodologies developed, target 

oligosaccharides could easily synthesised. This would lead to the much needed further study of 
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biologically relevant carbohydrates and their usage as medicines, vaccines, or materials. The 

application of the MIDA methodology to the synthesis of protected monosaccharide building blocks 

and oligosaccharides will be explored in this thesis.
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2.1 Project Aim 

The MIDA tag has been shown to be a very useful handle for the automated synthesis of organic 

molecules.[88,90] Due to its binary silica affinity (Scheme 16), automated purification and iterative 

assemblies have been developed.[88] It is hoped that by applying this same purification methodology 

to the synthesis of monosaccharides, access to these important building blocks will be eased. This is 

crucial as despite development in the automated synthesis of oligosaccharides, obtaining their 

monosaccharide constituents accounts for up to 90% of the manual effort.[77] Thus there is a need for 

finding methodologies which can make their synthesis more facile. The aim of this project is to apply 

the MIDA tag technology to the synthesis of protected monosaccharides and thus to ease access to 

them. If the MIDA tag behaviour can indeed extend to carbohydrate scaffolds, it will greatly lessen 

a major hurdle in synthesising monosaccharides, namely the purification of intermediates during the 

protecting group manipulations (Scheme 16). This project will therefore investigate whether the 

MIDA tag can effectively influence the silica behaviour of carbohydrates as this hasn’t been 

investigated before. The compatibility of the MIDA tag with common protecting group strategies 

will also be probed. And lastly, the effectiveness of the tagged monosaccharides will be tested in 

glycosylations to ensure that the MIDA moiety does not affect their reactivity significantly. 

 

Scheme 16 Project aim: application of MIDA behaviour in monosaccharide building block 

synthesis and their use in glycosylation 
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2.2 Retrosynthetic Analysis 

For the exploration of this new methodology for use in oligosaccharide synthesis, thioglycosides 

were identified as the preferred glycosyl donor motif. Since their invention in 1909 by Fischer,[93] 

thioglycosides have become key building blocks both for the modification of monosaccharides and 

for the construction of glycans.[94–99] Thioglycosides benefit from being readily activated under facile 

conditions and tend to undergo glycosylation in a reliable manner.[16] Other benefits include their 

bench stability and ability to be converted to other types of glycosyl donors if required.[16] As ethyl 

thioglycosides see common usage as building blocks in the construction of oligosaccharides, a 

mimicking alkyl linker was included in the design of the target MIDA-tagged monosaccharide 

building blocks. It was hoped that the ethylene linker would infer reactivity comparable to ethyl 

thioglycosides. An aryl substituent was also included as part of the MIDA tag to aid in monitoring 

of intermediates. Thus the desired MIDA-tagged thioglycoside precursors (Scheme 17) were 

targeted as key intermediates which would facilitate further protecting group manipulation and 

building block synthesis. 

 

Scheme 17 Target MIDA-tagged building block and corresponding precursor 

Initial retrosynthetic analysis of the desired thioglycoside precursors 21 and 22 led to two possible 

routes for accessing them (Scheme 18). Route 1 would employ the activation of acetylated 

glycosides followed by functionalisation with a MIDA-tagged thiol. Route 2 would utilise thiol-ene 

click methodology[100] requiring glycosyl thiol and MIDA-tagged alkene (23) coupling partners. 

Initial explorations carried out by Dr Orla Patton[101] and Dr Alex Horan[102] had shown that synthesis 

of the glycosyl thiol and MIDA-tagged alkene were viable and promising results were obtained 

toward the desired thiol-ene click reaction. Thus further investigations were carried out in this project 

to optimise the thiol-ene reaction to allow for the synthesis of the MIDA-tagged monosaccharide 

precursor in a reproducible and gram-scale manner. 
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Scheme 18 Retrosynthetic Analysis of MIDA-tagged Precursor 

2.3 Methodology for the preparation of peracetylated glycosyl thiols 

The preparation of glycosyl thiols 24 and 25 was carried out using a literature known 3-step synthesis 

(Scheme 19i).[103] Initial bromination of the acetylated starting material using HBr afforded the 

glycosyl bromide. This was followed by reaction with thiourea and subsequent hydrolysis of the 

resulting thiouronium salt which afforded β-24 and β-25 in 75% and 74% yield, respectively. The 

glycosyl thiols were found to be only the β-anomer by 1H-NMR spectroscopy (J = 9.8 Hz for H1-

H2 coupling, CDCl3 (24), J = 9.7 Hz for H1-H2 coupling, CDCl3 (25)), most likely due to 

neighbouring group participation in the substitution reaction with thiourea. This route was scalable 

and allowed for the procurement of the desired products in gram quantities (1.43 g of 24 and 1.45 g 

of 25, respectively). While the route was scalable and reproducible, some operational difficulties 

arose when carrying out the synthesis. These difficulties were namely the poor stability of glycosyl 

bromides[104] and the corrosive nature of the HBr reagent used in the first step. Thus an alternative 

method of accessing the intermediate thiouronium salt which avoided the glycosyl bromide was 

explored. Following a different literature method,[105] BF3·Et2O was utilised to activate the per-

acetylated starting materials to allow formation of the thiouronium salts (Scheme 19ii). This method 

provided access to the target glycosyl thiols 24 and 25 in comparable yields to the initial route (78% 

and 75%). The previous difficulties were also successfully avoided and the 2-step process was an 

improvement to the previous 3-step method.  
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Scheme 19 Syntheses of glycosyl thiols 24 and 25 

2.4 Methodology for the preparation of perbenzylated glycosyl thiols 

With the intention of testing whether MIDA-tagged carbohydrates bearing alternate protecting 

groups would maintain the desired unique silica binding ability, benzylated glycosyl thiol 26 was 

synthesised in one-pot from glycosyl hemiacetal 27 (Scheme 20). The starting reducing sugars were 

chlorinated under catalytic Appel conditions using oxalyl chloride and 5 mol% triphenylphosphine 

oxide.[106–108] The following nucleophilic substitution with thiourea was attempted in CH2Cl2 with 

the addition of nBu4NBr. While this reaction is often carried out in acetone or 

dimethylformamide,[109] it was found to be successful also in CH2Cl2. Following hydrolysis, the 

desired glycosyl thiol 26 was obtained in 81% yield over 3 steps in an α/β ratio of 4:1 (2.31 ppm (d, 

1H, J = 7.8 Hz, SHβ), 1.89 ppm (d, 1H, J = 4.6 Hz, SH𝛼)). 
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Scheme 20 One-pot synthesis of benzylated glycosyl thiol 26 

1H-NMR spectroscopic analysis of the reaction steps allowed for tracking of reaction progress during 

reaction optimisation and indicated good conversion at each step (Figure 9). This allowed for facile 

purification as column chromatography was only required at the final step thus simplifying the 

process. Previous work by Johnston and Pinto had utilised a similar route to access 26 starting from 

the glycosyl chloride with isolation of the intermediate isothiouronium salt.[109] They reported that 

glycosyl thiol 26 was obtained in a moderate yield (63% over 2 steps) and similar α/β ratio (2:1). 

However, hemiacetal 27 benefits from higher stability than glycosyl chlorides making the above 

route more attractive. 
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Figure 9 1H-NMR spectra (CDCl3, 400 MHz) of starting material, intermediates, and product 

in the one-pot synthesis of benzylated thiol 26 

2.5 Preparation of MIDA-tagged alkene 23 

With access to the glycosyl thiols established, the preparation of the alkene partner 23 was 

undertaken. Synthesis of boronic acid 28 was first accomplished via conversion of 4-bromostyrene 

to the nucleophilic organomagnesium species using Mg and dibromoethane as activator (Scheme 

21). The resulting Grignard reagent was then quenched with B(OMe)3 and subsequent acidic 

hydrolysis afforded boronic acid 28 in yields ranging from 35-75%.  

 

Scheme 21 Grignard-mediated synthesis of boronic acid 28 

Due to the variable yields obtained using the Grignard nucleophile, a more robust and reproducible 

method was required. In order to solve this issue, Li-halogen exchange was investigated as an 

alternative method towards accessing 28. 4-Bromostyrene was reacted with nBuLi at -78 °C to form 

the aryl lithium species (Scheme 22). This was again trapped with B(OMe)3, and hydrolysis afforded 

28. In contrast to the heterogenous slurry observed during the Grignard preparation of 28, Li-halogen 

exchange proceeded in a homogenous manner and led to higher yields (~90%) with more consistent 

H1α 

H1α 

H1α 
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results. Low temperature was found to be crucial during the aryl lithium formation. These aryl 

lithium intermediates have been shown to react with the butyl bromide by-product of the Li-halogen 

exchange at higher temperatures leading to butylated side-products such as 29 (Scheme 22).[110] 

 

Scheme 22 Organolithium-mediated synthesis of boronic acid 28 

Upon 1H-NMR and 13C-NMR spectroscopy analysis of following recrystallisation, it was observed 

that another species had co-crystallised in addition to the desired product 28. This was found to be 

the dehydration product of 28, tris(4-vinylpheny1)boroxine 30 (Figure 10). Boroxine 30 has 

previously been used to derivatise free carbohydrate scaffolds. These carbohydrates derivatives have 

seen use as water-soluble receptors for selective recognition of D-aldohexoses in water.[111] While 

no literature reports were found using the obtained mixture in reaction, further reaction of the 28 and 

30 mixture could be carried out with no complication. Thus, separation of the species was not 

pursued. 
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Figure 10 Excerpt from 1H-NMR spectrum (CDCl3, 300 MHz) of boronic acid 28 and 

boroxine 30 

With access to 28 established, the target MIDA alkene coupling partner could then be synthesised. 

MIDA boronates are often synthesised using either Dean-Stark apparatus[91] in order to drive reaction 

completion by loss of water, or high temperatures and extended reaction times of several hours.[112] 

These routes were considered operationally undesirable. Thus, a microwave-mediated method was 

employed instead. Following work carried out by Spencer and co-workers,[113] 28 and MIDA 31 were 

successfully coupled using a microwave reactor with a reaction time of only 10 minutes in 75% yield 

(Scheme 23). This method was able to produce gram-scale quantities of 23 with appropriately sized 

reaction vials.  

 

Scheme 23 Microwave-assisted synthesis of 23 

13C-NMR spectroscopic analysis of 23 revealed that the signal for the 4° carbon bonded to boron 

was not visible. This was consistent with commercially bought 23 and reports of other MIDA 

compounds (see Section 3.3 for further discussion). 1H-NMR and 13C-NMR spectroscopic analysis 



2.0 MIDA-Tagged Glycosides 

34 

 

also showed that the boronic ester α CH2 protons and carbons were not equivalent as different signals 

were observed for both sites.  

2.6 Application of thiol-ene click methodology in the synthesis of MIDA glycoconjugate 

2.6.1 Introduction to the thiol-ene click reaction 

The thiol-ene click reaction has emerged as a powerful tool for the construction of C-S 

bonds[100,114,115] and has seen use in many fields including polymer and materials sciences,[116] 

biological applications,[117,118] and others. This atom-economical process benefits from high 

efficiency and provides access to thioethers with anti-Markovnikov selectivity. Traditionally, the 

radical process is promoted by UV light or a radical initiator[100] which often require either 

stoichiometric reagents or specialised UV photochemistry equipment. In 2013, Yoon reported the 

first visible light-mediated photocatalysed thiol-ene click method using transition metal-based 

catalyst Ru(bpz)3
2+.[119] Following this, many groups have expanded the photocatalysed thiol-ene 

click reaction through the use of various photo-initiators including: other metal photocatalysts,[120] 

metal oxides,[121,122] as well as acridinium salts,[123,124] benzophenone and 2,2-dimethoxyphenyl 

acetophenone (DPAP),[125–127] and photoactive Lewis basic species.[128] This catalytic thiol-ene 

strategy provided much milder reaction conditions with greater functional group compatibility and 

synthetic utility. 

This process involves generation of a thiyl radical from a thiol (Scheme 24), initiated either 

by UV irradiation or by visible light-activated photocatalysts. This process is particularly useful as 

the low bond dissociation energies (~87 kcal/mol) of the S-H bond facilitates ready formation of the 

thiyl radical through homolytic cleavage.[129] Subsequent anti-Markovnikov addition to an alkene 

furnishes a carbon-centred radical. The carbon-centered radical then abstracts a hydrogen from a 

second thiol molecule affording the thioether product and a new thiyl radical. This then allows 

propagation of the radical cycle.  

 

Scheme 24 Radical cycle of thiol-ene coupling 

2.6.2 Transition metal-photocatalysed thiol-ene coupling of MIDA-tagged alkene 23 

The compatibility of the MIDA tag with thiol-ene click coupling and blue light excitation was first 

probed by coupling thioacetic acid 32 and MIDA-tagged alkene 23 under blue light irradiation using 
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Ru(bpz)3
2+ 2PF6

- 33 as catalyst as described by Yoon and co-workers.[119] Satisfyingly this reaction 

furnished thioacetate 34 in 72% yield (Scheme 25). 

 

Scheme 25 Thiol-ene coupling of MIDA tag 23 and thioacetic acid 

2.6.3 Organo-photocatalysed thiol-ene coupling of 23 and glycosyl thiols 

Initial work carried out in the group had shown that photo-initiators DPAP 35 and phenylglyoxylic 

acid 36 (Table 1, Entry 1 and 2), which are commonly used to initiate thiol-ene click reactions, were 

unsuccessful in coupling thiol 24 and alkene 23.[102] This was hypothesised to be due to the 

significant absorption of 23 at the excitation wavelength of these photo-initiators.[102] Following 

Yoon’s conditions also proved unsuccessful despite the previous success with thioacetic acid (Table 

1, Entry 3). Further literature exploration furnished reports by Wang and co-workers successfully 

incorporating glycosyl thiols in thiol-ene click couplings employing an acridinium type organic 

photocatalyst 37.[123] Catalyst 37 may be more effective at activating glycosyl thiols due to its 

increased reduction potential, +2.06 V vs SCE in MeCN, compared to that of the initial Ru(bpz)3
2+ 

catalyst 33 (+1.35 V vs SCE).[123] The increased reduction potential would facilitate more facile 

homolysis of the S-H bond. Application of these conditions led to the synthesis of the desired MIDA-

tagged thioglycoside 21 in 73% yield with 2.5 mol% loading of the acridinium catalyst 37 (Table 1, 

Entry 4). When the catalyst loading was lowered to 1 mol%, a similar yield of 70% was obtained 

(Table 1, Entry 5). This showcased the efficiency of the method and was also quite favourable as 

the use of metal catalysts could be avoided while still maintaining mild visible light activation. 
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Table 1 Optimisation of thiol-ene click between 23 and 24 

 

Entry 

Photo 

Initiator 

(mol%) 

Time 

(h) 

Light 

Source 

Solvent 

Yield of 21 

(%)a 

1a 35 (10) 16 25 W UVB CH2Cl2 0 

2a 36 (10) 16 11 W CFL THF 0 

3 33 (0.25) 8 
Blue LED 

(~450 nm) 
MeCN 0 

4 37 (2.5) 5 
Blue LED 

(~450 nm) 
MeCN 73 

5 37 (1) 5 
Blue LED 

(~450 nm) 
MeCN 70 

a work carried out by Alex Horan.[102] b isolated yield. 

This thiol-ene click method was effective for both acetylated and benzylated thiol substrates (24, 25 

and 26) and tagged sugars 21, 22 and 38 were synthesised in good yields of 72%, 78%, and 60%, 

respectively (Table 2). The reaction was also scalable as 21 and 22 were obtained in gram quantities. 

As the binary silica behaviour of the MIDA tag was integral to the project, each tagged molecule 
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was tested under Burke’s conditions, i.e. first eluting with 1.5% MeOH in Et2O followed by THF. 

Satisfyingly, all tagged molecules synthesised thus far exhibited the desired behaviour on silica. This 

also allowed for a simple silica plug to be carried out as purification. The “release” eluent was 

changed however from THF to ethyl acetate as the tagged molecules solidified more easily after 

evaporation from ethyl acetate. This critically simplified handling and storage of the compounds. 

These results were promising and showed that the MIDA tagging methodology could be extended 

to carbohydrate-derived molecules as this had not been shown previously. 

Table 2 Scope of blue light-mediated thiol-ene click method 

 

 

2.7 Attempted O-deacetylation of MIDA glycosides 

Monosaccharide building blocks often bear a range of protecting groups (permanent, temporary, 

participating) which aid in modulating desired reactivity in oligosaccharide synthesis. Owing to the 

reproducible thiol-ene click methodology previously established, considerable quantities of 21 and 

22 were in hand. Next, it was important to establish appropriate conditions required to carry out the 

desired protecting group manipulations.  
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Removal of the acetate groups (see Section 4.7) was first required to allow for downstream 

chemistry. Zemplén deacetylation conditions[130] using NaOMe/MeOH were first attempted on 21 

(Table 3, Entry 1). It was noted however that in conjunction with the desired deacetylation, 

hydrolysis of the MIDA boronate also occurred after 5 hours. MIDA hydrolysis was determined by 

loss of characteristic NCH3 peak (s, 2.45 ppm) in the 1H-NMR spectrum. Thus 39 was obtained 

instead of desired product 40. In order to increase the rate of the deacetylation with hopes of 

preceding MIDA hydrolysis, various equivalents of NaOMe increasing from 0.5 to 0.75 were tested 

(Entry 2 and 3). However, all equivalents tested resulted in undesired hydrolysis of the MIDA tag. 

Other basic additives were also tested, including inorganic base Na2CO3 (Entry 4), and organic base 

NEt3 (Entry 5). However hydrolysis was also observed in these cases. Acetyl chloride has been 

shown to chemoselectively deacetylate carbohydrate hydroxy groups in the presence of benzoyl 

groups.[131] Thus it was hoped this would allow for chemoselective acetate deprotection in the 

presence of the MIDA boronate. Utilizing this method on 21 however, led to a complex mixture after 

24 hours reaction time (Entry 6). Other attempts to remove the acetyl group relying on aminolysis 

of the acetate ester using bulky nitrogen base 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and 

benzylamine[132] also proved unsuccessful with complex mixtures obtained after 15 hours (Entry 7). 

As all tested methods proved unsuccessful, an alternative deprotection procedure was investigated.  
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Table 3 Attempted O-deacetylation of 21 to form 40 

 

Entry Additive Equiv. Solvent Time (h) Resulta 

1 NaOMe 0.25 
MeOH 

(anhydrous) 
5 

MIDA 

hydrolysis 

2 NaOMe 0.5 
MeOH 

(anhydrous) 
5 

MIDA 

hydrolysis 

3 NaOMe 0.75 
MeOH 

(anhydrous) 
5 

MIDA 

hydrolysis 

4 Na2CO3 0.3 
MeOH 

(anhydrous) 
5 

MIDA 

hydrolysis 

5 NEt3 8 MeOH/H2O 8 
MIDA 

hydrolysis 

6 AcCl 0.30 
MeOH 

(anhydrous) 
24 

Complex 

mixture 

7b TBD/BnNH2 0.3/4.5 
PhMe/MeCN 

(4:1) 
15 

Complex 

mixture 

a analysed by 1H-NMR spectroscopy and LRMS; b reaction carried out at 75 °C 
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2.8 Attempted O-debenzylation of MIDA glycosides 

Owing to the difficulties encountered during the acetyl deprotection of 21, benzyl deprotection of 38 

was targeted. When 38 was subjected to hydrogenolysis conditions of Pd/C and H2 (Table 4, entry 

1) a mixture was obtained. Mass spectrometric and 1H-NMR spectroscopic analysis indicated that 

hydrolysis of the MIDA boronate occurred before any debenzylation had taken place. This boronic 

acid product, 41 in conjunction with some partial debenzylation products were also obtained when 

other Pd sources and solvent mixtures were utilised (Entry 2 and 3). Hydrogen transfer agents, 

Et3SiH[133] and ammonium formate[134] (Entry 4 and 5), required extended reaction time for 

conversion of 38. This led to hydrolysis of the MIDA tag however. 

Table 4 Attempted O-debenzylation of 38 to form 40 

 

 

Entry 
Pd 

Source 
Solvent 

Hydrogen 

Source 
Time (h) Result 

1 10% Pd/C 
THF/CH2Cl2 

(1:1) 

H2 balloon 

(1 atm) 
4 41 major mixture 

2 10% Pd/C 
MeOH/EtOAc 

(4:1) 

H2 balloon 

(1 atm) 
4 41 major mixture 

3 20% Pd(OH)2 
MeOH/EtOAc 

(4:1) 

H2 balloon 

(1 atm) 
6 complex mixture 

4 10% Pd/C THF 
Et3SiH  

(8 equiv.) 
16 41 major mixture 

5 10% Pd/C MeOH 
NH4HCO2 

(12 equiv.) 
16 41 major mixture 

aAnalysed by TLC, LRMS, and 1H-NMR spectroscopy. 
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2.9 Glycosylation of MIDA-glycoside 38 

The MIDA tag’s proven hydrolytic susceptibility to common protecting group removal conditions 

raised concerns regarding its suitability for synthesising monosaccharide building blocks. Another 

key concern was how the presence of the MIDA tag would affect the reactivity of glycosyl donors 

in glycosylation. Thioglycosides are often activated using NIS/TfOH or NIS/TMSOTf systems.[135] 

It was hypothesised that the carbonyl groups on the MIDA tag could interact with the Lewis acid 

component of the activator and lead to unwanted side reactions or dampening of the activation 

system. Thus, MIDA-tagged thioglycoside 38 was tested in a glycosylation reaction. Satisfyingly, 

42 was successfully glycosylated by 38 under standard thioglycoside activation conditions using NIS 

and TMSOTf to give disaccharide 43 in 60% yield (Scheme 26). As this was a proof-of-principle 

experiment this yield was not optimised. This result provided scope for further probing into the 

stability of these MIDA boronate-type purification tags.  

 

Scheme 26 Glycosylation of MIDA-tagged donor 38 and acceptor 42 

2.10 Compatibility of the MIDA tag with protecting group manipulation conditions 

One of the aims of this project was to ascertain the compatibility of the MIDA tag with protecting 

group manipulations. As seen previously, the MIDA tag had poor stability to deacetylation and 

debenzylation conditions. Thus, the stability of the tag in other protection conditions was tested. To 

carry this out, benzyl alcohol was subjected to a range of common protection and deprotection 

conditions in the presence of MIDA additive 44 (Table 5). After the respective transformation, the 

reaction mixture was analysed by 1H-NMR spectroscopy and an internal standard to determine the 

amount of MIDA hydrolysis. Satisfyingly, the MIDA tag was stable to a range of protecting group 

manipulations including Fmoc protection/deprotection, benzoyl protection, and Lev protection 

(Table 5). Burke had also published similar studies and tested the MIDA tag against a range of other 

transformations including TBS protection/deprotection, PMB protection/deprotection, and oxidation 

of alcohols.[91]  
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Table 5 Protecting group manipulations compatible with MIDA tag 

 

2.11 Summary and Conclusion 

Glycosyl thiols 24 and 25 were successfully synthesised in 2 steps yielding only the β-thiol. 

Benzylated glucosyl thiol 26 was synthesised using a one-pot methodology in 81% yield. MIDA 

alkene tag 23 was obtained following a microwave-mediated coupling between MIDA and boronic 

acid. The MIDA tag was successfully installed onto a monosaccharide scaffold using a light-

mediated photocatalysed thiol-ene click methodology in good yields with no erosion of 

stereochemistry (Scheme 27). Satisfyingly, the MIDA tag was able to influence the silica behaviour 

of the sugar as desired and the MIDA-tagged monosaccharides were purified using a “catch and 

release” procedure. 
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Scheme 27 Blue light-mediated thiol-ene click methodology used to install MIDA tag 

Following attempts to deacetylate MIDA tagged monosaccharides, it was found that the MIDA tag 

was not compatible with deacetylation conditions. The MIDA tag was found to hydrolyse under the 

tested conditions. The MIDA tag was also found to be unstable under typical debenzylation 

conditions. However, MIDA tagged thioglycoside donor 38 was successfully glycosylated under 

standard activation conditions to yield a disaccharide in an unoptimized yield of 60% (Scheme 28). 

 

Scheme 28 Glycosylation of MIDA-tagged donor 38 and acceptor 42 

The stability of the MIDA tag was tested in other protection/deprotection conditions. The MIDA tag 

was found to be stable to various protection/deprotection conditions: Fmoc protection/deprotection, 

benzoyl protection, and Lev protection. These results coupled with the reported stability of the MIDA 

tag in other protecting group manipulations (TBS protection/deprotection, PMB 

protection/deprotection) provided promise in the further investigation of the usage of MIDA-type 

purification tags in the synthesis of monosaccharides. The usage of a more stable MIDA-type tag 

will be discussed in Chapter 3
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                   CHAPTER 3. TIDA-TAGGED GLYCOSIDES 
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3.1 Introduction 

Recently, Burke and co-workers have reported that a modified MIDA boronate exhibits higher 

stability towards aqueous basic conditions.[92] This MIDA variant bears gem-dimethyl groups on the 

α position of the boronic ester and is referred to as tetramethyl MIDA (TIDA) (Figure 11).  

 

Figure 11 Structures of MIDA boronate (left) and TIDA boronate (right) 

TIDA was developed as a product of hyperconjugative and steric tuning performed by Burke and 

co-workers to improve its stability.[92] There are two mechanisms for MIDA boronate hydrolysis.[89] 

The first involves frustrated Lewis pair-like activation of water by the dative N–B bond. The second 

mechanism involves ester hydrolysis-like cleavage of a MIDA carbonyl (C=O) group by hydroxide. 

It was hypothesised that increased steric shielding would prevent attack on the carbonyl carbon by 

hydroxide. However steric effects have also been shown to promote the frustrated Lewis pair 

behaviour of N–B bonds.[136–138] MIDA variants bearing bulky substituents on nitrogen (46, 47, 48) 

were shown to increase the rate of hydrolysis versus MIDA-tagged 45 (Scheme 29).[92] This is 

presumably due to increased N–B bond frustrated Lewis pair-like behaviour. The iminodiacetic acid 

backbone was also decorated with a range of substituents. Attaching two n-butyl groups (49) gave 

no significant change in the rate of hydrolysis. However, when the substituent size was reduced, 

increased stabilisation was observed. Both ethyl (50) and methyl (51) groups were shown to decrease 

hydrolysis rate. Finally, a highly substituted tetramethylated variant (TIDA 52) was tested and 

showed much higher stability under the aqueous basic conditions tested. This then enabled Csp3 

boronate building blocks to be assembled using automated synthesis, including the preparation of 

natural products through automated stereospecifc Csp3 –Csp2 and Csp3 –Csp3 bond formation. 
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Scheme 29 Modification of the MIDA ligand resulting in varying stability to aqueous basic 

conditions[92] 
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3.2 Aims 

During prior investigations, it was found that MIDA boronates were unsuitable for use in 

synthesising monosaccharide building blocks (Chapter 2). This was primarily due to the poor 

stability of the MIDA tags under O-deacetylation conditions. It was found that the tag was prone to 

hydrolysis under these conditions. However, these MIDA-tagged monosaccharides were 

successfully utilised in glycosylation test reactions under standard activating conditions. This 

provided further motivation to developing or utilising a new MIDA motif with increased stability. 

Thus the development of a new methodology was required.  

 

Literature exploration identified a novel TIDA boronate which has reported improved stability under 

aqueous or aqueous basic conditions as described above.[139] It was hypothesised that this motif 

would be more suitable for use in the synthesis of monosaccharides. This would then allow for 

further investigations into the suitability of this tag in oligosaccharide synthesis.  

 

Thus the aim for this project was to probe the use of the TIDA boronate tag in monosaccharide 

synthesis. This required first synthesising the TIDA moiety and utilising established methods of 

coupling TIDA with boronic acids (see Chapter 2). This would then facilitate the synthesis of an 

appropriate TIDA linker for subsequent installation onto a monosaccharide scaffold. Following this, 

further downstream protecting group methodologies would then be explored, ultimately leading to 

the synthesis of oligosaccharides. 
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3.3 Synthesis of Tetramethyl MIDA (TIDA) 

Initial synthesis of TIDA 53 began with esterification of 2-bromopropionic acid with t-BuOH under 

DCC coupling conditions (Scheme 30).[140] This afforded tert-butyl 2-bromopropanoate 54 in 79% 

yield. Following work reported by Burke and co-workers,[92] 54 was then reacted with methylamine 

hydrochloride under basic conditions to yield 55 in 52% yield as a mixture of diastereomers. Double 

α-methylation of 55 was then achieved utilising bulky non-nucleophilic base LDA and methyl iodide 

to furnish 56. TFA-mediated deprotection of the t-butyl ester then afforded desired product 53 in 

57% yield over 2 steps. While this route was successful in yielding the desired TIDA 53 there were 

some problems which prevented gram-scale reproduction of the route. The first problem was the 

persistent dicyclohexylurea side product of the ester coupling which required careful purification to 

effectively remove. The second issue was the column chromatography carried out at every step bar 

the final step. This limited the large scale telescoping of the route which was desired to afford facile 

access to 53. 

 

Scheme 30 Initial route for the synthesis of TIDA 53 

It was noted that the dicyclohexylurea side product from the DCC coupling required careful column 

chromatography to effectively remove it as it co-eluted with 54. In order to avoid this, the starting 

material was changed to bromopropionyl bromide (Scheme 31). Reaction of bromopropionyl 

bromide with t-BuOH and pyridine afforded 54 in an increased yield of 88%. Analysis of the crude 

reaction mixture also showed that the desired product 54 was the major product, with few side-

products remaining after work-up when bromopropionyl bromide was used. This suggested that the 

esterification could be telescoped without column chromatography. The following steps were also 

telescoped which eased access to the integral 53. Satisfyingly, the process telescoped well and 

column chromatography could be avoided with only a precipitation at the final step required to afford 

53 in improved yield to that previously obtained (23% vs 37% overall yield). Reiteration of the route 

on a larger scale (200 mmol) gave 6 g of TIDA 53. 
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Scheme 31 Gram-scale telescoped synthesis of 53 

Synthesis of TIDA-functionalised alkene 57 

In order to determine whether the TIDA tag would exhibit the same desired purification behaviour 

as the previous MIDA tag, a TIDA-tagged marker was synthesised. Following conditions described 

in Chapter 2 (see Section 2.5), boronic acid 28 was reacted with TIDA 53 under microwave-

mediated conditions to obtain TIDA-tagged alkene 57 in 62% yield (Scheme 32). Satisfyingly, 57 

exhibited the desired binary behaviour on silica indicating that molecules bearing the TIDA boronate 

motif would benefit from the facile automatable purification established for MIDA-tagged 

compounds.  

 

Scheme 32 Synthesis of TIDA-tagged alkene 57 

Interestingly, upon 1H-NMR and 13C-NMR spectroscopic analysis of 57, there were either peaks 

missing or unexpected peaks observed at room temperature. The expected peaks that were not 

observed included the carbon attached to boron, and the α-carbons of the TIDA ester. The gem-

dimethyl groups showed broadening of the 1H-NMR signals (1.54 ppm and 1.79 ppm) and no 13C-

NMR signals were observed for the corresponding carbons (Figure 12). The quaternary carbon 

attached to boron was not observed due to quadrupolar relaxation of the neighbouring boron atom. 

As 11B has a spin, I, of 3/2, its nucleus has an asymmetric distribution of charge. The nucleus is then 

able to interact with electric field gradients generated during the NMR spectroscopy. Such 

interactions then lead to rapid spin-lattice relaxation and consequently a broadening of signals.[141] 

This same broadening is also observed in atoms directly bonded to the quadrupolar nucleus. This 

can lead to broad peaks or indeed expected peaks not being observed. 
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Figure 12 Unobserved (red) or broadened (blue) NMR signals of 57 in top: 1H-NMR 

spectrum; bottom: 13C-NMR spectrum (CDCl3, 500 MHz, rt) 

The crystal structure of a TIDA boronate obtained by Burke and co-workers shows the non-

symmetric nature of the gem-dimethyl groups (Figure 13).[92] These positional differences form part 

of the explanation of the unexpected NMR spectroscopic behaviour. Due to the significant steric 

bulk of the four methyl groups, it is hypothesised that the TIDA boronate complex adopts a restricted 

conformation. Thus free rotation of the gem-dimethyl groups is slowed. This could lead to the four 
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methyl groups being non-equivalent on the NMR time scale; resulting in four distinct signals in both 

the 1H and 13C-NMR spectra being observed instead of the expected two signals. This was observed 

in VT NMR studies (see below). This behaviour correlates to amide systems, e.g., DMF, where the 

N-methyl substituents are non-equivalent due to hindered rotation around the C-N bond.[142] This 

effect will be much more pronounced at lower temperatures which further reduce the kinetic energy 

of the molecule. Following this, the methyl protons observed as two broad singlets at room 

temperature due to the restricted rotation would then be better resolved at lower temperatures (see 

below). 

 

Figure 13 Crystal structure of a TIDA boronate obtained by Burke and co-workers[92] 

VT NMR studies were carried out which indicated the temperature dependent nature of the behaviour 

of the gem-dimethyl and α carbon signals. When 57 was analysed by 1H and 13C-NMR spectroscopy 

at room temperature, the broadening and absence of certain peaks was noted (Figure 12). When the 

spectra were taken at low temperature (-50 °C), the 1H-NMR signals of the gem-dimethyl groups 

were resolved to four distinct peaks at 1.96, 1.71, 1.70, and 1.47 ppm, respectively (Figure 14, Top). 

The corresponding 13C signals were also sharpened showing 2 pairs of signals. The pairs of peaks 

were observed at 25.95 and 25.91, and 20.0 and 19.7 ppm (Figure 14, Bottom). The two pairs are 

assigned to the geminal carbon pairs of the two gem-dimethyl groups. The 13C signals of the two α 

carbons were observed at 72.7 and 68.6 ppm (Figure 14, Bottom). Thus, the expected signals in the 

13C-NMR spectrum of TIDA-tagged compounds were observable at -50 °C but not at 25 °C due to 

broadening. Similar behaviour was observed for all the TIDA-containing compounds reported in this 

thesis. 
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Figure 14 Top: 1H-NMR spectrum of 57 (500 MHz, CDCl3, -50 °C); Bottom: 13C-NMR 

spectrum of 57 (126 MHz, CDCl3, -50 °C)  
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3.4 Synthesis of TIDA functionalised thiol 58 

As discussed in Chapter 2 (Section 2.2), there were two possible routes proposed for accessing 

tagged monosaccharide precursors (Scheme 33). The thiol-ene click methodology was explored and 

found to be compatible with both the MIDA and TIDA moieties (Section 2.6.3 and 3.5.4). In order 

to explore the second route towards the tagged precursors, synthesis of TIDA thiol 58 was targeted. 

 

Scheme 33 Synthetic routes towards TIDA-tagged monosaccharides 

For the synthesis of thiol 58, 2-(4-bromophenyl)ethanol 59 first required conversion to an 

electrophile in order to displace the hydroxy group with a thiol nucleophile. Two electrophiles were 

synthesised and tested in the displacement reaction with a thiol nucleophile. Alcohol 59 was 

converted into chloride 60 using oxalyl chloride and triphenylphosphine oxide under Appel 

conditions (Scheme 34).[143] Chloride 60 was obtained in quantitative yield following FCC. The 

alcohol was also mesylated using methanesulfonyl chloride affording mesylate 61 in quantitative 

yield with no chromatography required (Scheme 34).  

 

Scheme 34 Conversion of alcohol 59 to chloride 60 and mesylate 61 

Trityl thiol was chosen as the desired thiol nucleophile due to the lability of the trityl group. This 

would facilitate facile release of the desired thiol following addition of the TIDA boronate. Both 60 

and 61 were subjected to SN2 displacement with trityl thiol using NaH as base. Chloride 60 gave the 

desired product 62 in 85% yield and mesylate 61 afforded the same product in 79% yield (Scheme 

35). Satisfyingly, this product was easily isolated using recrystallisation from both pathways, 

avoiding the need for chromatography. 
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Scheme 35 Conversion of 60 and 61 to trityl sulfide 62 

Mesylate 61 was chosen as the appropriate electrophile for future work due to the lack of column 

chromatography required in accessing it. This would facilitate facile gram-scale synthesis of 62 

which was achieved with 5 g of 62 obtained (Scheme 36). Bromide 62 was then subjected to Li-

halogen exchange using nBuLi and the resulting aryl lithium species was treated with trimethyl 

borate to form boronic acid 63 in 69% yield. Reaction of boronic acid 63 and TIDA 53 then gave 

TIDA boronate 64 in 88% yield. The trityl deprotection was then achieved under acidic conditions 

using TFA with Et3SiH as the trityl cation scavenger. The desired TIDA thiol 58 was obtained in 

91% yield after 30 minutes. Thiol 58 was obtained on a gram-scale (2.6 g) using this route, which 

has proven to be reproducible. 

 

Scheme 36 Gram-scale synthesis of TIDA thiol 58 

3.5 Methodology towards thioglycosylation of TIDA functionalised thiol 58 

3.5.1 Introduction: Thioglycosylation  

Aside from the thiol-ene click methodology described earlier, numerous methods have been 

established for the preparation of thioglycosides.[144–152] Most commonly, these employ Lewis acid-

mediated thioglycosylation of per-acetylated sugars. These Lewis acids, such as TMSOTf, BF3·Et2O, 

ZrCl4, and SnCl4,[16,153] are often used in stoichiometric amounts (2-5 equiv.). Other approaches 

include one-pot acetylation-thioglycosylation of unprotected sugars,[145,152,154–156] and Brønsted-acid 
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mediated reactions.[157] Sub-stoichiometric activation methods of thioglycosylation have also been 

reported.[158] 

3.5.2 Stereoselective synthesis of β-glycosyl acetates 

In order to carry out the thioglycosylation using thiol 58, a Lewis acid-mediated approach was 

chosen. The β-acetate was chosen as reports have found that α-acetates exhibited poor reactivity in 

Lewis acid-promoted thioglycosylations at room temperature.[159] This was also noted by my co-

workers Dr Imlirenla Pongener and Dr Dionissia Pepe. Literature methods for the selective synthesis 

of β-acetates involve adding the D-glycoside into a refluxing mixture of sodium acetate/acetic 

anhydride.[160–163] Employing this procedure afforded glucoside 65 and galactoside 66 as the β 

anomer only in 59% and 30% yield, respectively (Scheme 37). 

 

Scheme 37 Synthesis of β-acetates 65 and 66 

When glucosamine 67 was subjected to similar conditions, the pure β-acetate 68 was not obtained 

(Scheme 38); an anomeric mixture was instead obtained. Thus a new route was required. Following 

a literature procedure described by Seeberger and co-workers,[164] D-glucosamine hydrochloride was 

treated with p-anisaldehyde in basic conditions to form imine 69. Imine 69 was then converted to 70 

under DMAP-catalysed pyridine/acetic anhydride conditions. Subsequent acidic hydrolysis of the 

imine and trichloroacetamide formation yielded the desired glucosamine β-acetate 68 as a single 

anomer in 58% yield over 4 steps (Scheme 38). 
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Scheme 38 Synthesis of glucosamine β-acetate 68 

3.5.3 Thioglycosylations of TIDA functionalised thiol 58 with β-glycosyl actetates 

The thioglycosylations were then carried out using TIDA thiol 58 and promoted by Lewis acid, 

BF3·OEt2 (Table 6). The previously synthesised β-glycosyl acetates 65, 66, and 68 were subjected 

to these conditions and afforded TIDA-tagged thioglycosides 71, 72, and 73 in 81%, 92%, and 89% 

yield, respectively. The products were obtained as pure β-anomers due to the neighbouring group 

participation of the 2-O or 2-N acyl groups. Thioglycosides 71, 72, and 73 also exhibited the desired 

silica behaviour and were purified using the “catch-and-release” silica plug methodology. 

Table 6 Thioglycosylation of TIDA thiol 58 with β-glycosyl acetates 
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3.5.4 Other explored methods for the installation of the TIDA tag 

In conjunction with the thioglycosylation described above, other methods were also explored. The 

thiol-ene methodology established for installation of the MIDA (see Section 2.6.3) proved successful 

for coupling alkene 57 and glycosyl thiol 24 (Scheme 39). The visible-light mediated method was 

carried out using an acridinium catalyst 37 in 2.5 mol% and afforded thioglycoside 71 in 79% yield. 

 

Scheme 39 Thiol-ene click synthesis of 71 

Glycosyl thiol 24 was also functionalised via alkylation at the sulfur site. The electrophile was chosen 

to be a TIDA boronate-functionalised chloride (Scheme 40). Bromide 60 underwent Li-halogen 

exchange using nBuLi and the resulting aryl lithium was then trapped with trimethyl borate to form 

boronic acid 74. The boronic acid was then coupled with TIDA 53 to furnish the TIDA-tagged 

chloride 75 in 76% yield over 2 steps. 

 

Scheme 40 Synthesis of TIDA functionalised chloride 75 

The alkylation of glycosyl thiol 24 was then effected using NaH as base in anhydrous DMF. 

Anhydrous conditions were ensured and reaction times were kept short to avoid hydrolysis of the 

TIDA boronate. Glycosyl thiol 24 was first deprotonated with NaH to form the intermediate thiolate 

which then underwent SN2 reaction with 75 to afford 71 in 91% yield (Scheme 41). 
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Scheme 41 Alkylation of glycosyl thiol 24 with chloride 75 

3.5.5 Summary of explored methods to install TIDA tag 

The thioglycosylation was considered the best route as it did not require the specialised equipment 

as in the case of the thiol-ene click methodology. This rendered the process scalable. The lack of 

base also rendered the reaction highly compatible with the TIDA tag. The thioglycosylation gave 

consistent yields of the desired thioglycoside products at various scales whereas the alkylation 

procedure led to varying yields depending on reaction times or the presence of moisture. While the 

TIDA thiol 58 was obtained in 5 steps which is longer than the 2 steps taken to access TIDA chloride 

75, and TIDA alkene 57, TIDA thiol 58 could be obtained on gram-scale. 

3.6 O-Deacetylation of TIDA-tagged carbohydrates 

With the intention of pursuing downstream chemistry, deacetylation was again attempted on the 

TIDA-tagged acetylated monosaccharides. Tetra-acetylated 71 was subjected to basic O-

deacetylation conditions using Na2CO3 (30 mol%) in MeOH (Scheme 42). Satisfyingly, deacetylated 

intermediate 76 was observed using ESI-MS and following work-up was trapped with HDMS as the 

silylated product 77. Silylated 77 was formed in 89% spectroscopic yield. However, due to the 

influence of the silyl groups, 77 showed significant mobility under the “catch” eluent and wasn’t 

amenable to purification by the catch-and-release method. This further demonstrated the improved 

stability of the TIDA tag when compared to the MIDA tag (see Section 2.7). 
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Scheme 42 O-Deacetylation of 71 and subsequent silylation 

3.7 Glycosylation Studies of TIDA-tagged donor 78 

With suitable deacetylation conditions established, TIDA-tagged donors were then used in 

glycosylation studies to compare their reactivity compared to the S-ethyl thioglycosides. The 

respective S-ethyl donors were synthesised bearing the same protecting group. It was anticipated that 

the TIDA tag would have similar reactivity to the ethyl thioglycoside in both yield and 

stereochemistry as the TIDA boronate moiety is quite remote from the reactive anomeric position. 

3.7.1 Synthesis of benzoylated donors 78 and 89 

Benzoylated donors 78 and 79 were first synthesised for use in the glycosylation studies. 

Thioglycoside 80 was synthesised by my co-worker Kate Donaghy. It was benzoylated using BzCl 

(4.5 equiv.) with DMAP as an additive and pyridine as solvent. The desired product 79 was obtained 

in 43% yield (Table 7, entry 1) as the pure β-anomer. Following a different procedure reported by 

Opatz and co-workers,[165] the amount of BzCl was increased to 15 equivalents and a mixture of 

pyridine and CH2Cl2 was used as solvent while keeping concentration the same. These conditions 

afforded 79 in an improved 64% yield (Table 7, entry 2). Again, only the β anomer was isolated. 

 

Table 7 Benzoylation conditions tested for the conversion of 80 to 79 

 

Entry 

BzCl 

(equiv.) 

Additive Solvent 

Yield 

(%)a 

1 4.5 

DMAP  

(10 mol%) 

pyridine 43 (β only)b 

2 15 N/A 

CH2Cl2/pyridine 

(5:1) 

64 (β only)b 

a Isolated yield; b determined by 1H and 2D NMR spectroscopy (CDCl3, 500 MHz) 
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Thioglycoside 78 was synthesised over 2 steps starting from the acetylated precursor, 72. TIDA-

tagged 72 was deacetylated under base-mediated methanolysis to yield deacetylated intermediate 81 

(Scheme 43). Tetra-ol 81 was then benzoylated under the conditions reported by Opatz[165] and 78 

was obtained in 86% yield over 2 steps. Thioglycoside 78 exhibited the desired silica behaviour and 

was purified using the “catch-and-release” silica plug methodology. 

 

Scheme 43 Synthesis of TIDA-tagged donor 78 

3.7.2 Synthesis of acceptor 42 

The acceptor to be used in the glycosylation studies was synthesised in 3 steps (Scheme 44). 

Following the modified literature procedure,[166] methyl-α-D-glucopyranoside was first selectively 

protected at the 6 position with a TIPS group to give 82. After a work-up of the silylated intermediate, 

the remaining free positions were benzyl protected under standard Williamson ether synthesis 

conditions using BnBr and NaH as base. After work-up, the crude 83 was then subjected to acidic 

(TFA) conditions in order to remove the TIPS group and unmask the 6-OH. The desired 6-OH 

acceptor 42 was obtained in 60% isolated yield over 3 steps. 

 

Scheme 44 Synthesis of acceptor 42 

3.7.3 Comparative glycosylations with thioglycoside donors 78 and 79 

Acceptor 42 was glycosylated with glycosyl donors 78 and 79 under NIS/TMSOTf activation. Ethyl 

thioglycoside 89 gave the desired disaccharide 85 in 81% isolated yield and excellent β-selectivity 

(Table 8, entry 1). TIDA-tagged 78 gave similar results – product 84 was obtained in 80% yield with 
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excellent β-selectivity (Table 8, entry 2). These results indicated that the TIDA-tagged donors have 

comparable reactivity to the ethyl thioglycoside donors in glycosylation reactions. 

Table 8 Comparative glycosylations of donors 78 and 79 

 

Entry Donor Yield (%)a (β/α)b 

1 

 

81 >95:5 

2 

 

80 >95:5 

a Isolated yield; b determined by 1H and 2D NMR spectroscopy (CDCl3, 500 MHz) 

 

3.7.4 Competition disaccharide of 78 and 79 

The donors were then to be subjected to a competition glycosylation, which would provide 

information as to the relative reactivity of the donors. The competitive glycosylation carried out in 

this work was inspired by reactivity studies reported by Ley and co-workers[34] and Wong and co-

workers.[35] The Wong group carried out competition reactions and developed a very effective and 

generally applicable HPLC-based method for quantitively determining reactivity values for a range 

of thioglycoside donors and acceptors. The Ley group also successfully made use of the 1H-NMR 

spectroscopy integration of competition glycosylation reaction mixtures to evaluate the reactivity of 

glycosyl donors. NMR spectroscopic analysis was used in this project. 

Donors 78 and 79 were reacted in a competitive glycosylation. One equivalent of each donor 

was mixed with only 1 equivalent of acceptor 42 and 1 equivalent of promotor NIS. This was carried 

out to ascertain the relative reactivities of the two donors. Following full conversion of the acceptor 

as shown by TLC, integration of the 1H-NMR spectrum of the crude reaction mixture showed that 

the mixture comprised of 53% 84, 25% 79, and 22% 78 (Scheme 45). This indicated that the tested 

donors had similar reactivity under the conditions tested. 
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Scheme 45 Top: Competitive glycosylation with donors 78 and 79; Bottom: Excerpt of 1H-

NMR spectroscopic analysis of competitive glycosylation (CDCl3, 500 MHz) 

3.7.5 Recovery of TIDA thiol post glycosylation 

As the TIDA tag takes some effort to synthesise and install, it would be favourable if the TIDA thiol 

tag could be recovered following glycosylation. To probe this, TIDA-tagged donor 78 (0.060 mmol) 

was glycosylated with acceptor 42. Following glycosylation and purification of the product by FCC 

(3:1, pentane/EtOAc), the silica was eluted with the “release” eluent, EtOAc. Gratifyingly, the 

disulfide by-product 85 was retrieved with the TIDA boronate intact. The disulfide was then treated 

H-4 

H-4 

H-4’ 
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with triphenylphosphine and H2O and the reduction product thiol was obtained in 74% recovered 

yield over 2 steps (Scheme 46). While these results were promising, increased recovery yield may 

be possible if glycosylations were carried out on larger scale. There is also scope to explore 

alternative disulfide reduction conditions.[167] These could include the use of dithiols such as 

dithiothreitol (DTT) and dithioerythritol (DTE) which have seen wide use for the reduction of 

disulfides since first being reported by Cleland.[168] 

 

Scheme 46 Recovery of TIDA thiol 58 following glycosylation 

3.8 Synthesis of a trisaccharide carbohydrate target  

The TIDA tag methodology was then applied towards the synthesis of monosaccharide building 

blocks for the construction of an oligosaccharide. Synthesis of these building blocks also tested 

whether the binary silica affinity of the TIDA tag would extend to monosaccharides bearing multiple 

protecting groups. Therefore, a range of differentially protected building blocks was envisioned that 

would test the robustness of this purification protocol. A suitable target for this exploration was 

chosen as a trisaccharide fragment of the O-antigen of Escherichia coli O83:K24:H31, namely a 

protected surrogate (86) of β-D-Gal-(1→4)-β-D-GlcNAc-(1→6)-α-D-Glc-OCH3 87 (Scheme 47). 

The E. coli O83:K24:H31 antigen is present in a vaccine under the name of “Colinfant”. The role of 

the antigen is to stimulate the production of specific and non-specific antibodies both at the local 

level within the gut and in the blood stream. The “Colinfant” vaccine has been found to be effective 

at reducing the requirement of antibiotic treatment for several infections.[169,170] It is also used as a 

probiotic and has been shown to be successful in colonising infant intestines during the first year of 

life.[171] The trisaccharide fragment has been synthesised by Misra and co-workers.[172] The structure 

of the parent pentasaccharide was reported by Jann and co-workers[173] and has been synthesised as 

the 4-methoxyphenyl glycoside 88 by Misra and co-workers using a block synthetic approach 

(Scheme 47).[174] Retrosynthesis of the target trisaccharide fragment led to monosaccharide building 
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blocks 89, 78, 42 (Scheme 47). These building blocks were synthesised using various protecting 

group manipulations. 

 

Scheme 47 Retrosynthetic plan towards fragment 86 of E. coli O83:K24:H31 strain antigen 88 

3.8.1 Benzylidene protection of TIDA-tagged carbohydrates 

In order to access the target building blocks, benzylidene protection was required. Benzylidene acetal 

protection is a valuable method in the synthesis of monosaccharide building blocks. It allows for the 

differentiation between the 4- and 6-OH groups, versus the 2- and 3-OH groups. Benzylidene 

protection is achieved typically by reacting the diol substrate with benzylidene dimethyl acetal and 

an acid catalyst, e.g., pTsOH·H2O or CSA (Scheme 48). The acetal can subsequently be selectively 

ring-opened to give either the 4-OH or 6-OH glycosides.[175] These ring openings are often carried 

out using a system of reductant/Lewis acid. A mixture of triethysilane (Et3SiH) and trifluoroacetic 

acid (TFA)[176]
  can used to obtain the 4-OH. Borane complexes have also seen wide use for the 

regioselective ring-opening of benzylidene acetals since first being reported by Garegg and co-

workers.[177] BH3·THF in combination with Lewis acids such as Cu(OTf)2
[178] or TMSOTf[179]

 have 

been reported to yield the 6-OH (Scheme 48). 
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Scheme 48 Top: Synthesis of benzylidene acetal; Bottom: Regioselective ring-opening of 

benzylidene acetal 

Conditions for benzylidene formation were tested in order to carry out protection at positions 4 and 

6. TIDA-tagged 71 and 72 were deacetylated using Na2CO3 (see Section 3.6). The deacetylated 

compounds 76 and 81 were treated with benzylidene dimethyl acetal and pTsOH·H2O in MeCN 

without isolation. While the reaction was successful, 90 and 91 were obtained in low yields of 35% 

and 47%, respectively (Table 9, entry 1 and 2). Wang and co-workers reported a one-pot 

methodology for regioselective one-pot protection.[180] In this methodology, benzylidene protection 

is accomplished via a consecutive silylation and O-4,O-6-benzylidenation. Tetra-ol 76 underwent 

TMSOTf-catalysed silylation followed by TMSOTf-catalysed O-4,O-6-benzylidenation using 

benzaldehyde (Table 9, entry 3). Instead of the desired benzylidene products, the per-silylated 

compound 77 was obtained. However, when 77 was subjected to reaction with PhCH(OMe)2 and 

pTsOH·H2O, the desired product 90 was obtained in 40% yield (Table 9, entry 4). (1S)-(+)-10-

Camphorsulfonic acid (CSA) was then used as the acid catalyst in 25 mol% and afforded 90 and 91 

in 55% and 62% yield respectively (Table 9, entry 5 and 6). CSA proved to be an efficient catalyst 

for the synthesis of benzylidene-protected compounds. Interestingly, 91 had a very high polarity thus 

the “release” eluent was changed from EtOAc to 5% MeOH/EtOAc. However, the standard “catch-

and-release” purification protocol was still used to isolate 91. 
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Table 9 Benzylidene protection conditions tested for the synthesis of 91 and 92 

 

Entry Substrate Conditions 

Product 

(% yield) 

1 76 a 90 (35) 

2 81 a 91 (47) 

3 76 b, c 77 (>95) 

4 77 a 90 (40) 

5 76 d 90 (55) 

6 81 d 91 (62) 

a) pTsOH·H2O (10 mol%), PhCH(OMe)2 (1.2 equiv.), MeCN, 40 °C, 16 h; b) HMDS 

(2.5 equiv.), TMSOTf (10 mol%), CH2Cl2, room temp., 1 h; c) PhCHO, cat. TMSOTf, 

0 °C, 15 h; d) CSA (10 mol%), PhCH(OMe)2 (1.2 equiv.), MeCN, 40 °C, 16 h. 

3.8.2 Synthesis of glucosamine building block 89 

In order to access the target trisaccharide 86, the glucosamine building block 89 was synthesised 

(Scheme 49). Thioglycoside 89 was targeted as it bears a variety of orthogonal protecting groups. 

This would aid in evaluating the compatibility of the TIDA tag with various protection and 

deprotection conditions. Tri-acetylated 73 was consecutively deacetylated and benzylidene-

protected according to the procedure described in Section 3.8.1 to yield 92 in 60% yield. In order to 

install the levulinoyl group at O-3, an ester coupling was attempted between 92 and levulinic acid 

using EDC as the coupling agent.[181] However there was no conversion of 92. The reaction was then 

attempted using Mukaiyama’s salt 93 (N-methyl-2-chloropyridinium iodide)[182–184] as the coupling 

agent. This salt has been used for the formation of esters, lactones, and lactams.[184] It was also 

effectively used by my co-worker Dr Dionissia Pepe for the syntheses of a variety of ester and amide 

functionalised galactosides.[185] Satisfyingly, this reagent proved to be efficient for the formation of 
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94 and the desired product was obtained in 97% yield. The benzylidene ring was then 

regioselectively ring opened using TFA, Et3SiH, and a sub-stoichiometric amount of trifluoroacetic 

anhydride, in CH2Cl2 to give 95 in 92% yield.[186] The trifluoroacetic anhydride was added in order 

to scavenge any moisture and prevent hydrolytic cleavage of the acetal. The unmasked 4-OH was 

protected with an Fmoc group using FmocCl and pyridine. This gave the target building block 89 in 

84% yield. Overall, 89 was synthesised in 5 steps from 73 in 45% yield. Importantly, the TIDA tag 

enabled rapid purification using simple silica plugs, removing the need for column chromatography. 

A similar route to the S-ethyl thioglycoside variant 96 featuring similar steps: deacetylation, 

benzylidene protection, levulinoyl protection, and regioselective benzylidene ring-opening has been 

found (Scheme 49, bottom).[187] This route afforded the monosaccharide 96 in 60% yield over 4 steps 

and involved 3 column chromatographic purifications. TIDA-tagged 95 was obtained in similar 

yields (54%, over 4 steps) and required no column chromatography. All of the TIDA-tagged species 

showed the desired binary silica affinity, thus the process should be amenable to automation. 

 

Scheme 49 Synthesis of glucosamine building block 89 (Top); Literature route to S-ethyl 

variant 96 (Bottom). 

3.8.3 Synthesis of target trisaccharide 86 

Protected trisaccharide 86 was synthesised via a sequential glycosylation strategy (Scheme 50). 

Acceptor 42 was glycosylated with donor 89 using NIS/TMSOTf as promotors. The product 
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disaccharide was formed with β selectivity (β/α >90:10). The Fmoc group was then orthogonally 

cleaved using 20% piperidine/DMF at room temperature. This yielded 97 in 71% over 2 steps. 

Disaccharide 97 was glycosylated with the final building block 78 at the revealed O-4’ nucleophilic 

site forming the target novel trisaccharide 86 in 65% yield (>3.6:1, 86 vs other diastereomer(s)). 

Target trisaccharide 86 was further treated with hydrazine acetate to remove the levulinoyl group. 

To accomplish this a pre-mixed solution of hydrazine hydrate, acetic acid, and pyridine was added 

to a solution of 86 in a CH2Cl2/pyridine solvent mixture. Novel Lev deprotected 98 was obtained in 

70% yield (5:1, 98 vs other diastereomer(s)). Due to small amounts of isolated material, global 

deprotection of 98 was not attempted. 

 

Scheme 50 Synthesis of trisaccharide 86 and subsequent levulinoyl deprotection 

3.9 Synthesis of further TIDA-tagged building blocks 

A second target oligosaccharide was identified as tetrasaccharide 99 (Figure 15) which had 

previously been synthesised by Seeberger and co-workers.[188] Tetrasaccharide 99 is a protected 

Lewis type-II-chain blood group related antigen. These antigens are part of the ABO blood-group 

system and are implicated in developmental processes, reproductive physiology, oncogenic 

transformations, cell–cell communication and pathogen–host interactions.[189–191] Significantly, 

previously synthesised building block 89 could be utilised in the construction of 99. The building 

blocks required for accessing this target were 89, 100, 101 and amino alcohol linker 102. 
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Figure 15 Retrosynthetic plan towards tetrasaccharide target 99 

3.9.1 Synthesis of amino alcohol linker 102 

The amino alcohol linker was synthesised in 4 steps (Scheme 51). Following a literature 

procedure,[192] amino alcohol 103 was first selectively N-CBz-protected using CbzCl and NaHCO3 

to give product 104 in 80% yield. Alcohol 104 was then converted to 102 over 3 steps following a 

procedure reported by Seeberger and co-workers.[193] This involved trityl protection of the alcohol to 

yield 105 in 70% yield, followed by benzylation under Williamson ether synthesis conditions. The 

benzylated product 106 was obtained in 90% yield. Protected 106 was treated with an aqueous 

solution of TFA (3%) to remove the trityl group. This yielded alcohol 102 in 47% yield. 
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Scheme 51 Synthesis of amino alcohol linker 102 

3.9.2 Synthesis of glucose building block 100 

The glucose building block 100 was synthesised in 5 steps (Scheme 52). TIDA-tagged 71 was 

consecutively deacetylated and benzylidene-protected to yield 90 in 55% yield. In order to install the 

benzoyl group at C-2 and C-3, 90 was reacted with benzoyl chloride and NEt3 as base. This gave 107 

in 83% yield. The benzylidene group was then regioselectively ring-opened using TFA and Et3SiH 

to give 108 in 86% yield.[26] The unmasked 4-OH was protected with an Fmoc group using FmocCl 

and pyridine. This gave the target building block 100 in 73% yield. Once again, the intermediates 

were synthesised using the “catch-and-release” procedure owing to the TIDA tag. Overall, 100 was 

synthesised in 5 steps from 71 in 29% yield. A similar route to the S-ethyl thioglycoside variant 109 

featuring similar steps: deacetylation, benzylidene protection, benzoylation,[194] regioselective 

benzylidene ring-opening,[195] and Fmoc protection[196] has been found in the literature (Scheme 52, 

bottom). This route yields the desired building block in 33% yield over 5 steps and involves 4 column 

chromatographic purifications. Thus, TIDA-tagged 100 was obtained in similar yields to literature 

reports. Importantly, the TIDA tag enabled rapid purification using simple silica plugs, removing the 

need for column chromatography. All of the TIDA-tagged species showed the desired binary silica 

affinity, thus the process should be amenable to automation. 
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Scheme 52 Synthesis of glucose building block 100 (Top); Literature route to S-ethyl variant 

109 (Bottom).[194–196] 

3.9.3 Attempted synthesis of galactose building block 101 

Benzylidene protected 91 (previously synthesised in Section 3.8.1) was treated with TBSCl and 

imidazole and despite incomplete conversion, 110 was obtained in 43% yield (Scheme 53). 

Thankfully, despite both starting material and product being TIDA-tagged, the starting material 91 

had a much higher polarity and was slow moving when EtOAc was used as eluent. Thus the “catch-

and-release” silica plug was again used to purify 110. This highlighted the importance of reactions 

going to full conversion. The 2-OH was then protected as the benzoate following a literature 

procedure using BzCl and catalytic amounts of DMAP in CH2Cl2 and pyridine as solvent at 75 °C.[197] 

Fully protected 111 was formed in 89% yield and isolated with the “catch-and-release” silica plug 

methodology. The structure of 111 was confirmed via HMBC NMR spectroscopy using the 

correlation of H-2 and the carbonyl carbon of the benzoyl group. Galactoside 111 was treated with 

cyanuric chloride and NaBH4 to form 112.[198] However, no conversion of 111 was observed and 111 
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was recovered. These conditions had been reported to be efficient in the ring-opening of 

carbohydrate benzylidene groups to obtain the 6-OH and had a wide functional group tolerance 

including TBS groups and esters.[198]  

 

Scheme 53 Attempted synthesis of 112; inset: correlation used to confirm structure of 111 

(CDCl3, 500 MHz) 

While the exact mechanism of this transformation is not known, one can be postulated by examining 

the mechanism of cyanuric chloride-mediated reduction of carboxylic acids. Carboxylic acids have 

been proposed to displace a chlorine atom of cyanuric chloride (Scheme 54).[199] This is often 

mediated by using a basic amine additive (e.g., N-methylmorpholine)[200] or triphenylphosphine.[199] 

Acylated complex I is then reduced by NaBH4. Based on this, it is hypothesised that the most 

nucleophilic oxygen of the sugar, O-6 in this case, would similarly displace a chloride (Scheme 54). 

The resulting intermediate II would then be reduced by NaBH4 to furnish the 4-O-benzyl ether. 

Alternatively, cyanuric chloride could also form acid in the presence of water. This would lead to 

protonation of O-6 and formation of intermediate III. Reduction of III would also furnish the 4-O-

benzyl ether. Other attempts to obtain 112 were not pursued as benzylation conditions compatible 

for TIDA-tagged molecules have not been established. This will be discussed further in Section 3.11. 

Thus, synthesis of the building block 101 was not further pursued as benzylation conditions were 

not established. 
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Scheme 54 Proposed pathways of regioselective benzylidene cleavage by cyanuric 

chloride/NaBH4 

3.10 Compatibility of the TIDA tag with protecting group manipulation conditions 

Throughout the synthesis of trisaccharide 87 and its constituent building blocks (see Section 3.8), it 

was evident that the TIDA tag was compatible with a range of protecting group manipulations 

(Figure 16). This achieved one of the aims of this project in investigating the stability of the TIDA 

tag through common protecting group manipulation conditions encountered in the synthesis of 

monosaccharide building blocks. The protecting group manipulation conditions compatible with the 

TIDA tag are summarised (Figure 16). These include: acetyl deprotection, benzoyl protection, Fmoc 

protection, Lev protection, silyl protection, and benzylidene protection/regioselective ring-opening. 

Benzylation conditions however have not yet been tested in the synthetic routes pursued thus far. 

This will be discussed in Section 3.11. 
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Figure 16 Protecting group manipulation condition compatible with the TIDA tag 

3.11 TIDA compatibility under benzylation conditions 

When the benzylation of 76 using the standard conditions of NaH and benzyl bromide in DMF was 

attempted, none of the desired product 113 was obtained (Scheme 55). This prompted a study to 

determine appropriate benzylation conditions that were compatible with the TIDA tag. 

 

Scheme 55 Attempted benzylation of 76 

Initially, the stability of the TIDA tag to NaH was evaluated. To determine this, a TIDA marker 114 

was synthesised from reaction of boronic acid 115 with TIDA in 73% yield (Scheme 56). This 

marker was chosen as it bears a CF3 group which would allow for facile analysis using 19F-NMR 

spectroscopy. 
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Scheme 56 Synthesis of TIDA marker 114 

The marker was treated with 5.2 equivalents of NaH in DMF to mimic global benzylation conditions. 

Aliquots of the reaction mixture were then quenched after 2, 4 and 6 hours and analysed by 19F-NMR 

spectroscopy. Analysis of the 19F-NMR spectra found that there was complete hydrolysis of the 

TIDA tag after only 2 hours (Figure 17, Table 10). Thus the standard NaH/BnBr benzylation 

conditions were deemed incompatible with the TIDA boronate. 

Table 10 Stability test of TIDA boronate towards NaH 

 

Entry Time (h) 114a (%)a 115a (%)a 

1 2 0 100 

2 4 0 100 

3 6 0 100 

a determined by 19F-NMR spectroscopy (CDCl3, 376 MHz) 
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Figure 17 19F-NMR spectra of TIDA stability studies towards NaH (CDCl3, 376 MHz) 

3.11.1 Attempted benzyl protection under non-basic conditions 

As the TIDA tag showed poor stability to NaH, acid-mediated conditions were attempted. Common 

reagents used in these non-basic conditions include 2,4,6-tris(benzyloxy)-1,3,5-triazine 116,[201] 

benzyl trichloroacetimidate 117,[202] and 2-benzyloxy-1-methylpyridinium 

trifluoromethanesulfonate (Dudley reagent) 118 (Figure 18).[203,204] Benzylation agents 116 and 117 

were used in an effort to find TIDA compatible benzylation conditions. 118 was not used due to its 

prohibitive cost (~€40,000/mol, Sigma Aldrich) 

 

Figure 18 Benzylating agents 116, 117, and 118 

Methyl α-D-glucopyranoside was benzylated using 116 and 117 mediated by TfOH. The desired 

globally protected product 119 was obtained in 91% and 61% yield, respectively (Table 11, entry 1 

and 2). When these reactions were repeated in the presence of the TIDA marker 114, it was found to 
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be stable to the conditions and no hydrolysis of the marker was observed (Table 11, entry 3 and 4), 

and similar conversion to 119 was observed. 

Table 11 Benzylation studies of 116 and 117 

 

Entry 
Benzylating 

Agent 

TfOH 

(equiv.) 

114 

Remaininga 

(%) 

Yieldb (%) 

1 116 1 N/A 91 

2 117 2 N/A 61 

3 116 1 100 
complete 

conversionc 

4 117 2 100 
complete 

conversionc 

a determined by 19F-NMR spectroscopy (CDCl3, 376 MHz); b isolated yield; c Measured by TLC analysis (2:1, 

pentane/Et2O) and 1H-NMR spectroscopy (CDCl3, 400 MHz). 

3.11.2 Application of acidic benzylation conditions to thioglycosides 

The acidic benzylation conditions found above were applied to thioglycosides. Unprotected 

thioglycoside 120 was synthesised in two steps (Scheme 57). Per-acetylated glucose 65 was reacted 

with ethane thiol in a thioglycosylation to form β-121 in 81% yield as a single anomer. Thioglycoside 

121 was then deacetylated using sodium carbonate in methanol and used directly without 

purification. 

 

Scheme 57 Synthesis of unprotected thioglycoside 120 

When tetra-ol 120 was treated with benzylating agents 116 and 117 under the conditions used above, 

no conversion of 120 was observed (Table 12, entries 1-4). This remained the case despite extended 
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reaction times (Table 12, entry 5 and 6) and elevated temperatures (Table 12, entry 7 and 8). In 

order to avoid any solubility problems due to the heterogeneity of the reaction mixture, 120 was 

globally TMS-protected to yield 122. When 122 was tested in the system, this proved unsuccessful 

as no desired product 123 was obtained (Table 12, entry 9). This remained the case when the solvent 

was changed to CH2Cl2 (Table 12, entry 2 and 4). A review of the literature found no examples of 

benzylating agents 116 and 117 being used on thioglycoside substrates. 

Table 12 Benzylation studies of 116 and 117 tested on thioglycoside 120 

 

Entry 
Benzylating 

Agent 

TfOH 

(equiv.) 

Solvent 

Time 

(h) 

Temp 

(°C) 

123 

Yield (%) 

1 116 1 1,4-dioxane 2 25 0 

2 116 1 CH2Cl2 2 25 0 

3 117 2 1,4-dioxane 2 25 0 

4 117 2 CH2Cl2 2 25 0 

5 116 1 1,4-dioxane 18 25 0 

6 117 2 1,4-dioxane 18 25 0 

7 116 1 1,4-dioxane 18 50 0 

8 117 2 1,4-dioxane 18 50 0 

9a 116 1 1,4-dioxane 18 25 0 

a per-TMS 122 was used as the substrate 

 

3.11.3 TIDA compatibility under reductive etherification conditions 

It is worth noting that many of the complex monosaccharide building blocks which would most 

benefit from this TIDA tag methodology would not require global benzylation. If benzylation at a 

single site was required, other methods have been reported to achieve this. This includes one-pot 

silylation/reductive etherification procedures whereby an alcohol is first TMS-protected and then 

benzylated via a reductive etherification with benzaldehyde.[205,206] To test the compatibility of this 

method with the TIDA tag, a reductive etherification was attempted with 6-OH glucoside 42 
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(Scheme 58) in the presence of TIDA marker 114. Following a literature procedure,[207] 42 was first 

silylated with HMDS and catalytic TMSOTf. The silylated intermediate was then reacted with 

benzaldehyde and Et3SiH as reducing agent. The desired product 119 was obtained in 73% yield. 

The TIDA marker was also found to be stable under these conditions by 19F-NMR spectroscopic 

analysis indicating that they may be suitable for benzylation of TIDA-tagged carbohydrates at single 

sites. These conditions have also been reportedly successful on thioglycosides.[207] Due to time-

constraints, these conditions were not explored with TIDA-tagged monosaccharides. However, they 

do appear to be a promising way forward. 

 

Scheme 58 TIDA stability towards benzylation of 42 under reductive etherification 

conditions 

3.12 Summary and Conclusion 

Various routes were explored for the installation of the TIDA tag on monosaccharides. They were: 

1) thioglycosylation of TIDA functionalised thiol 58 with β-glycosyl acetates; 2) visible light-

mediated, photocatalysed thiol-ene click coupling of glycosyl thiol 24 and TIDA-functionalised 

alkene 57; and 3) alkylation of glycosyl thiol 24 with TIDA-functionalised chloride 75 (Scheme 59). 

All three methods were successful in accessing the desired product. Usage of thiol 58 was deemed 

most attractive as the thiol is broadly applicable to a range of established methodologies. The 

thioglycosylation also proved more robust, did not require specialised equipment, and the glycosyl 

acetate reaction partners are commercially available or easily accessible in one-step. The thiol 58 

also offers the opportunity for functionalising other moieties using its nucleophilic nature. The 

synthetic route to 58 can also be easily modified in order to access different TIDA handles. 
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Scheme 59 Methodologies explored for the installation of the TIDA tag 

Due to the improved stability of the TIDA tag, carbohydrates bearing it were successfully 

deacetylated. This allowed for the exploration of downstream protecting group manipulations. 

Monosaccharide building blocks 78, 89, and 100 have been successfully synthesised (Scheme 60). 

The reactivity of TIDA-tagged thioglycoside donors was tested and found to be comparable to S-

ethyl donors, giving similar yields and stereochemical outcome. Trisaccharide 98 was successfully 

synthesised showing the potential use of TIDA-tagged building blocks in glycosylation. Importantly, 

the TIDA thiol tag 58 was recoverable following glycosylation, however, more work is required in 

optimising its recovery. The TIDA tag has also been shown to be compatible with many protecting 

group manipulations (see Section 3.10) although further work is required on O-benzylations. 



3.0 TIDA-Tagged Glycosides 

81 

 

 

Scheme 60 Syntheses of TIDA-tagged building blocks and their use in the synthesis of 98; 

recovery of TIDA thiol 58 

A key finding was that the desired silica binary affinity properties of the TIDA tag extended to all 

but one tagged compounds synthesised in this work. This was a crucial answer to one of the main 

questions asked at the inception of this project. This work has shown that the TIDA tag’s properties 

can extend to monosaccharides bearing various moieties, thus the process should be amenable to 

automation. This behaviour on silica was a benefit in the syntheses of the tagged molecules as the 

purification was simplified as column chromatography was not required. The tagged building blocks 

were also utilised in the synthesis of a trisaccharide in high yields indicating that the TIDA tag is 

suitable for use in the synthesis of simple oligosaccharides. 

While many of the aims of this project have been met and the principles of using the TIDA tag 

methodology in carbohydrate chemistry have been demonstrated, some further development is 

required. Burke and co-workers have reported a route to obtaining kilogram quantities of TIDA.[92] 
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This would require considerable work to be caried out. Further work is also requred in establishing 

benzylation conditions compatible with the TIDA tag. Important subsequent work includes 

developing an automated methodology in synthesising monosaccharides. As the purification 

behaviour of the TIDA tag has been seen to extend to carbohydrates, it is feasible that an 

automated/iterative platform can be developed as previously demonstrated by Burke and co-

workers.[88,92] This would greatly alleviate much of the burden of accessing monosaccharides and in 

obtaining important oligosaccharide targets.
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4.1 General Experimental 

Reagents and solvents were purchased commercially and used without further purification unless 

otherwise stated. Anhydrous solvents were obtained using equipment based on Grubb’s design[208] 

(Pure Solv-400-3-MD solvent purification system supplied by Innovative Technology Inc.) and 

stored in Strauss flasks over activated 4Å molecular sieves. The water content of anhydrous solvents 

was determined using a Karl Fisher titrator. Reactions which were air- and moisture-sensitive were 

carried out under a N2 atmosphere in oven-dried or flame-dried glassware, which was allowed to 

cool under reduced pressure prior to use unless otherwise stated. Thin layer chromatography (TLC) 

analysis was used to monitor reaction progress and was carried out using aluminium-backed silica 

plates (60 F254) and the eluents stated, and/or by staining using H2SO4 (10–15%) in EtOH where 

appropriate. Visualisation was accomplished using UV light (254 nm). Flash column 

chromatography (FCC) was performed using either silica gel [Davisil, 230-400 mesh (40- 63 μm)] 

or using a Biotage IsoleraTM UV-VIS Flash Purification System Version 2.3.1 with SNAP Ultra (25 

μm), SNAP KP-Sil (50 μm) or Sfär (20 μm) prepacked silica cartridges. Concentration of products 

in vacuo was carried out using a Büchi rotary evaporator (bath temperatures up to 60 °C) and a high 

vacuum line at room temperature. Compounds synthesised were characterised using NMR 

spectroscopy, and mass spectrometry. High-resolution mass spectrometry was carried out by the 

mass spectrometry service at University College Dublin on a Waters® Micromass GCT system or 

on an Agilent 6546 QTOF system in electrospray ionization mode (ESI). 1H NMR, 13C NMR, 19F 

NMR and 2D NMR experiments were performed in the specified solvents using 300 MHz, 400 MHz 

or 500 MHz spectrometers. Chemical shifts (δ) are reported in parts per million (ppm) with reference 

to the residual solvent peaks (e.g., CDCl3: 1H – 7.26 ppm, 13C – 77.16 ppm) or TMS (1H – 0.00 ppm). 

Coupling constants (J) are given in Hertz (Hz), with multiplicities abbreviated to s (singlet), d 

(doublet), t (triplet), q (quartet), m (multiplet), br (broad) or combinations of the above. Assignments 

were made, where necessary, with the aid of COSY, HSQC, and HMBC NMR experiments. 

Microwave reactions were carried out in a CEM Discover SP reactor with an internal temperature 

probe using vessels sealed with a Teflon cap. 

Carbons attached to boron were not observed in 13C NMR spectra due to quadrupolar relaxation. 

TIDA gem-dimethyl carbons and α-carbons were not observed in 13C NMR spectra at room 

temperature but were visible at low temperatures as shown in the case of 57 and as observed by 

Burke and co-workers.[92] 

Compounds 120 and 121 were synthesised by Kate Donaghy. 
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4.2 Synthesis of TIDA 

tert-Butyl 2-bromopropanoate (54)  

 

Route A: Following the literature procedure,[140] 2-bromopropionic acid (4.5 mL, 50 mmol) was 

added to a stirred solution of DCC (13 g, 63 mmol) in Et2O (150 mL). A solution of t-BuOH (5.8 

mL, 60 mmol) and DMAP (0.37 g, 3.0 mmol) in Et2O (30 mL) was then added dropwise. A white 

precipitate formed and the suspension was stirred at room temp for 3.5 h. TLC analysis (90:10, 

pentane/Et2O) showed formation of product. The reaction mixture was filtered through Celite®, 

rinsing with pentane (50 mL). Solvent was removed from the filtrate in vacuo and purification by 

column chromatography (pentane to 90:10, pentane/Et2O) yielded the desired product 54 (8.3 g, 

79%) as a colourless oil. 

Route B: A flame-dried 250 mL Schlenk flask was placed under 3 cycles of vacuum and nitrogen. 

The flask was then charged with t-BuOH (21.0 mL, 0.22 mol), pyridine (18.0 mL, 0.22 mol), and 

anhydrous CH2Cl2 (100 mL). The mixture was cooled to 0 °C and a solution of bromopropionyl 

bromide (19 mL, 0.18 mmol) in dry CH2Cl2 (50 mL) was added dropwise over 1 h maintaining the 

temperature at 0 °C. The reaction mixture was then warmed to rt and stirred for 4 h after which TLC 

analysis (90:10, pentane/Et2O) showed consumption of starting material. The reaction was diluted 

with HCl (1M, 100 mL) and the layers were separated. The organic layer was washed with satd. aq. 

NaHCO3 (100 mL) and brine (100 mL), dried over anhydrous Na2SO4 and filtered. Concentration in 

vacuo yielded the product 54 (38.0 g) as a yellow oil which was used in the next step without further 

purification. 

Rf = 0.86 (90:10, pentane/Et2O). 

1H NMR (400 MHz, CDCl3) δ 4.27 (q, J = 6.9 Hz, 1H, CH), 1.78 (d, J = 6.9 Hz, 3H, CH3), 1.48 (s, 

9H, tBu CH3) ppm. 

13C NMR (101 MHz, CDCl3) δ 169.4 (C=O), 82.3 (tBu 4°), 42.1 (CH), 27.8 (tBu CH3), 21.7 (CH3) 

ppm. 

NMR data were consistent with literature data.[140] 

 



4.0 Experimental 

86 

 

2-(RS), 2'-(RS)-(Dimethyl)-N-methyliminodiacetic acid di-tert-butyl ester (55) 

 

tert-Butyl 2-bromopropanoate (21 g, 0.10 mol) was added to a suspension of methylamine 

hydrochloride (2.7 g, 40 mmol) and K2CO3 (28 g, 0.20 mol) in MeCN (70 mL). The reaction mixture 

was bubbled with N2 for 10 min at room temp and then stirred at 60 °C under N2 for 18 h. The 

reaction mixture was filtered through a 2 cm silica plug, eluting with EtOAc, followed by acetone. 

Solvent was removed in vacuo to obtain a crude yellow oil. Purification by column chromatography 

(CH2Cl2 to 90:10, pentane/EtOAc) yielded the desired product 55 as a colourless oil (6.0 g, 52%). 

The crude product can be carried forward without purification at larger scales. 

Rf = 0.6 (90:10, pentane/EtOAc). 

1H NMR (400 MHz, CDCl3) δ 3.45 (m, 4H, CH), 2.38 (m, 6H, NCH3), 1.46 (m, 36H, tBu CH3), 

1.29 (m, 12H, CH3) ppm. 

13C NMR (101 MHz, CDCl3) δ 173.6 (C=O), 173.3 (C=O), 80.53 (tBu 4°), 80.48 (tBu 4°), 60.9 

(CH), 59.4 (CH), 34.7 (NCH3), 31.9 (NCH3), 28.19 (tBu CH3), 28.15 (tBu CH3), 16.5 (CH3), 15.9 

(CH3) ppm. 

NMR data were consistent with literature data.[92] 

 

2,2,2',2'-(Tetramethyl)-N-methyliminodiacetic acid di-tert-butyl ester (56) 

 

To a solution of freshly distilled iPr2NH (11 mL, 78 mmol) in dry THF (90 mL) under N2 at -78 °C 

was added nBuLi (2.35 M, 33 mL, 78 mmol) dropwise over 5 min. The reaction was transferred to 

an ice bath and stirred for 25 min at 0 °C to give a light yellow solution. DimethylMIDA tert-butyl 

ester (8.3 g, 29 mmol) was then added dropwise as a solution in THF (90 mL). The reaction was 

stirred at 0 °C for 45 min before methyl iodide (10.0 mL, 160 mmol) was added dropwise over 5 

min. The ice bath was removed and the reaction was allowed to warm to room temp. A precipitate 

was observed and the reaction was stirred overnight. TLC analysis showed formation of product 

(90:10, pentane/EtOAc, KMnO4, Rf = 0.0). The reaction was quenched with satd. aq. NH4Cl solution 

(100 mL), diluted with H2O (100 mL) and extracted with EtOAc (3 x 60 mL). The combined organic 

layers were dried over anhydrous Na2SO4, filtered and concentrated in vacuo to obtain the desired 

product 56 as an orange oil dispersed with some solids (9.1 g, quant). 

Rf = 0.9 (EtOAc). 

1H NMR (400 MHz, CDCl3) δ 2.39 (s, 3H, NCH3), 1.43 (s, 18H, tBu CH3), 1.30 (s, 12H, 4 x CH3) 

ppm. 
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13C NMR (101 MHz, CDCl3) δ 177.2 (C=O), 80.3 (OC 4°), 64.0 (NC 4°), 32.8 (NCH3), 28.0 (tBu 

CH3), 25.6 (CH3) ppm. 

NMR data were consistent with literature data.[92] 

2,2,2',2'-(Tetramethyl)-N-methyliminodiacetic acid (TIDA) (53) 

 

Tetramethyl MIDA tert-butyl ester (9.1 g, 29 mmol) was dissolved in CH2Cl2 (48 mL) and cooled 

to 0 °C. TFA (40 mL, 0.52 mol) was slowly added over 5 min. The reaction was heated to reflux and 

stirred for 18 h. The reaction was concentrated under a stream of compressed air to yield a brown 

solid which was then dissolved in H2O (30 mL) with heating. The aqueous solution was washed once 

with CH2Cl2 (20 mL). Residual CH2Cl2 in the aqueous layer was blown off under a stream of 

compressed air. In a conical flask, acetone (30 mL) was added to the aqueous solution to induce 

crystallisation. A precipitate formed after stirring in an ice bath for 1 h. The precipitate was removed 

by filtration and dried under vacuum to yield the desired product 53 as a white solid (3.4 g, 57%). 

1H NMR (400 MHz, D2O) δ 2.83 (s, 3H, NCH3), 1.62 (s, 12H, 4 x CH3) ppm. 

13C NMR (101 MHz, D2O) δ 176.0 (C=O), 71.4 (4°), 35.1 (NCH3), 22.5 (CH3), 20.1 (CH3) ppm. 

NMR data were consistent with literature data.[92] 

 

4.3 Synthesis of MIDA linker 

4-Vinylphenyl boronic acid (28) 

 

Route A: A three-necked round bottom flask was flame-dried and fitted with a condenser, a septum, 

and a pressure-equalised dropping funnel before being set up under an N2 atmosphere. Magnesium 

turnings (2.3 g, 94 mmol) were added to the flask followed by anhydrous THF (18 mL). 

Dibromoethane (5-7 drops) was then added and the mixture was allowed stir for 2 min. 4-

Bromostyrene (7.5 mL, 57 mmol) was added to anhydrous THF (18 mL) in the dropping funnel. 

This solution was then added dropwise to the round bottom flask over 30 min. A cloudy green 
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mixture was observed after full addition of 4-bromostyrene. This solution was allowed to stir for an 

additional 30 min before being cooled down to -78 C using a dry-ice and acetone cooling bath. 

Trimethyl borate (13 mL, 0.11 mol) was then added dropwise to the solution over 40 min. The 

reaction mixture was observed to solidify as the addition occurred. Once the addition was complete 

the reaction was allowed to warm to room temperature and diluted with diethyl ether (50 mL). 1M 

HCl (40 mL) was added and the mixture was stirred for 15 min. The phases were separated and the 

organic phase was washed with H2O (20 mL) and dried over anhydrous Na2SO4. Solvent was 

removed in vacuo to yield a yellow solid. Two recrystallisations from water were carried out to 

obtain 4-vinylphenyl boronic acid 28 (4.24 g, 50%) as flaky crystals. 

 

Route B: 4-Bromostyrene (2.6 g, 14 mmol) was dissolved in anhydrous THF (100 mL) in a flame-

dried flask under N2. The solution was cooled to -78 °C and nBuLi (2.3 M in hexanes, 7.1 mL, 16 

mmol) was added over 10 min. The resulting solution was allowed to stir at -78 °C for 30 min before 

the addition of trimethyl borate (3.1 mL, 27 mmol) over 10 min. The solution was stirred at -78 °C 

for 30 min, allowed to warm to rt and stirred overnight. HCl (1 M, 50 mL, 50 mmol) was then added 

and the reaction mixture was stirred at rt for 2 h. The reaction was extracted with diethyl ether (2 x 

40 mL) and the combined organic layers were washed with water (30 mL), brine (15 mL) and dried 

over anhydrous Na2SO4. Solvent was removed in vacuo to afford the desired product 28 (1.86 g, 

90%) as a white solid. 

11B NMR (128 MHz, CDCl3) δ 29.0 ppm. 

1H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 8.0 Hz, 2H, ArH trimer), 7.71 (d, J = 7.9 Hz, 2H, ArH 

monomer), 7.54 (d, J = 8.0 Hz, 2H, ArH trimer), 7.45 (d, J = 8.0 Hz, 2H, ArH monomer), 6.81 (dd, 

J = 17.6, 10.9 Hz, 1H, =HCAr trimer), 6.73 (dd, J = 17.5, 10.6 Hz, 1H, =HCAr monomer), 5.90 (dd, 

J = 17.6, 0.9 Hz, 1H, =CHH trimer), 5.83 (dd, J = 17.6, 0.9 Hz, 1H, =CHH monomer), 5.38 (dd, J = 

10.8, 0.8 Hz, 1H, =CHH trimer), 5.32 (dd, J = 10.8, 0.9 Hz, 1H, =CHH monomer) ppm.  

13C NMR (101 MHz, CDCl3) δ 141.6, 140.2, 136.8, 136.6, 135.9, 133.8, 125.8, 125.8, 115.6, 115.1 

ppm.  

NMR data for the monomer were consistent with literature data.[209] 

 

4-Vinylphenyl boronic acid MIDA ester (23) 

 

To a 35 mL microwave vial equipped with a stirrer bar, 4-vinylphenylboronic acid (0.51 g, 3.5 mmol) 

was added followed by acetonitrile (6.7 mL). N-Methyliminodiacetic acid (MIDA) (0.51 g, 3.5 

mmol) was then dispensed into the vial and the vial was sealed with a Teflon cap. The reaction was 
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heated in a microwave reactor at 130 °C for 10 min, with max power set to 300 W, max temp. 130 

°C and stirring throughout. The reaction mixture was cooled, filtered and solvent removed in vacuo 

to obtain boronate 23 as a white solid (0.68 g, 75%).  

1H NMR (400 MHz, CD3CN) δ 7.44 (app. s, 4H, ArH), 6.75 (dd, J = 17.7, 11.0 Hz, 1H, CH=CHH), 

5.82 (dd, J = 17.7, 1.0 Hz, 1H, CH=CHH), 5.25 (dd, J = 11.0, 1.0 Hz, 1H, CH=CHH), 4.05 (d, J = 

17.1 Hz, 2H, MIDA 2 x CHH), 3.87 (d, J = 17.2 Hz, 2H, MIDA 2 x CHH), 2.48 (s, 3H, NCH3) ppm. 

13C NMR (126 MHz, CD3CN) δ 168.6 (MIDA C=O), 138.4, 136.77, 132.82, 125.7, 117.3, 113.9, 

61.8 (MIDA CH2), 47.5 (NCH3) ppm. 

11B NMR (128 MHz, CD3CN) δ 11.7 ppm. 

NMR data were consistent with those of the commercially purchased compound (Sigma-Aldrich). 

 

4.4 Synthesis of TIDA linkers 

4-Vinylphenyl boronic acid TIDA ester (57) 

 

Route A: To a 35 mL microwave vial equipped with a stirrer bar, 4-vinylphenylboronic acid (0.18 

g, 1.2 mmol) was added followed by acetonitrile (3.5 mL). TIDA (0.20 g, 0.98 mmol) was then 

dispensed into the vial and the vial was sealed with a Teflon cap. The reaction was heated in a 

microwave reactor at 130 °C for 40 min, with max power set to 300 W, max temp. 130 °C and 

stirring throughout. The reaction mixture was cooled, filtered and solvent removed in vacuo to obtain 

a yellow solid. The solid was triturated with Et2O and the precipitate was isolated by filtration and 

dried under vacuum to yield the desired product 57 as a pale yellow solid (0.31 g, 62%). 

 

Route B: Tetramethyl MIDA 53 (0.71 g, 3.5 mmol) and 4-vinylphenyl boronic acid 28 (0.71 g, 4.8 

mmol) were suspended in MeCN (9.4 mL) in an oven-dried crimp top vial. The vial was crimped 

and heated to 120 °C. TLC analysis (EtOAc, vanillin stain) after 5 h indicated formation of product. 

The reaction mixture was cooled to rt, filtered, and concentrated in vacuo to obtain a yellow solid. 

The solid was washed with H2O (5 mL) and Et2O (5 mL) and was then dried under vacuum to yield 

product the desired product 57 as a pale yellow powder (0.78 g, 71%). 

Rf = 0.54 (EtOAc). 

1H NMR (500 MHz, CDCl3, rt) δ 7.52 (d, J = 8.1 Hz, 2H, ArH), 7.39 (d, J = 8.0 Hz, 2H, ArH), 6.72 

(dd, J = 17.6, 10.9 Hz, 1H, CH=CHH), 5.79 (dd, J = 17.6, 0.8 Hz, 1H, CH=CHH), 5.27 (dd, J = 10.9, 

0.7 Hz, 1H, CH=CHH), 2.48 (s, 3H, NCH3), 1.79 (bs, 6H, TIDA 2 x CH3), 1.54 (bs, 6H, TIDA 2 x 

CH3) ppm. 
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13C NMR (126 MHz, CDCl3, rt) δ 174.8 (C=O), 138.5 (4°), 136.8 (CH=CH2), 134.3 (ArCH), 125.7 

(ArCH), 114.6 (CH2=CH), 37.5 (NCH3) ppm. 

1H NMR (500 MHz, CDCl3, -50 °C) δ 7.51 (d, J = 8.0 Hz, 2H, ArH), 7.39 (d, J = 8.0 Hz, 2H, ArH), 

6.69 (dd, J = 17.6, 10.9 Hz, 1H, CH=CHH), 5.81 (d, J = 17.6, 1H, CH=CHH), 5.28 (d, J = 10.9, 1H, 

CH=CHH), 2.49 (s, 3H, NCH3), 1.91 (s, 3H, CH3), 1.67 (s, 3H, CH3), 1.65 (s, 3H, CH3), 1.42 (s, 3H, 

CH3) ppm. 

13C NMR (126 MHz, CDCl3, -50 °C) δ 175.2 (C=O), 175.1 (C=O), 137.9 (4°), 136.2 (CH=CH2), 

134.1 (ArCH), 125.5 (ArCH), 114.8 (CH2=CH), 72.7 (C(CH3)2), 68.6 (C(CH3)2), 37.43 (NCH3), 

25.95 (CH3), 25.91 (CH3), 20.0 (CH3), 19.7 (CH3) ppm. 

11B NMR (128 MHz, CDCl3, -50 °C) δ 10.3 ppm. 

Note: 13C NMR signals at 19 – 26 ppm and 65 – 75 ppm were not observed at room temperature. 

HRMS (ESI-TOF) m/z: Calc’d for C17H23NO4B [M+H]+: 316.1720; found: 316.1732. 

 

1-Chloro-2-(4-bromophenyl)ethane (60) 

 

Oxalyl chloride (1.4 mL, 17 mmol) was slowly added to a solution of triphenylphosphine oxide (4.7 

g, 17 mmol) in anhydrous CH2Cl2 (45 mL) in a flame-dried flask under N2. The reaction mixture 

was stirred until all effervescence ceased. 2-(4-Bromophenyl)ethanol (2.0 mL, 14 mmol) was then 

added dropwise over 5 min and the reaction was stirred for 2 h. TLC showed full consumption of 

starting material. The reaction was then quenched with satd. aq. NaHCO3 (30 mL). The layers were 

separated and the aqueous layer was extracted with CH2Cl2 (10 mL). The combined organic layers 

were washed with H2O (20 mL), and brine (20 mL) and dried over anhydrous Na2SO4. Solvent was 

removed in vacuo and purification by column chromatography (1:1, pentane/Et2O) yielded the 

desired product 60 as a colourless oil (3.0 g, quant.).  

Rf = 0.88 (1:1, pentane/Et2O). 

1H NMR (400 MHz, CDCl3) δ 7.44 (d, J = 8.5 Hz, 2H, ArH), 7.09 (d, J = 8.5 Hz, 2H, ArH), 3.68 (t, 

J = 7.2 Hz, 2H, CH2), 3.01 (t, J = 7.2 Hz, 2H, CH2) ppm. 

13C NMR (101 MHz, CDCl3) δ 137.1 (4°), 131.8 (ArCH), 130.7 (ArCH), 120.9 (4°), 44.7 (CH2), 

38.6 (CH2) ppm. 

NMR data were consistent with literature data.[210] 
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4‐(2‐Chloroethyl)phenylboronic acid (74) 

 

Aryl bromide 60 (3.0 g, 14 mmol) was dissolved in anhydrous THF (100 mL) in a flame-dried flask 

under N2. The solution was cooled to -78 °C and nBuLi in hexanes (2.3 M, 7.1 mL, 16 mmol) was 

added over 10 min. The resulting solution was allowed to stir at -78 °C for 30 min before the addition 

of trimethyl borate (3.1 mL, 27 mmol) over 10 min. The solution was stirred at -78 °C for 30 min, 

allowed to warm to rt and stirred overnight. HCl (1 M, 50 mL, 50 mmol) was then added and the 

reaction mixture was stirred at rt for 2 h. The reaction was extracted with Et2O (2 x 40 mL) and the 

combined organic layers were washed with H2O (30 mL), brine (15 mL) and dried over anhydrous 

Na2SO4. Solvent was removed in vacuo. The residue was dissolved in Et2O (5 mL) and the solution 

was cooled to 0 °C. Pentane (5 mL) was then added dropwise at 0 °C and a precipitate formed. The 

slurry was stirred at 0 °C for 30 min and then filtered. The precipitate was washed with cold pentane 

(2x) and dried to afford the crude product 74 as a white solid (1.96 g) which was used in the next 

step without further purification. 

1H NMR (300 MHz, CDCl3) δ 8.18 (d, J = 8.0 Hz, 2H, ArH), 7.36 (d, J = 8.0 Hz, 2H, ArH), 3.78 

(t, J = 7.3 Hz, 2H, CH2), 3.16 (t, J = 7.3 Hz, 2H, CH2) ppm. 

 

4‐(2‐Chloroethyl)phenyl TIDA boronate (75) 

 

TIDA 53 (0.40 g, 1.9 mmol) and boronic acid 74 (0.38 g, 2.1 mmol) were suspended in MeCN (20 

mL) in a 50 mL round-bottom flask. The flask was equipped with a condenser and heated to 120 °C. 

Once the reaction was complete as indicated by TLC (EtOAc), the reaction was cooled and 

concentrated in vacuo to obtain a solid. This solid was triturated first with H2O and then Et2O. The 

resulting solid was then dried to yield the desired product 75 as a white solid (0.53 g, 76%). 

Rf = 0.5 (EtOAc). 

1H NMR (500 MHz, CD3CN) δ 7.48 (d, J = 8.0 Hz, 2H, ArH), 7.25 (d, J = 8.0 Hz, 2H, ArH), 3.79 

(t, J = 7.2 Hz, 2H, CH2), 3.06 (t, J = 7.2 Hz, 2H, CH2), 2.51 (s, 3H, NCH3), 1.71 (br s, 6H, TIDA 2 

x CH3), 1.47 (br s, 6H, TIDA 2 x CH3) ppm. 

13C NMR (126 MHz, CD3CN) δ 176.0 (C=O), 140.2 (4°), 134.9 (ArCH), 129.2 (ArCH), 46.1 (CH2), 

39.3 (CH2), 38.2 (NCH3). 

HRMS (ESI-TOF) m/z: Calc’d for C17H24NO4BCl [M+H]+: 352.1487; found: 352.1483. 
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2-(4-Bromophenyl)ethyl methanesulfonate (61) 

 

Triethylamine (3.3 mL, 24 mmol) was slowly added to a solution of 2-(4-bromophenyl)ethanol (2.8 

mL, 20 mmol) and MsCl (1.8 mL, 24 mmol) in anhydrous CH2Cl2 (40 mL) at 0 °C under N2. The 

reaction was then warmed to rt and stirred for 2 h. After TLC (CH2Cl2) indicated completion of 

reaction, the mixture was diluted with CH2Cl2 (20 mL) and washed with HCl (1 M, 25 mL), satd. aq. 

NaHCO3 (20 mL), H2O (20 mL), and brine (15 mL). The organic layer was dried over anhydrous 

Na2SO4, filtered, and concentrated in vacuo to yield the product 61 as a yellow solid (5.53 g, quant.). 

Rf = 0.65 (100% CH2Cl2). 

1H NMR (400 MHz, CDCl3) δ 7.45 (d, J = 8.5 Hz, 2H, ArH), 7.12 (d, J = 8.5 Hz, 2H, ArH), 4.39 (t, 

J = 6.8 Hz, 2H, CH2), 3.01 (t, J = 6.8 Hz, 2H, CH2), 2.89 (s, 3H, CH3) ppm. 

13C NMR (101 MHz, CDCl3) δ 135.5 (4°), 132.0 (ArCH), 130.8 (ArCH), 121.2 (4°), 69.8 (OCH2), 

37.6 (CH3), 35.2 (ArCH2) ppm. 

NMR data were consistent with literature data.[211] 

 

(4-Bromophenethyl)(trityl)sulfane (62) 

 

Route A: NaH (60% in mineral oil, 0.27 g, 6.8 mmol) was added portion-wise to a solution of trityl 

thiol (1.8 g, 6.5 mmol) in anhydrous DMF (30 mL) at 0 °C. The mixture was then stirred at rt for 25 

min. The reaction was cooled again to 0 °C and chloride 60 (1.5 g, 6.8 mmol) was added portion-

wise. Once the addition was complete, the reaction was warmed to rt and stirred for 2 h. TLC (99:1, 

pentane/Et2O) indicated full consumption of starting thiol and reaction was quenched with MeOH 

(5 mL), and diluted with EtOAc (30 mL). The organic layer was washed with H2O/brine (1:1, 20 

mL), brine (3 x 20 mL), dried over anhydrous Na2SO4 and filtered. Concentration in vacuo resulted 

in a crude solid which was recrystallized from EtOAc/MeOH to yield the desired product 62 as a 

white solid (2.5 g, 85%). 
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Route B: NaH (60% in mineral oil, 0.68 g, 17 mmol) was added portion-wise to a solution of trityl 

thiol (4.5 g, 16 mmol) in anhydrous DMF (74 mL) at 0 °C. The mixture was then stirred at rt for 25 

min. The reaction was cooled again to 0 °C and mesylate 61 (5.0 g, 18 mmol) was added portion-

wise. Once the addition was complete, the reaction was warmed to rt and stirred for 2 h. TLC (99:1, 

pentane/Et2O) indicated full consumption of starting thiol and reaction was quenched with MeOH 

(5 mL), and diluted with EtOAc (30 mL). The organic layer was washed with H2O/brine (1:1, 20 

mL), brine (3 x 20 mL), dried over anhydrous Na2SO4 and filtered. Concentration in vacuo resulted 

in a crude solid which was recrystallized from EtOAc/MeOH to yield the desired product 62 as a 

white solid (5.87 g, 79%). 

Mp (EtOAc/MeOH) = 90-93 °C. 

Rf = 0.30 (99:1, pentane/Et2O). 

1H NMR (400 MHz, CDCl3) δ 7.41 – 7.35 (m, 6H, ArH), 7.33 (d, J = 8.4 Hz, 2H, ArH), 7.30 – 7.16 

(m, 9H, ArH), 6.85 (d, J = 8.4 Hz, 2H, ArH), 2.54 – 2.47 (m, 2H, CH2), 2.44 – 2.37 (m, 2H, CH2) 

ppm. 

13C NMR (101 MHz, CDCl3) δ 144.9 (4°), 139.5 (4°), 131.5 (ArCH), 130.4 (ArCH), 129.8 (ArCH), 

128.0 (ArCH), 126.8 (ArCH), 120.2 (4°), 67.0 (4°), 34.9 (CH2), 33.4 (CH2) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C27H23BrSNa [M+Na]+: 483.0578; found: 483.0570. 

 

(4-(2-(Tritylthio)ethyl)phenyl)boronic acid (63) 

 

Aryl bromide 62 (5.0 g, 11 mmol) was dissolved in anhydrous THF (250 mL) in a flame-dried flask 

under N2. The solution was cooled to -78 °C and nBuLi in hexanes (2.25 M, 5.8 mL, 13 mmol) was 

added over 15 min. The resulting solution was allowed to stir for 25 min while warming to -50 °C. 

The resulting red solution was cooled to -78 °C before the addition of trimethyl borate (11 mL, 98 

mmol) over 10 min. The solution was first stirred at -78 °C for 20 min and was then allowed to warm 

to rt and stirred overnight. HCl (1 M, 30 mL) was then added and the reaction mixture was stirred at 

rt for 1 h. The resulting layers were separated and the aqueous layer was extracted with EtOAc (2 x 

30 mL). The combined organic layers were washed with brine (15 mL), dried over anhydrous Na2SO4 

and filtered. The solution was concentrated to a volume of approx. 5 mL and the yellow solution was 

cooled to 0 °C. The product was triturated with pentane/Et2O (1:1, 20 mL) at 0 °C. The precipitate 

removed by filtration and dried to obtain the desired product 63 as a white solid (3.8 g, 69%) which 

was used in the next step without further purification. 

1H NMR (400 MHz, CDCl3) δ 7.44 – 7.37 (m, 7H, ArH), 7.31 – 7.17 (m, 10H, ArH), 7.14 – 7.05 

(m, 2H, ArH), 2.68 – 2.59 (m, 2H, CH2), 2.52 – 2.43 (m, 2H, CH2) ppm. 
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(4-(2-(Tritylthio)ethyl)phenyl) TIDA boronate (64) 

 

TIDA 53 (1.7 g, 8.3 mmol) and boronic acid 63 (3.5 g, 8.3 mmol) were suspended in acetonitrile (85 

mL) in a 250 mL round-bottom flask. The flask was equipped with a condenser and heated to reflux 

(120 °C). Once the reaction was complete as indicated by TLC (EtOAc), the reaction was cooled 

and concentrated in vacuo to obtain a solid. Purification by silica plug (1.5% MeOH in Et2O, then 

100% EtOAc) yielded the product 64 as a white solid (4.3 g, 88%). The product can also be isolated 

by trituration with cold Et2O. 

Rf = 0.0 (1.5% MeOH in Et2O). 

Rf = 0.45 (EtOAc). 

1H NMR (400 MHz, CDCl3) δ 7.43 – 7.36 (m, 8H, ArH), 7.31 – 7.17 (m, 9H, ArH), 6.95 (d, J = 7.9 

Hz, 2H, ArH), 2.59 – 2.52 (m, 2H, CH2), 2.46 – 2.40 (m, 5H, CH2, NCH3), 1.77 (br s, 6H, TIDA 2 x 

CH3), 1.51 (br s, 6H, TIDA 2 x CH3) ppm. 

13C NMR (101 MHz, CDCl3) δ 174.9 (C=O), 145.0 (4°), 141.8 (4°), 134.1 (ArCH), 129.8 (ArCH), 

128.1 (ArCH), 128.0 (ArCH), 126.8 (ArCH), 67.0 (CPh3), 37.5 (NCH3), 35.4 (CH2), 33.4 (CH2) 

ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C36H42BN2O4S [M+NH4]+: 609.2959; found: 609.2959. 

 

4-(Thioethyl)phenyl TIDA boronate (58) 

 

Trifluoroacetic acid (9 mL) was slowly added to a solution of 64 (1.36 g, 2.3 mmol) and triethylsilane 

(9 mL) in CH2Cl2 (45 mL) at 0 °C. The reaction was stirred at rt for 25 min and monitored by TLC 

(4:1, EtOAc/pentane, vanillin stain). Once the reaction was complete, solvent was removed under a 

stream of nitrogen to obtain a crude residue. Purification by silica plug (1.5% MeOH in Et2O, then 

100% EtOAc) yielded the product 58 as a white solid (0.77 g, 96%). The product can also be isolated 

by trituration with cold Et2O. 

Rf = 0.0 (1.5% MeOH in Et2O). 

Rf = 0.50 (EtOAc). 

1H NMR (400 MHz, CDCl3) δ 7.50 (d, J = 8.1 Hz, 2H, ArH), 7.18 (d, J = 8.2 Hz, 2H, ArH), 2.94 – 

2.89 (m, 2H, CH2), 2.82 – 2.75 (m, 2H, CH2), 2.49 (s, 3H, NCH3), 1.79 (br s, 6H, TIDA 2 x CH3), 

1.54 (br s, 6H, TIDA 2 x CH3), 1.39 (t, J = 7.8 Hz, 1H, SH) ppm. 
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13C NMR (101 MHz, CDCl3) δ 174.8 (C=O), 141.1 (4°), 134.3 (ArCH), 128.3 (ArCH), 40.3 (CH2), 

37.5 (NCH3), 26.0 (CH2) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C17H25BNO4S [M+H]+: 350.1595; found: 350.1593. 

 

4.5 Synthesis of monosaccharide precursors 

General Procedure A: Global Acetylation 

 

Following a literature procedure,[160,163] a suspension of NaOAc (5.1 g, 62 mmol) and acetic 

anhydride (100 mL) was heated to reflux (120 °C) for 30 min in a 250 mL RBF. The RBF was 

removed from heat and D-pyranoside (10 g, 56 mmol) was then slowly added in portions ensuring 

stirring throughout. Once the addition was complete the reaction mixture was once more stirred at 

reflux for 30 min and TLC (1:1, pentane/EtOAc, 15-20% H2SO4 in EtOH) indicated full consumption 

of starting material. The reaction mixture was poured into a conical flask containing crushed ice 

(~200 g) and stirred overnight until a white precipitate was formed. The precipitate was removed by 

filtration, washed with H2O and dried under vacuum. The product was then recrystallized from 

MeOH. 

 

Penta-O-acetyl-β-D-glucopyranose (65) 

 

Per-acetylated glucose 65 was synthesised via general procedure A using glucose (10 g, 56 mmol) 

to give the product as a white powder (13 g, 59%). 

Rf = 0.59 (1:1, pentane/EtOAc, 15-20% H2SO4 in EtOH). 

Mp (MeOH) = 130-132 °C (Lit: 130-135 °C).[212] 

1H NMR (400 MHz, CDCl3) δ 5.72 (d, J = 8.3 Hz, 1H, H-1), 5.26 (t, J = 9.4 Hz, 1H, H-4), 5.17 – 

5.10 (m, 2H, H-2, H-3), 4.29 (dd, J = 12.5, 4.5 Hz, 1H, H-6a), 4.11 (dd, J = 12.5, 2.2 Hz, 1H, H-6b), 

3.85 (ddd, J = 10.0, 4.5, 2.2 Hz, 1H, H-5), 2.12 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.04 (s, 6H, 2 x 

CH3), 2.02 (s, 3H, CH3) ppm. 

13C NMR (101 MHz, CDCl3) δ 170.7 (C=O), 170.2 (C=O), 169.5 (C=O), 169.3 (C=O), 169.0 (C=O), 

91.8 (C-1), 72.9 (C-4), 72.8 (C-5), 70.4 (C-2), 67.9 (C-3), 61.6 (C-6), 20.9 (CH3), 20.8 (CH3), 20.7 

(2 x CH3), 20.7 (CH3) ppm. 

NMR data were consistent with literature data.[163] 
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Penta-O-acetyl-β-D-galactopyranose (66) 

 

Per-acetylated galactose 66 was synthesised via general procedure A using galactose (10 g, 56 mmol) 

to give the product as a white powder (6.7 g, 30%). 

Rf = 0.6 (1:1, pentane/EtOAc, 15-20% H2SO4 in EtOH). 

Mp (MeOH) = 142-144 °C (Lit: 142-145).[213] 

1H NMR (500 MHz, CDCl3) δ 5.71 (d, J = 8.3 Hz, 1H, H-1), 5.43 (d, J = 3.4 Hz, 1H, H-4), 5.34 (dd, 

J = 10.4, 8.3 Hz, 1H, H-2), 5.09 (dd, J = 10.4, 3.4 Hz, 1H, H-3), 4.19 – 4.10 (m, 2H, H-6a, H-6b), 

4.09 – 4.05 (m, 1H, H-5), 2.17 (s, 3H, CH3), 2.13 (s, 3H, CH3), 2.05 (s, 6H, 2 x CH3), 2.00 (s, 3H, 

CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 170.4 (C=O), 170.2 (C=O), 170.0 (C=O), 169.43 (C=O), 169.0 

(C=O), 92.2 (C-1), 71.8 (C-5), 70.9 (C-3), 67.9 (C-2), 66.9 (C-4), 61.1 (C-6), 20.9 (CH3), 20.72 (2 x 

CH3), 20.70 (CH3), 20.6 (CH3) ppm. 

NMR data were consistent with literature data.[214] 

 

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(2,2,2-trichloroacetamido)-β-D-glucopyranose (68) 

 

_______________________________________________________________________________ 

Following a literature procedure,[164] D-glucosamine hydrochloride (10 g, 46 mmol) was dissolved 

in aqueous sodium hydroxide (1M, 48 mL, 48 mmol), forming a colourless solution. p-Anisaldehyde 

(5.7 mL, 47 mol) was added using a syringe while stirring the mixture vigorously, and a turbid 

mixture formed. After stirring for 5 min, a white precipitate was formed. The reaction mixture was 

kept in an ice bath for 1 h to ensure complete precipitation. The solid was then collected by filtration 

and washed with H2O (2 × 40 mL) and a 1:1 mixture of MeOH and Et2O (2 × 50 mL). The precipitate 

was dried, affording 2-p-methoxybenzylidenamino-D-glucopyranose 69 as a white solid (12 g, 89%). 

This was used in the next step without further purification. 

 

2-p-Methoxybenzylidenamino-D-glucopyranose 69 (12 g, 40 mmol) was treated with acetic 

anhydride (47 mL), pyridine (85 mL) and DMAP (0.16 g) at 0 °C under nitrogen. The solid slowly 

dissolved and the reaction mixture was then stirred at rt overnight. The reaction mixture was poured 

onto ice (300 g), forming a white crystalline solid. The crystals were collected by filtration, washed 
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with H2O (2 × 20 mL) and Et2O (2 × 20 mL) and dried under vacuum to afford 2-deoxy-2-p-

methoxybenzyliden-amino-1,3,4,6-tetra-O-acetyl--D-glucopyranoside 70 as a white solid (11.7 g, 

62%). This was used in the next step without further purification. 

 

The 2-deoxy-2-p-methoxybenzyliden-amino-1,3,4,6-tetra-O-acetyl--D-glucopyranoside 70 (11.6 

g, 25 mmol) was dissolved in acetone (60 mL) and the solution was heated to reflux. To this heated 

solution, HCl (5 N, 6 mL) was added dropwise. The reaction mixture was cooled to rt and a 

precipitate formed. The precipitate was isolated by filtration and washed with acetone (15 mL) and 

Et2O (4 × 15 mL). The crude product was dried, yielding 2-amino-1,3,4,6-tetra-O-acetyl-2-deoxy-

-D-glucopyranosyl hydrochloride as a white solid (6.5 g, 68%). This was used in the next step 

without further purification. 

 

The 2-amino-1,3,4,6-tetra-O-acetyl-2-deoxy--D-glucopyranosyl hydrochloride (6.5 g, 17 mmol) 

was dispersed in anhydrous CH2Cl2 (65 mL) under nitrogen. Triethylamine (4.8 mL, 34 mmol) and 

trichloroacetyl chloride (2.5 mL, 22 mmol) were added successively at 0 °C. The mixture was stirred 

for 30 min at rt, and diluted with CH2Cl2 (60 mL), washed with H2O (40 mL), satd. aq. NaHCO3 (40 

mL) and H2O (2 × 40 mL). The organic layer was dried over anhydrous Na2SO4, and concentrated 

in vacuo. The crude product was recrystallized in cyclohexane:EtOAc (1:1 v/v) and afforded 68 as 

a white solid (4.8 g, 58% over 4 steps). 

Rf = 0.60 (1:1, pentane/EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (400 MHz, CDCl3) δ 7.04 (d, J = 9.4 Hz, 1H, NH), 5.80 (d, J = 8.7 Hz, 1H, H-1), 5.34 (dd, 

J = 10.8, 9.4 Hz, 1H, H-3), 5.18 (t, J = 9.7 Hz, 1H, H-4), 4.36 – 4.24 (m, 2H, H-2, H-6a), 4.16 (dd, 

J = 12.5, 2.2 Hz, 1H, H-6b), 3.88 (ddd, J = 10.0, 4.8, 2.3 Hz, 1H, H-5), 2.12 (s, 3H, CH3), 2.11 (s, 

3H, CH3), 2.07 (s, 3H, CH3), 2.06 (s, 3H, CH3) ppm. 

13C NMR (101 MHz, CDCl3) δ 171.5 (C=O), 170.8 (C=O), 169.44 (C=O), 169.39 (C=O), 162. 4 

(TCA C=O), 92.25 (CCl3), 92.22 (C-1), 73.4 (C-5), 71.9 (C-3), 67.8 (C-4), 61.8 (C-6), 54.8 (C-2), 

20.88 (CH3), 20.87 (CH3), 20.68 (CH3), 20.67 (CH3) ppm. 

NMR data were consistent with literature data.[164] 
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4.5.1 Initial glycosyl thiol synthetic route 

 

Per-acetylated sugar 65/66 (2.1 g, 5.4 mmol) was dissolved in anhydrous CH2Cl2 (8.0 mL) under a 

N2 atmosphere in a flame-dried Schlenk flask. The solution was cooled to 0 C and 33% HBr in 

AcOH (1.8 mL, 11 mmol) was added. The reaction mixture was then stirred at 0 C for 1.5 h. The 

reaction flask was left to stir overnight under N2 balloon at rt. TLC confirmed full consumption of 

starting material and presence of product (Rf = 0.4, 2:1, cyclohexane/EtOAc). Cold satd. aq. NaHCO3 

(10 mL) was added to the reaction flask along with EtOAc (20 mL). The layers were separated and 

the aqueous layer was washed with EtOAc (3 x 5 mL). The combined organic layers were washed 

with cold sat. NaHCO3 (3 x 10 mL) until a neutral pH was reached. The organic layer was washed 

with brine (20 mL) and dried over MgSO4. Solvent was removed at 25 C in vacuo to yield crude 

bromide as a colourless oil (~2.4 g). 

The crude glycosyl bromide was dissolved in acetone (7.8 mL). Thiourea (0.91 g, 12 mmol) was 

then added and the mixture was stirred at reflux until a white precipitate was observed. TLC indicated 

full consumption of starting material and formation of the thiouronium salt (Rf = 0.04, 2:1, 

cyclohexane/EtOAc). Acetone was removed in vacuo to yield the thiouronium salt as a white solid 

(~4.0 g). The thiouronium salt was then dissolved in H2O (20 mL) and CH2Cl2 (20 mL) was added 

along with Na2S2O5 (3.0 g, 16 mmol). The mixture was stirred at reflux overnight. TLC analysis 

confirmed full consumption of thiouronium salt (Rf = 0.21, 2:1, cyclohexane/EtOAc). H2O (20 mL) 

and CH2Cl2 (20 mL) were added to the reaction mixture and the layers were separated. The aqueous 

layer was washed with CH2Cl2 (2 x 10 mL). The organic layers were combined and dried over 

MgSO4. Removal of solvent in vacuo yielded the desired products (24: 1.45 g, 75%; 25: 1.43, 74%). 

NMR data were in agreement with those obtained using general procedure B (see below). 
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4.5.2 General Procedure B: Glycosyl Thiol Synthesis 

 

Thiourea (1.0 g, 13 mmol) was added to a solution of per-acetylated sugar (4.0 g, 10 mmol) in dry 

acetonitrile (40 mL) in a flame-dried flask under N2. BF3·OEt2 (2.7 mL, 22 mmol) was added at rt 

and the reaction mixture was heated to reflux. The resulting solution was stirred at reflux for 30 min 

at which point TLC indicated conversion to product (Rf = 0.0, 1:1, pentane/EtOAc, 15-20% H2SO4 

in EtOH). The orange solution was cooled to rt and solvent was removed in vacuo. An orange oil 

was obtained which was dissolved in H2O/CH2Cl2 (1:1, 60 mL). Na2S2O5 (4.0 g, 21 mmol) was added 

and the biphasic mixture was stirred at reflux until TLC (1:1, pentane/EtOAc, 15-20% H2SO4 in 

EtOH) indicated full consumption of starting material. The reaction mixture was cooled to rt and the 

layers were separated. The aqueous layer was washed with CH2Cl2 (20 mL). The combined organic 

layers were washed with H2O (20 mL), brine (20 mL) and dried over anhydrous Na2SO4. Solvent 

was removed in vacuo to yield the desired product. 

 

2,3,4,6-Tetra-O-acetyl-1-thio-β-D-glucopyranose (24) 

 

Glycosyl thiol 24 was synthesised via general procedure B using 65 to give the product as a pale 

yellow solid (2.9 g, 78%). 

Rf = 0.52 (1:1, pentane/EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (400 MHz, CDCl3) δ 5.20 (t, J = 9.4 Hz, 1H, H-3), 5.11 (t, J = 9.7 Hz, 1H, H-4), 4.98 (t, J 

= 9.5 Hz, 1H, H-2), 4.56 (d, J = 9.8 Hz, 1H, H-1), 4.25 (dd, J = 12.5, 4.8 Hz, 1H, H-6a), 4.13 (dd, J 

= 12.5, 2.3 Hz, 1H, H-6b), 3.73 (ddd, J = 10.0, 4.8, 2.3 Hz, 1H, H-5), 2.10 (s, 3H,OAc), 2.09 (s, 3H, 

OAc), 2.03 (s, 3H, OAc), 2.01 (s, 3H, OAc) ppm. 

13C NMR (101 MHz, CDCl3) δ 170.8 (C=O), 170.2 (C=O), 169.8 (C=O), 169.5 (C=O), 78.8 (C-1), 

76.5 (C-5), 73.69 (C-3), 73.66 (C-2), 68.2 (C-4), 62.1 (C-6), 20.87 (CH3), 20.84 (CH3), 20.70 (CH3), 

20.68 (CH3) ppm. 

NMR data were consistent with literature data.[215] 

 

2,3,4,6-Tetra-O-acetyl-1-thio-β-D-galactopyranose (25) 

 

Glycosyl thiol 25 was synthesised via general procedure B using 66 to give the product as a white 

solid (2.8 g, 75%). 
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Rf = 0.50 (1:1, pentane/EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (400 MHz, CDCl3) δ 5.44 (dd, J = 3.4, 1.0 Hz, 1H, H-4), 5.18 (t, J = 9.9 Hz, 1H, H-2), 

5.02 (dd, J = 10.1, 3.4 Hz, 1H, H-3), 4.54 (t, J = 9.7 Hz, 1H, H-1), 4.13 (d, J = 6.4 Hz, 2H, H-6a, H-

6b), 3.96 (td, J = 6.6, 1.1 Hz, 1H, H-5), 2.38 (d, J = 9.8 Hz, 1H, SH), 2.17 (s, 3H, OAc), 2.09 (s, 3H, 

OAc), 2.05 (s, 3H, OAc), 1.99 (s, 3H, OAc) ppm. 

13C NMR (101 MHz, CDCl3) δ 170.47 (C=O), 170.26 (C=O), 170.07 (C=O), 169.93 (C=O), 79.3 

(C-1), 75.1 (C-5), 71.7 (C-3), 70.9 (C-2), 67.4 (C-4), 61.5 (C-6), 20.9 (CH3), 20.80 (CH3), 20.77 

(CH3), 20.67 (CH3) ppm. 

NMR data were consistent with literature data.[215] 

 

3,4,6-Tetra-O-acetyl-2-deoxy-2-(2,2,2-trichloroacetamido)-1-thio-β-D-glucopyranose (124) 

 

Glycosyl thiol 124 was synthesised via general procedure B using 68 (1.2 g, 2.5 mmol) to give the 

product as a pale yellow solid (1.1 g, 90%). 

Rf = 0.45 (1:1, pentane/EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 7.02 (d, J = 9.4 Hz, 1H, NH), 5.26 (dd, J = 10.4, 9.4 Hz, 1H, H-3), 

5.16 (t, J = 9.7 Hz, 1H, H-4), 4.69 (t, J = 10.0 Hz, 1H, H-1), 4.27 (dd, J = 12.5, 4.9 Hz, 1H, H-6a), 

4.18 – 4.06 (m, 2H, H-2, H-6b), 3.76 (ddd, J = 10.0, 4.9, 2.3 Hz, 1H, H-5), 2.53 (d, J = 9.9 Hz, 1H, 

SH), 2.12 (s, 3H, OAc), 2.05 (s, 6H, 2 x OAc) ppm. 

13C NMR (126 MHz, CDCl3) δ 171.3 (C=O), 170.9 (C=O), 169.3 (C=O), 162.4 (TCA C=O), 92.2 

(CCl3), 79.8 (C-1), 76.7 (C-5), 72.9 (C-3), 68.1 (C-4), 62.2 (C-6), 58.7 (C-2), 20.9 (CH3), 20.72 

(CH3), 20.71 (CH3) ppm. 

NMR data were consistent with literature data.[216] 

 

2,3,4,6-Tetra-O-benzyl-D-glucopyranose (27) 

 

A solution of methyl 2,3,4,6-tetra-O-benzyl-α-D-glucopyranoside (46 g, 83 mmol) in glacial acetic 

acid (430 mL) was cooled to 0 C. H2SO4 (2M, 105 mL) was added to the solution slowly. The 

reaction was heated to 90 C stirred overnight. Once TLC analysis (3.5:1, cyclohexane/EtOAc) 

indicated consumption of starting material, the mixture was cooled to rt and H2O (400 mL) was 

added. A white precipitate formed. After further cooling to 0 C, the precipitate was isolated by 
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filtration and washed with MeOH/H2O (3:4). Recrystallisation from cyclohexane and the minimum 

amount of EtOAc yielded the desired product 27 as a white solid (21.1 g, 47%, α/β = 4:1). 

Rf = 0.85 (2:1, cyclohexane/EtOAc). 

The following were observed for α/β anomers: 

1H NMR (500 MHz, CDCl3): δ 7.38 – 7.25 (m, 18H, ArH), 7.17 – 7.12 (m, 2H, ArH).  

13C NMR (126 MHz, CDCl3): δ 128.6 (ArCH), 128.54 (ArCH), 128.52 (ArCH), 128.51 (ArCH), 

128.50 (ArCH), 128.3 (ArCH), 128.2 (ArCH), 128.13 (ArCH), 128.09 (ArCH), 128.08 (ArCH), 

128.06 (ArCH), 128.0 (ArCH), 127.9 (ArCH), 127.84 (ArCH), 127.83 (ArCH), 127.8 (ArCH) ppm.  

α-anomer  

1H NMR (500 MHz, CDCl3): δ 5.23 (t, J = 3.1 Hz, 1H, H-1), 4.94 (d, J = 10.9 Hz, 1H, PhCHH), 

4.84 (d, J = 10.9 Hz, 1H, PhCHH), 4.82 (d, J = 10.8 Hz, 1H, PhCHH), 4.77 (d, J = 11.8 Hz, 1H, 

PhCHH), 4.69 (d, J = 11.8 Hz, 1H, PhCHH), 4.59 (d, J = 12.2 Hz, 1H, PhCHH), 4.50 (d, J = 10.8 

Hz, 1H, PhCHH), 4.48 (d, J = 12.2 Hz, 1H, PhCHH), 4.03 (ddd, J = 10.1, 4.0, 2.1 Hz, 1H, H-5), 3.96 

(t, J = 9.3 Hz, 1H, H-3), 3.71 (dd, J = 10.6, 3.9 Hz, 1H, H-6a), 3.65 – 3.61 (m, 2H, H-6b, H-4), 3.60 

– 3.55 (m, 1H, H-2), 2.88 (d, J = 2.5 Hz, 1H, OH) ppm.  

13C NMR (126 MHz, CDCl3): δ 138.8 (4°), 138.3 (4°), 138.00 (4°), 137.97 (4°), 91.5 (C-1), 81.9 (C-

3), 80.1 (C-2), 77.8 (C-4), 75.85 (PhCHH), 75.15 (PhCHH), 73.6 (PhCHH), 73.4 (PhCHH), 70.5 (C-

5), 68.7 (C-6) ppm.  

β-anomer 

1H NMR (500 MHz, CDCl3) selected signals: δ 3.70 (dd, J = 10.6, 4.1 Hz, 1H, H-6a), 3.66 – 3.61 

(m, 2H, H6b, H-3), 3.57 – 3.51 (m, 1H, H-4), 3.52 (ddd, J = 9.7, 5.0, 1.8 Hz, 1H, H-5), 3.39 (d, J = 

9.1, 7.7 Hz, 1H, H-2), 3.15 (d, J = 2.5 Hz, 1H, OH) ppm. 

13C NMR (126 MHz, CDCl3) selected signals: δ 138.6 (4°), 138.4 (4°), 138.1 (4°), 97.6 (C-1), 84.7 

(C-3), 83.3 (C-2), 77.9 (C-4), 75.81 (PhCHH), 75.14 (PhCHH), 74.92, 74.88, 73.7 (PhCHH), 69.0 

(C-6) ppm. 

NMR data were consistent with literature data.[217] 
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2,3,4,6-Tetra-O-benzyl-1-thio-α/β-D-glucopyranose (26) 

 

Following a literature procedure,[106] a flame-dried Schlenk flask under N2 was charged with 

hemiacetal 27 (2.0 g, 3.7 mmol) and triphenylphosphine oxide (50 mg, 0.18 mmol). CH2Cl2 (16 mL) 

and oxalyl chloride (0.47 mL, 5.6 mmol) were added and the reaction was stirred at rt for 4 h. After 

1H-NMR analysis indicated full conversion to the glycosyl chloride, thiourea (0.34 g, 4.6 mmol) and 

nBu4NBr (0.48 g, 1.5 mmol) were added to the flask and the suspension was heated to reflux and 

left to stir overnight. When TLC analysis (cyclohexane/EtOAc, 2:1) indicated consumption of 

starting material (Rf = 0.85), the flask was charged with sodium metabisulfite (1.1 g, 5.6 mmol) and 

H2O (10 mL). The mixture was heated to reflux and stirred until TLC (Rf = 0.73 [2:1, 

cyclohexane/EtOAc]) indicated formation of product. The reaction was cooled before separation of 

the layers. The aqueous layer was extracted with CH2Cl2 (2 x 5 mL) and the combined organic 

fractions were dried over anhydrous MgSO4. Solvent was removed in vacuo and purification by 

column chromatography (cyclohexane/EtOAc, 3:1) yielded the product 26 as a cloudy syrup which 

slowly solidified over time (1.67 g, 81%, α/β: 4:1). 

Rf = 0.73 (2:1, cyclohexane/EtOAc). 

α-anomer  

1H NMR (400 MHz, CDCl3): δ 5.74 (t, J = 4.9 Hz, 1H, H-1), 4.97 – 4.45 (m, 8H, 8 x PhCHH), 4.23 

– 4.18 (m, 1H, H-5), 3.89 – 3.60 (m, 5H, H-2, H-3, H-4, H-6a, H-6b), 1.89 (d, 1H, J = 4.6 Hz, SH) 

ppm. 

13C NMR (101 MHz, CDCl3): δ 138.57 (4°), 138.55 (4°), 138.3 (4°), 138.1 (4°), 128.4 (ArCH), 

128.35 (ArCH), 128.26 (ArCH), 128.01 (ArCH), 127.9 (ArCH), 127.8 (ArCH), 127.7 (ArCH), 81.8 

(C-1), 79.2 (C-3), 78.8 (C-2), 77.2 (C-4), 75.7 (PhCH2), 75.1 (PhCH2), 75.0 (PhCH2), 73.5 (C-5), 

68.3 (C-6) ppm. 

 

 

β-anomer 
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1H NMR (400 MHz, CDCl3) selected signals: δ 3.45 – 3.50 (m, 1H), 3.34 – 3.40 (m, 1H) 2.31 (d, 

1H, J = 7.8 Hz, SH). 

13C NMR (101 MHz, CDCl3) selected signals: δ 86.4 (C-1), 68.7 (C-6) 

NMR data were consistent with literature data.[218][109] 

 

4.6 Installation of MIDA boronate tag 

General procedure C: Glycosyl thiol-ene click reaction: 

 

Glycosyl thiol (1.2 mmol), 4-vinylphenyl boronic acid MIDA ester (1 mmol), 9-mesityl-10-

methylacridinium tetrafluoroborate (0.025 mmol, 2.5 mol%), and acetonitrile (3 mL) were added to 

an oven-dried crimp top vial. The vial was sealed with a rubber septum and stirred at room 

temperature under irradiation with a blue LED lamp (40W Kessil A160WE Tuna Blue LED 

Aquarium Light lamp (with intensity and colour set to the maximum, ~450 nm)) placed 2 cm away. 

The reaction was monitored by TLC (EtOAc, vanillin stain). Upon completion, product was purified 

by silica plug (diameter x depth = 4 x 5 cm) (1.5% MeOH/ether, then 100% EtOAc). 
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(4-(2-(Acetylthio)ethyl)phenyl)boronic acid MIDA ester (34) 

 

Thioacetate 34 was synthesised via modified general procedure C using thioacetic acid (0.29 mL, 4 

mmol), 23 (0.26 g, 1 mmol), and Ru(bpz)3
2+ 2PF6

- 33 (2 mg, 2.5 µmol) in MeCN (0.5 mL) to give 

the product 34 as a white powder (0.24 g, 72%). 

Rf = 0.0 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.5 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CD3CN) δ 7.43 (d, J = 8.0 Hz, 2H, ArH), 7.26 (d, J = 8.0 Hz, 2H, ArH), 4.05 

(d, J = 17.1 Hz, 2H, MIDA CHH), 3.88 (d, J = 17.1 Hz, 2H, MIDA CHH), 3.14 – 3.07 (m, 2H, CH2), 

2.89 – 2.82 (m, 2H, CH2), 2.48 (s, 3H, NCH3), 2.29 (s, 3H, SAc) ppm. 

13C NMR (101 MHz, CD3CN) δ 196.3 (SAc C=O), 169.6 (C=O), 142.4 (4°), 133.6 (ArCH), 129.2 

(ArCH), 62.8 (MIDA CH2), 48.5 (NCH3), 36.3 (CH2), 31.0 (CH2), 30.9 (CH3) ppm. 

11B NMR (128 MHz, CD3CN) δ 11.4 ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C15H18BNO5SNa [M+Na]+: 358.0894; found: 358.0893. 

 

2-((4-Boronic acid MIDA ester) phenyl)ethyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-

glucopyranoside (21)  

 

Thioglycoside 21 was synthesised via general procedure C using glucosyl thiol 24 (0.44 g, 1.2 mmol) 

to give the product 21 as a white foam (0.46 g, 74%). 

Rf = 0.0 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.5 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CD3CN) δ 7.45 (d, J = 8.0 Hz, 2H, ArH), 7.24 (d, J = 8.0 Hz, 2H, ArH), 5.19 

(t, J = 9.4 Hz, 1H, H-3), 5.10 – 5.00 (m, 2H, H-2, H-4), 4.46 (d, J = 10.0 Hz, 1H, H-1), 4.24 (dd, J 
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= 12.4, 5.0 Hz, 1H, H-6a), 4.15 (dd, J = 12.4, 2.4 Hz, 1H, H-6b), 3.90 (d, J = 16.3 Hz, 2H, MIDA 2 

x CHH), 3.77 (d, J = 16.3 Hz, 2H, MIDA 2 x CHH), 3.69 (ddd, J = 10.1, 5.0, 2.4 Hz, 1H, H-5), 2.98 

– 2.88 (m, 4H, 2 x CH2), 2.57 (s, 3H, NCH3), 2.07 (s, 3H, OAc), 2.05 (s, 3H, OAc), 2.03 (s, 3H, 

OAc), 2.00 (s, 3H, OAc) ppm. 

13C NMR (126 MHz, CD3CN) δ 171.1 (C=O), 170.6 (C=O), 169.89 (C=O), 169.87 (C=O), 168.6 

(C=O), 142.2 (4°), 132.9 (ArCH), 129.0 (ArCH), 84.0 (C-1), 76.3 (C-5), 74.2 (C-3), 70.2 (C-2), 68.8 

(C-4), 62.6 (C-6), 62.2 (MIDA CH2), 48.1 (NCH3), 36.6 (SCH2CH2), 31.5 (SCH2CH2), 21.2 (CH3), 

21.2 (CH3), 21.03 (CH3), 21.02 (CH3) ppm. 

HRMS (ESI+) Calc’d for C27H34BNO13SNa [M+Na]+: 646.1742; found: 646.1735 

 

2-((4-Boronic acid MIDA ester) phenyl)ethyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-

galactopyranoside (22)  

 

Thioglycoside 22 was synthesised via general procedure C using glucosyl thiol 25 (0.44 g, 1.2 mmol) 

to give the product 22 as a white foam (0.49 g, 80%). 

Rf = 0.0 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.53 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (400 MHz, CDCl3) δ 7.43 (d, J = 7.8 Hz, 2H, ArH), 7.21 (d, J = 7.9 Hz, 2H, ArH), 5.44 

(d, J = 3.3 Hz, 1H, H-4), 5.22 (t, J = 10.0 Hz, 1H, H-2), 5.05 (dd, J = 10.0, 3.4 Hz, 1H, H-3), 4.53 

(d, J = 9.9 Hz, 1H, H-1), 4.24 (d, J = 17.0 Hz, 2H, MIDA 2 x CHH), 4.19 – 4.06 (m, 2H, H-6a, H-

6b), 3.97 (t, J = 6.7 Hz, 1H, H-5), 3.85 (d, J = 17.0 Hz, 2H, MIDA 2 x CHH), 2.93 (m, 4H, 2 x CH2), 

2.54 (s, 3H, NCH3), 2.05 (s, 3H, OAc), 2.03 (s, 3H, OAc), 2.01 (s, 3H, OAc), 1.98 (s, 3H, OAc) 

ppm. 

13C NMR (101 MHz, CDCl3) δ 171.1 (C=O), 170.4 (C=O), 170.2 (C=O), 170.0 (C=O), 169.6 (C=O), 

141.7 (4°), 132.5 (ArCH), 128.5 (ArCH), 84.0 (C-1), 74.4 (C-5), 71.8 (C-3), 67.3 (C-4), 67.2 (C-2), 

61.9 (C-6), 61.5 (MIDA CH2), 47.8 (NCH3), 36.3 (SCH2CH2), 31.3 (SCH2CH2), 21.0 (CH3), 20.8 

(CH3), 20.6 (CH3), 20.5 (CH3) ppm. 

HRMS (ESI+) Calc’d for C27H34BNO13SNa [M+Na]+: 646.1742; found: 646.1744. 
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2-((4-Boronic acid MIDA ester) phenyl)ethyl 2,3,4,6-tetra-O-benzyl-1-thio-D-glucopyranose 

(38) 

 

Thioglycoside 38 was synthesised via general procedure C using glucosyl thiol 26 (0.67 g, 1.2 mmol) 

to give the product 38 as a white foam (0.49 g, 60%, α/β: 4.7:1). 

Rf = 0.0 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.60 (EtOAc, 15-20% H2SO4 in EtOH). 

α-anomer 

1H NMR (400 MHz, CDCl3) δ 7.44 – 6.94 (m, 24H, ArH), 5.40 (d, J = 4.5 Hz, 1H, H-1), 4.97 – 4.41 

(m, 8H, 8 x PhCHH), 4.07 (ddd, J = 10.1, 3.6, 2.0 Hz, 1H, H-5), 3.95 (d, J = 17.0 Hz, 2H, MIDA 2 

x CHH), 3.86 – 3.77 (m, 2H, H-2, H-4), 3.71 (dd, J = 10.7, 3.9 Hz, 1H, H-6a), 3.69 – 3.58 (m, 4H, 

H-3, H-6b, MIDA 2 x CHH), 3.04 – 2.67 (m, 4H, 2 x CH2), 2.35 (s, 3H, NCH3) ppm. 

13C NMR (101 MHz, CDCl3) δ 168.1 (C=O), 142.4 (4°), 138.8 (4°), 138.3 (4°), 138.0 (4°), 137.9 

(4°), 132.5 (ArCH), 128.7 (ArCH), 128.6 (ArCH), 128.52 (ArCH), 128.50 (ArCH), 128.48 

(ArCH), 128.2 (ArCH), 128.10 (ArCH), 128.06 (ArCH), 128.0 (ArCH), 127.9 (ArCH), 127.7 

(ArCH), 83.4 (C-1), 82.6, 79.7, 77.6 (C-5), 75.8 (PhCHH), 75.2 (PhCHH), 73.6 (PhCHH), 72.4 

(PhCHH), 70.7, 68.7 (C-6), 61.8 (MIDA CH2), 47.6 (NCH3), 35.9 (CH2), 30.8 (CH2) ppm. 

β-anomer  

1H NMR (400 MHz, CDCl3) selected signal: δ 2.39 (s, 3H, NCH3) ppm. 

HRMS (ESI+) Calc’d for C47H50BNO9SNa [M+Na]+: 838.3197; found: 838.3157. 

4.7 Attempted O-deacetylation of MIDA-tagged glycosides 

 

NaOMe (0.25/0.5/0.75 equiv.) was added to a mixture of acetylated thioglycoside 21 (100 mg, 0.16 

mmol) in anhydrous MeOH (2 mL) under N2. The reaction was stirred at rt for 5 hours. After 



4.0 Experimental 

107 

 

neutralisation with Amberlite IR-120 H form until pH = 7, the reaction was filtered and concentrated 

in vacuo. The residue was dissolved in CD3OD (0.7 mL) and analysed by 1H-NMR spectroscopy. 

The analysis determined formation of MIDA boronate hydrolysis product 39. 

Na2CO3 (0.3 equiv.) was added to a mixture of acetylated thioglycoside 21 (100 mg, 0.16 mmol) in 

anhydrous MeOH (2 mL) under N2. The reaction was stirred at rt for 5 hours. After neutralisation 

with Amberlite IR-120 H form until pH = 7, the reaction was filtered and concentrated in vacuo. The 

residue was dissolved in CD3OD (0.7 mL) and analysed by 1H-NMR spectroscopy. The analysis 

determined formation of MIDA boronate hydrolysis product 39. 

Following a literature procedure,[21] acetylated thioglycoside 21 (100 mg, 0.16 mmol) was dissolved 

in a solution of MeOH (0.2 mL), Et3N (30 µL) and H2O (30 µL) and stirred at rt. The reaction mixture 

was concentrated in vacuo and the residue was dissolved in CD3OD (0.7 mL) and analysed by 1H-

NMR spectroscopy. The analysis determined formation of MIDA boronate hydrolysis product 39. 

Following a literature procedure,[131] acetyl chloride (3 µL, 0.048 mmol) was added to a mixture of 

acetylated thioglycoside 21 (100 mg, 0.16 mmol) in anhydrous MeOH (0.2 mL). The mixture was 

stirred for 24 h at rt. The reaction mixture was concentrated in vacuo and the residue was dissolved 

in CD3OD (0.7 mL). 1H-NMR spectroscopic analysis determined that a complex mixture was 

obtained. 

Following a literature procedure,[132] 1,5,7-triazabicyclo[4.4.0]dec-5-ene (7 mg, 30 mol%) and 

benzylamine (0.022 mL, 0.20 mmol) was added to a solution of acetylated thioglycoside 21 (100 

mg, 0.16 mmol) in PhMe/MeCN (2 mL, 4:1) under N2. The reaction mixture was slowly warmed to 

75 °C and stirred for 15 h. The reaction mixture was allowed to cool to rt and concentrated in vacuo. 

The residue was dissolved in CD3OD (0.7 mL) and analysed by 1H-NMR spectroscopy. The analysis 

determined that a complex mixture was obtained. 

4.8 Attempted O-debenzylation of MIDA-tagged glycosides 

 

A solution containing the per-benzylated glycoside 38 (40 mg, 0.048 mmol) and Pd/C (10%) or 

Pd(OH)2 (20%) (10 mol% for each benzyl group to be removed) in MeOH/EtOAc (5 mL, 4:1) was 

degassed and the atmosphere was changed to hydrogen via three cycles of vacuum and H2 using a 



4.0 Experimental 

108 

 

hydrogen balloon. The reactions were monitored by TLC (EtOAc) and a persistent intermediate was 

observed (Rf = 0.9). The reaction was filtered and concentrated in vacuo. LRMS and 1H-NMR 

spectroscopic analysis determined that this intermediate was the MIDA boronate hydrolysis product 

41 as aromatic benzyl peaks were present. Some partial debenzylation products were also observed. 

1H NMR (400 MHz, CDCl3) δ 7.44 – 6.94 (m, 24H, ArH). 

LRMS (41) (ESI+) 743.1 [M+K]+ 

 

4.9 Installation of TIDA boronate tag 

General Procedure D: Installation of TIDA Thiol Tag using BF3·OEt2  

 

Penta-O-acetyl-β-D-pyranoside (1.3 equiv) and TIDA thiol 58 (1 equiv) were dissolved in anhydrous 

CH2Cl2 (0.07 M) in a flame-dried flask under N2. The solution was cooled to 0 °C and stirred for 20 

min before the dropwise addition of BF3·OEt2 (1.3 equiv). The reaction was stirred at 0 °C for 30 

min and then allowed to warm to rt overnight. The reaction was analysed by TLC (100% EtOAc, 

15-20% H2SO4 in EtOH) and was quenched using satd. aq. NaHCO3. The layers were separated and 

the aqueous layer was extracted with CH2Cl2. The combined organic layers were washed with brine, 

dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by 

a silica plug (diameter x depth: 4 x 6 cm, 1.5% MeOH/Et2O, then 100% EtOAc) to yield the product. 

 

2-((4-TIDA-boronate)phenyl)ethyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside (71) 

 

Thioglycoside 71 was synthesised via general procedure D using penta-O-acetyl-β-D-glucopyranose 

65 (0.29 g, 0.74 mmol) and TIDA thiol 58 (0.20 g, 0.57 mmol) to give the product 71 as a white 

foam (0.30 g, 81%). The product was often obtained as the β anomer only. However, anomeric 

mixtures with β as the major anomer have also been obtained. 
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NaH (60% in mineral oil, 14 mg, 0.34 mmol) was added portion-wise to a solution of glycosyl thiol 

24 (0.12 g, 0.34 mmol) in anhydrous DMF (1.4 mL) at 0 °C. The mixture was then stirred at rt for 

25 min. The reaction was cooled again to 0 °C and chloride 75 (100 mg, 0.28 mmol) was added. 

Once the addition was complete, the reaction was warmed to rt and stirred for 2 h. TLC (EtOAc) 

indicated full consumption of starting thiol and the reaction was quenched with satd. aq. NH4Cl (5 

mL), and diluted with EtOAc (5 mL). The layers were the separated. The organic layer was washed 

with H2O/brine (1:1, 10 mL), brine (3 x 5 mL), dried over anhydrous Na2SO4 and filtered. 

Concentration in vacuo resulted in a crude residue which was purified on a silica plug (diameter x 

depth: 4 x 6 cm) eluting with 1.5% MeOH/Et2O, then 100% EtOAc, to yield the desired product 71 

(0.17 g, 91%, β only). 

Rf = 0.0 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.52 (EtOAc, 15-20% H2SO4 in EtOH). 

β-anomer 

1H NMR (500 MHz, CDCl3) δ 7.49 (d, J = 8.0 Hz, 2H, ArH), 7.18 (d, J = 8.0 Hz, 2H, ArH), 5.20 (t, 

J = 9.4 Hz, 1H, H-3), 5.11 – 5.01 (m, 2H, H-2, H-4), 4.47 (d, J = 10.0 Hz, 1H, H-1), 4.25 (dd, J = 

12.3, 5.0 Hz, 1H, H-6a), 4.15 (dd, J = 12.4, 2.3 Hz, 1H, H-6b), 3.69 (ddd, J = 10.0, 5.0, 2.4 Hz, 1H, 

H-5), 2.98 – 2.87 (m, 4H, 2 x CH2), 2.49 (s, 3H, NCH3), 2.06 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.03 

(s, 3H, CH3), 2.01 (s, 3H, CH3), 1.79 (br s, 6H, TIDA 2 x CH3), 1.55 (br s, 6H, TIDA 2 x CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 174.8 (C=O), 170.7 (C=O), 170.3 (C=O), 169.55 (C=O), 169.53 

(C=O), 141.3 (4°), 134.3 (ArCH), 128.1 (ArCH), 83.7 (C-1), 76.1 (C-5), 73.9 (C-3), 69.9 (C-2), 68.5 

(C-4), 62.3 (C-6), 37.5 (NCH3), 36.3 (SCH2CH2), 31.1 (SCH2CH2), 20.89 (CH3), 20.85 (CH3), 20.73 

(CH3), 20.71 (CH3) ppm. 

Selected α-anomer peaks 

1H NMR (500 MHz, CDCl3) δ 5.68 (d, J = 5.9 Hz, 1H, H-1), 5.39 – 5.32 (m, 1H, H-3), 4.40 (ddd, J 

= 10.1, 4.7, 2.2 Hz, 1H, H-5), 4.07 (dd, J = 12.3, 2.2 Hz, 1H, H-6a) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C31H42BNO13SNa [M+Na]+: 702.2368; found: 702.2374. 
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2-((4-TIDA-boronate)phenyl)ethyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-galactopyranoside (72) 

 

Thioglycoside 72 was synthesised via general procedure D using penta-O-acetyl-β-D-

galactopyranose 66 (0.73 g, 0.74 mmol) and TIDA thiol 58 (0.50 g, 0.57 mmol) to give the product 

72 as a white foam (0.89 g, 92%). 

Rf = 0.0 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.52 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.0 Hz, 2H, ArH), 7.19 (d, J = 8.0 Hz, 2H, ArH), 5.44 – 

5.42 (m, 1H, H-4), 5.25 (t, J = 10.0 Hz, 1H, H-2), 5.03 (dd, J = 10.0, 3.4 Hz, 1H, H-3), 4.47 (d, J = 

9.9 Hz, 1H, H-1), 4.20 – 4.08 (m, 2H, H-6a/H-6b), 3.92 (td, J = 6.6, 0.9 Hz, 1H, H-5), 3.01 – 2.86 

(m, 4H, 2 x CH2), 2.49 (s, 3H, NCH3), 2.15 (s, 3H, CH3), 2.06 (s, 3H, CH3), 2.03 (s, 3H, CH3), 1.99 

(s, 3H, CH3), 1.79 (br s, 6H, TIDA 2 x CH3), 1.55 (br s, 6H, TIDA 2 x CH3) ppm. 

13C NMR (101 MHz, CDCl3) δ 174.8 (C=O), 170.5 (C=O), 170.3 (C=O), 170.2 (C=O), 169.7 (C=O), 

141.4 (4°), 134.3 (ArCH), 128.1 (ArCH), 84.2 (C-1), 74.7 (C-5), 72.0 (C-3), 67.4 (C-4), 67.3 (C-2), 

61.6 (C-6), 37.5 (NCH3), 36.5 (SCH2CH2), 31.3 (SCH2CH2), 21.0 (CH3), 20.8 (2 x CH3), 20.7 (CH3) 

ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C31H43BNO13S [M+H]+: 680.2548; found: 680.2526. 

 

2-((4-TIDA-boronate)phenyl)ethyl 3,4,6-tri-O-acetyl-2-deoxy-2-(2,2,2-trichloroacetamido)-1-

thio-β-D-glucopyranose (73) 

 

Thioglycoside 73 was synthesised via general procedure D using 1,3,4,6-tetra-O-acetyl-2-deoxy-2-

(2,2,2-trichloroacetamido)-β-D-glucopyranose 68 (0.37 g, 0.75 mmol) and TIDA thiol 58 (0.20 g, 

0.57 mmol) to give the product 73 as a white foam (0.40 g, 89%). 

Rf = 0.0 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.52 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 7.46 (d, J = 7.7 Hz, 2H, ArH), 7.16 (d, J = 7.7 Hz, 2H, ArH), 6.96 

(d, J = 9.6 Hz, 1H, NH), 5.31 – 5.23 (m, 1H, H-3), 5.10 (t, J = 9.7 Hz, 1H, H-4), 4.65 (d, J = 10.3 

Hz, 1H, H-1), 4.24 (dd, J = 12.4, 5.0 Hz, 1H, H-6a), 4.17 – 4.02 (m, 2H, H-2, H-6b), 3.68 (ddd, J = 

10.1, 5.0, 2.3 Hz, 1H, H-5), 3.05 – 2.85 (m, 4H, SCH2CH2), 2.49 (s, 3H, NCH3), 2.07 (s, 3H, CH3), 
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2.03 (s, 3H, CH3), 2.01 (s, 3H, CH3), 1.78 (br s, 6H, TIDA 2 x CH3), 1.54 (br s, 6H, TIDA 2 x CH3) 

ppm. 

13C NMR (126 MHz, CDCl3) δ 174.9 (C=O TIDA), 170.92 (C=O Ac), 170.84 (C=O Ac), 169.5 

(C=O Ac), 162.0 (C=O TCA), 141.3 (4°), 134.3 (ArCH), 128.2 (ArCH), 92.3 (CCl3), 84.0 (C-1), 

76.2 (C-5), 73.0 (C-3)), 68.4 (C-4), 62.4 (C-6), 55.0 (C-2), 37.5 (NCH3), 36.4 (SCH2CH2), 31.3 

(SCH2CH2), 20.9 (CH3), 20.7 (CH3), 20.7 (CH3) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C31H40BCl3N2O12SNa [M+Na]+: 805.1335; found: 805.1336. 

 

4.10 Synthesis of glycosyl donors and acceptors 

4.10.1  Synthesis of TIDA-tagged monosaccharide building blocks 

General Procedure E: Deacetylation and Benzylidene Protection 

Sodium carbonate (30 mol%) was added to a suspension of acetylated sugar (1 equiv) in MeOH (0.1 

M). The reaction was stirred at rt for 2 h. Once TLC (EtOAc) showed full consumption of starting 

material the solution was neutralised using Amberlite IR-120 H form until pH = 7, and filtered. 

Concentration in vacuo gave the deacetylated product which was used directly in the next step. 

(+)-Camphor-10-sulfonic acid (25 mol%) and benzaldehyde dimethyl acetal (1.2 equiv.) 

were added to a suspension of deacetylated sugar in anhydrous MeCN (0.2 M). The reaction was 

stirred at 30 °C for 15 h and TLC (EtOAc) showed formation of product. The reaction was quenched 

with triethylamine (25 mol%) and solvent was removed in vacuo. Purification by silica plug 

(diameter x depth: 4 x 6 cm, 1.5% MeOH/Et2O, the EtOAc) afforded the product. 

 

2-((4-TIDA-boronate)phenyl)ethyl 4,6-O-benzylidene-1-thio-β-D-glucopyranoside (90) 

 

Diol 90 was synthesised via general procedure E using 71 (0.24 g, 0.36 mmol) to give the product 

90 as a white foam (0.12 g, 55%). 

Rf = 0.0 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.37 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 7.52 – 7.46 (m, 4H, ArH), 7.39 – 7.34 (m, 3H, ArH), 7.20 (d, J = 8.0 

Hz, 2H, ArH), 5.53 (s, 1H, PhCH), 4.40 (d, J = 9.7 Hz, 1H, H-1), 4.34 (dd, J = 10.5, 4.9 Hz, 1H, H-

6a), 3.80 – 3.71 (m, 2H, H-4, H-6b), 3.54 (t, J = 9.3 Hz, 1H, H-3), 3.49 – 3.40 (m, 2H, H-2, H-5), 

3.04 – 2.88 (m, 4H, SCH2CH2), 2.46 (s, 3H, NCH3), 1.77 (br s, 6H, TIDA 2 x CH3), 1.52 (br s, 6H, 

TIDA 2 x CH3) ppm. 
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13C NMR (126 MHz, CDCl3) δ 174.91 (C=O TIDA), 174.87 (C=O TIDA), 141.2 (4°), 137.0 (4°), 

134.4 (ArCH), 129.4 (ArCH), 128.5 (ArCH), 128.2 (ArCH), 126.4 (ArCH), 102.0 (PhCH), 86.8 (C-

1), 80.5 (C-3), 74.7 (C-4), 73.3 (C-2), 70.8 (C-5), 68.7 (C-6), 37.5 (NCH3), 36.5 (SCH2CH2), 31.6 

(SCH2CH2) ppm. 

HRMS (ESI-TOF) m/z: Calc‘d for C30H38BNO9SNa [M+Na]+: 622.2258; found: 622.2252. 

 

2-((4-TIDA-boronate)phenyl)ethyl 2,3-di-O-benzoyl-4,6-O-benzylidene-1-thio-β-D-

glucopyranoside (107) 

 

Diol 90 (0.11 g, 0.18 mol) was dissolved in dry CH2Cl2 (0.9 mL). The solution was cooled to 0 °C 

before the addition of benzoyl chloride (84 µL, 0.72 mmol), DMAP (4 mg), and triethylamine (0.15 

mL, 1.08 mmol). The reaction was then allowed to warm to rt and stirred until TLC (EtOAc) showed 

full consumption of starting materials. The reaction was diluted with EtOAc (5 mL), washed with 

H2O (5 mL) and brine (5 mL), and dried over anhydrous Na2SO4. Solvent was removed in vacuo and 

purification by a silica plug (diameter x depth: 4 x 5 cm, 1.5% MeOH/Et2O, then 100% EtOAc) gave 

the desired product 107 as a white foam (0.12 g, 83%)  

Rf = 0.05 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.66 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 7.97 – 7.91 (m, 4H, ArH), 7.56 – 7.52 (m, 1H, ArH), 7.51 – 7.44 (m, 

3H, ArH), 7.43 – 7.29 (m, 9H, ArH), 7.18 (d, J = 7.7 Hz, 2H, ArH), 5.68 (t, J = 9.5 Hz, 1H, H-3), 

5.54 (s, 1H, PhCH), 5.47 (dd, J = 10.0, 9.2 Hz, 1H, H-2), 4.71 (d, J = 10.0 Hz, 1H, H-1), 4.43 (dd, J 

= 10.6, 4.9 Hz, 1H, H-6a), 3.90 (t, J = 9.6 Hz, 1H, H-4), 3.85 (t, J = 10.3 Hz, 1H, H-6b), 3.57 (td, J 

= 9.7, 4.9 Hz, 1H, H-5), 3.10 – 2.86 (m, 4H, SCH2CH2), 2.44 (s, 3H, NCH3), 1.75 (br s, 6H, TIDA 

2 x CH3), 1.54 (br s, 3H, TIDA CH3), 1.50 (br s, 3H, TIDA CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 174.75 (C=O TIDA), 174.72 (C=O TIDA), 165.6 (C=O Bz), 165.3 

(C=O Bz), 141.2 (4°), 136.7 (4°), 134.2 (ArCH), 133.4 (ArCH), 133.2 (ArCH), 129.9 (ArCH), 129.8 

(ArCH), 129.3 (4°), 129.1 (ArCH), 128.5 (ArCH), 128.3 (ArCH), 128.2 (ArCH), 128.1 (ArCH), 

126.06 (ArCH), 101.3 (PhCH), 84.2 (C-1), 78.7 (C-4), 73.2 (C-3), 71.1 (C-5), 71.0 (C-2), 68.5 (C-

6), 37.5 (NCH3), 36.3 (SCH2CH2), 30.9 (SCH2CH2) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C44H46BNO11SNa [M+Na]+: 830.2784; found: 830.2787. 
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2-((4-TIDA-boronate)phenyl)ethyl 2,3-di-O-benzoyl-6-O-benzyl-1-thio-β-D-glucopyranoside 

(108) 

 

Trifluoracetic acid (53 µL, 0.68 mmol) was added dropwise to a solution of 107 (0.11 g, 0.13 mmol), 

trifluoroacetic anhydride (1 µL), and triethylsilane (0.13 mL, 0.8 mmol) in dry CH2Cl2 (0.8 mL) at 0 

°C. The reaction was stirred at 0 °C for 1 h and allowed to warm to rt while stirring overnight. When 

1H NMR spectroscopy showed full conversion of starting material, the reaction was diluted with 

CH2Cl2 (5 mL) and quenched with satd. aq. NaHCO3 (5 mL). The layers were separated and the 

organic layer was washed with H2O (5 mL), brine (5 mL), and dried over anhydrous Na2SO4. Solvent 

was removed in vacuo and purification by a silica plug (diameter x depth: 4 x 5 cm, 1.5% 

MeOH/Et2O, then 100% EtOAc) gave the desired product 108 as a white foam (86 mg, 86%). 

Rf = 0.05 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.66 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 7.96 – 7.90 (m, 4H, ArH), 7.57 – 7.46 (m, 2H, ArH), 7.43 – 7.29 (m, 

11H, ArH), 7.14 (d, J = 7.8 Hz, 2H, ArH), 5.45 – 5.38 (m, 2H, H-2, H-3), 4.66 – 4.56 (m, 3H, H-1, 

2 x PhCHH), 3.99 – 3.93 (m, 1H, H-4), 3.88 – 3.82 (m, 2H, H-6a, H-6b), 3.65 (dt, J = 9.4, 4.6 Hz, 

1H, H-5), 3.05 – 2.84 (m, 4H, SCH2CH2), 2.44 (s, 3H, NCH3), 1.77 (br s, 6H, TIDA 2 x CH3), 1.52 

(br s, 6H, TIDA 2 x CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 174.88 (C=O TIDA), 174.87 (C=O TIDA), 167.2 (C=O Bz), 165.5 

(C=O Bz), 141.4 (4°), 137.7 (4°), 134.3 (ArCH), 133.6 (ArCH), 133.5 (ArCH), 130.0 (ArCH), 

129.95 (ArCH), 129.4 (4°), 129.2 (4°), 128.7 (ArCH), 128.6 (ArCH), 128.5 (ArCH), 128.3 (ArCH), 

128.1 (ArCH), 127.9 (ArCH), 83.6 (C-1), 78.9 (C-5), 77.7 (C-2/C-3), 74.0 (PhCH2), 71.1 (C-4), 

70.32 (C-2/C-3), 70.28 (C-6), 37.5 (NCH3), 36.4 (SCH2CH2), 31.1 (SCH2CH2) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C44H52BN2O11S [M+NH4]+: 827.3387; found: 827.3389. 

 

2-((4-TIDA-boronate)phenyl)ethyl 2,3-di-O-benzoyl-6-O-benzyl-4-O-(9-

fluorenylmethoxycarbonyl)-1-thio-β-D-glucopyranoside (100) 

 

Glycoside 108 (0.08 g, 0.1 mmol) was dissolved in dry CH2Cl2 (0.6 mL) and cooled to 0 °C. 9-

Fluorenylmethyl chloroformate (0.041 g, 0.16 mmol) and pyridine (23 µL, 0.28 mmol) were then 
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added at 0 °C. The reaction was then allowed to warm to rt and stirred overnight. The reaction was 

then diluted with EtOAc (5 mL), washed with HCl (1M, 5 mL), H2O (5 mL) and brine (5 mL), and 

dried over Na2SO4. Solvent was removed in vacuo and purification by a silica plug (diameter x depth: 

4 x 5 cm, 1.5% MeOH/Et2O, then 100% EtOAc) gave the desired product 100 as a white powder (73 

mg, 73%). 

Rf = 0.05 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.68 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 7.97 – 7.91 (m, 2H, ArH), 7.89 – 7.83 (m, 2H, ArH), 7.70 (dd, J = 

7.6, 4.0 Hz, 2H, ArH), 7.56 – 7.12 (m, 21H, ArH), 5.73 (t, J = 9.6 Hz, 1H, H-3), 5.47 (t, J = 9.7 Hz, 

1H, H-2), 5.22 (t, J = 9.8 Hz, 1H, H-4), 4.70 (d, J = 10.0 Hz, 1H, H-1), 4.60 (d, J = 12.0 Hz, 1H, 

PhCHH), 4.54 (d, J = 12.0 Hz, 1H, PhCHH), 4.23 (dd, J = 10.5, 7.3 Hz, 1H, CHH Fmoc), 4.09 (dd, 

J = 10.5, 7.7 Hz, 1H, CHH Fmoc), 3.94 (t, J = 7.5 Hz, 1H, CH Fmoc), 3.91 – 3.84 (m, 1H, H-5), 

3.73 (m, 2H, H-6a/H-6b), 3.08 – 2.85 (m, 4H, SCH2CH2), 1.77 (br s, 6H, TIDA 2 x CH3), 1.53 (br s, 

6H, TIDA 2 x CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 174.88 (C=O TIDA), 174.86 (C=O TIDA), 165.8 (C=O Bz), 165.3 

(C=O Bz), 154.2 (C=O Fmoc), 143.3 (4°), 143.0 (4°), 141.4 (4°), 141.3 (4°), 141.2 (4°), 137.8 (4°), 

134.3 (ArCH), 133.52 (ArCH), 133.46 (ArCH), 130.00 (ArCH), 129.98 (ArCH), 128.56 (ArCH), 

128.53 (ArCH), 128.4 (ArCH), 128.3 (ArCH), 128.0 (ArCH), 127.8 (ArCH), 127.3 (ArCH), 125.3 

(ArCH), 125.1 (ArCH), 120.1 (ArCH), 83.8 (C-1), 77.5 (C-5), 74.4 ( C-3), 73.8 (PhCH2), 73.4 (C-

4), 70.6 (C-2), 70.4 (CH2 Fmoc), 69.1 (C-6), 46.6 (CH Fmoc), 37.5 (NCH3), 36.4 (SCH2CH2), 31.2 

(SCH2CH2) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C59H58BNO13SNa [M+Na]+: 1054.3624; found: 1054.3625. 

 

2-((4-TIDA-boronate)phenyl)ethyl 4,6-O-benzylidene-1-thio-α/β-D-galactopyranoside (91) 

 

Thioglycoside 91 was synthesised via general procedure E using 72 (0.80 g, 1.2 mmol) and the 

product was obtained as a mixture of anomers which were isolated by silica plug as white foams (α 

= 0.19 g, 27%, β = 0.24 g, 35%). 

Rf = 0.0 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf (β anomer) = 0.22 (95:5, EtOAc/ MeOH, 15-20% H2SO4 in EtOH). 

Rf (α anomer) = 0.33 (95:5, EtOAc/ MeOH, 15-20% H2SO4 in EtOH). 
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β-anomer 

1H NMR (500 MHz, CDCl3) δ 7.50 – 7.46 (m, 2H, ArH), 7.45 (d, J = 7.8 Hz, 2H, ArH), 7.40 – 7.33 

(m, 3H, ArH), 7.19 (d, J = 7.8 Hz, 2H, ArH), 5.54 (s, 1H, PhCH), 4.33 (app. d, J = 12.6 Hz, 1H, H-

6a), 4.28 (d, J = 9.5 Hz, 1H, H-1), 4.23 (d, J = 3.3 Hz, 1H, H-4), 4.03 (dd, J = 12.6, 1.4 Hz, 1H, H-

6b), 3.76 (t, J = 9.3 Hz, 1H, H-2), 3.64 (dd, J = 9.1, 3.2 Hz, 1H, H-3), 3.54 – 3.45 (m, 1H, H-5), 3.11 

– 2.89 (m, 4H, SCH2CH2), 2.46 (s, 3H, NCH3), 1.78 (br s, 6H, TIDA 2 x CH3), 1.53 (br s, 6H, TIDA 

2 x CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 174.9 (C=O TIDA), 141.5 (4°), 137.7 (4°), 134.3 (ArCH), 129.5 

(ArCH), 128.5 (ArCH), 128.3 (ArCH), 126.5 (ArCH), 101.5 (PhCH), 85.4 (C-1), 75.7 (C-4), 73.9 

(C-3), 70.3 (C-5), 69.7 (C-2), 69.4 (C-6), 37.5 (NCH3), 37.0 (SCH2CH2), 30.3 (SCH2CH2) ppm. 

α-anomer 

1H NMR (400 MHz, CDCl3) δ 7.53 – 7.44 (m, 4H, ArH), 7.40 – 7.33 (m, 3H, ArH), 7.18 (d, J = 8.0 

Hz, 2H, ArH), 5.55 (s, 1H, PhCH), 5.50 (d, J = 5.3 Hz, 1H, H-1), 4.26 – 4.15 (m, 3H, H-2, H-4, H-

6a), 4.08 (dd, J = 12.7, 2.0 Hz, 1H, H-6b), 4.02 – 3.94 (m, 1H, H-3), 3.74 – 3.66 (m, 1H, H-5), 3.00 

– 2.82 (m, 4H, SCH2CH2), 2.47 (s, 3H, NCH3), 1.77 (br s, 6H, TIDA 2 x CH3), 1.53 (br s, 6H, TIDA 

2 x CH3) ppm. 

13C NMR (101 MHz, CDCl3) δ 174.9 (C=O TIDA), 141.2 (4°), 137.6 (4°), 134.3 (ArCH), 129.37 

(ArCH), 128.40 (ArCH), 128.3 (ArCH), 126.4 (ArCH), 101.4 (PhCH), 87.4 (C-1), 75.7 (C-4), 70.8 

(C-5), 69.52 (C-6), 69.45 (C-2), 63.6 (C-3), 37.5 (NCH3), 36.4 (SCH2CH2), 32.7 (SCH2CH2) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C30H38BNO9SNa [M+Na]+: 622.2258; found: 622.2256. 

 

2-((4-TIDA-boronate)phenyl)ethyl 4,6-O-benzylidene-3-O-(tert-butyldimethylsilyl)-1-thio-β-

D-galactopyranoside (110) 

 

TBSCl (0.083 g, 0.55 mmol) and imidazole (0.043 g, 0.63 mmol) were added to a solution of β-91 

(0.22 g, 0.37 mmol) in anhydrous CH2Cl2 (1.9 mL) at 0 °C under a N2 atmosphere. The reaction was 

then allowed warm to rt and stirred for 12 h. TLC (EtOAc) showed formation of product. The 

reaction was diluted with CH2Cl2 (5 mL), washed with H2O (5 mL) and brine (5 mL), dried over 

Na2SO4, filtered, and concentrated in vacuo. Purification by a silica plug (diameter x depth: 4 x 6 

cm, 1.5% MeOH/Et2O, then 100% EtOAc) gave the desired product 110 as a white foam (0.11 g, 

43%). 

Rf = 0.1 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 
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Rf = 0.63 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 7.53 – 7.47 (m, 2H, ArH), 7.38 (d, J = 8.0 Hz, 2H, ArH), 7.35 – 7.32 

(m, 3H, ArH), 7.14 (d, J = 8.0 Hz, 2H, ArH), 5.51 (s, 1H, PhCH), 4.38 – 4.31 (m, 2H, H-1, H-6a), 

4.08 (dd, J = 3.6, 1.1 Hz, 1H, H-4), 4.02 (dd, J = 12.5, 1.8 Hz, 1H, H-6b), 3.91 (app. td, J = 9.3, 1.5 

Hz, 1H, H-2), 3.71 (dd, J = 9.0, 3.6 Hz, 1H, H-3), 3.48 – 3.43 (m, 1H, H-5), 3.08 – 2.84 (m, 4H, 

SCH2CH2), 2.44 (s, 3H, NCH3), 2.35 (d, J = 1.8 Hz, 1H, OH), 1.77 (br s, 6H, TIDA 2 x CH3), 1.52 

(br s, 6H, TIDA 2 x CH3), 0.92 (s, 9H, SiC(CH3)3), 0.14 (s, 3H, SiCH3), 0.13 (s, 3H, SiCH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 174.9 (C=O TIDA), 141.8 (4°), 138.1 (4°), 134.2 (ArCH), 128.9 

(ArCH), 128.26 (ArCH), 128.22 (ArCH), 126.24 (ArCH), 100.9 (PhCH)), 85.3 (C-1), 76.9 (C-4), 

75.5 (C-3), 70.4 (C-5), 69.6 (C-6), 68.8 (C-2), 37.5 (NCH3), 37.2 (SCH2CH2), 30.1 (SCH2CH2), 25.9 

(SiC(CH3)3), 18.3 (SiC(CH3)3), -4.2 (SiCH3), -4.5 (SiCH3) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C36H52BNO9SSiNa [M+Na]+: 736.3124; found: 736.3124. 

 

2-((4-TIDA-boronate)phenyl)ethyl 2-O-benzoyl-4,6-O-benzylidene-3-O-(tert-

butyldimethylsilyl)-1-thio-β-D-galactopyranoside (111) 

 

Benzoyl chloride (38 µL, 0.33 mmol) was added to a solution of 110 (0.095 g, 0.13 mmol), and 

DMAP (2 mg) in anhydrous pyridine/CH2Cl2 (0.25/0.35 mL) at 0 °C under a N2 atmosphere. The 

reaction mixture was stirred at 0 °C for 5 min and was then heated to 75 °C and stirred overnight. 

The reaction was diluted with CH2Cl2 (5 mL), washed with HCl (1 M, 5 mL) and brine (5 mL), dried 

over Na2SO4, filtered and concentrated in vacuo. Purification by silica plug (diameter x depth: 4 x 6 

cm, 1.5% MeOH/Et2O, then 100% EtOAc) gave the desired product 111 as a white foam (0.094 g, 

89%). 

Rf = 0.10 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.65 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 8.06 – 7.96 (m, 2H, ArH), 7.60 – 7.52 (m, 3H, ArH), 7.45 (t, J = 7.8 

Hz, 2H, ArH), 7.36 (dd, J = 5.1, 2.0 Hz, 3H, ArH), 7.32 – 7.25 (m, 2H, ArH), 7.07 (d, J = 7.8 Hz, 

2H, ArH), 5.64 (t, J = 9.5 Hz, 1H, H-2), 5.56 (s, 1H, PhCH), 4.54 (d, J = 9.8 Hz, 1H, H-1), 4.40 (dd, 

J = 12.4, 1.6 Hz, 1H, H-6a), 4.16 (d, J = 3.6 Hz, 1H, H-4), 4.07 (dd, J = 12.4, 1.7 Hz, 1H, H-6b), 

4.01 (dd, J = 9.3, 3.5 Hz, 1H, H-3), 3.61 – 3.44 (m, 1H, H-5), 3.18 – 3.08 (m, 1H, SCHHCHH), 3.07 

– 2.97 (m, 1H, SCHHCHH), 2.89 – 2.78 (m, 2H, SCHHCHH), 2.40 (s, 3H, NCH3), 1.77 (br s, 6H, 
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TIDA 2 x CH3), 1.51 (br s, 6H, TIDA 2 x CH3), 0.76 (s, 9H, SiC(CH3)3), 0.06 (s, 3H, SiCH3), -0.11 

(s, 3H, SiCH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 174.9 (C=O TIDA), 165.5 (C=O Bz), 141.9 (4°), 138.0 (4°), 134.1 

(ArCH), 133.1 (ArCH), 130.3 (4°), 129.9 (ArCH), 128.9 (ArCH), 128.5 (ArCH), 128.31 (ArCH), 

128.29 (ArCH), 126.30 (ArCH), 101.0 (PhCH), 82.9 (C-1), 76.9 (C-4), 73.5 (C -3), 70.4 (C-5), 70.00 

(C-2), 69.5 (C-6), 37.5 (NCH3), 37.2 (SCH2CH2), 30.0 (SCH2CH2), 25.6 (SiC(CH3)3), 18.0 

(SiC(CH3)3), -4.5 (SiCH3), -4.6 (SiCH3) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C43H56BNO10SSiNa [M+Na]+: 840.3387; found: 840.3383. 

 

Attempted synthesis of 2-((4-TIDA-boronate)phenyl)ethyl 2-O-benzoyl-4-O-benzyl-3-O-(tert-

butyldimethylsilyl)-1-thio-β-D-galactopyranoside (112) 

To a solution of benzylidene acetal 111 (0.079 g, 0.097 mmol) in MeCN (1 mL) at 0 °C was added 

NaBH4 (37 mg, 0.97 mmol) and allowed to stir for 5 min. Then cyanuric chloride (0.14 g, 0.78 mmol) 

was added to the mixture. The reaction was stirred at rt for 16 h. 1H-NMR spectroscopic analysis 

determined there was no conversion to 112. 

 

2-((4-TIDA-boronate)phenyl)ethyl 4,6-O-benzylidene-2-deoxy-2-(2,2,2-trichloroacetamido)-1-

thio-β-D-glucopyranose (92) 

 

Thioglycoside 92 was synthesised via general procedure E using 73 (0.42 g, 0.54 mmol) and gave 

the product as a white foam (0.24 g, 60%). 

Rf = 0.0 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.58 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (400 MHz, CDCl3) δ 7.52 – 7.43 (m, 4H, ArH), 7.42 – 7.32 (m, 3H, ArH), 7.20 – 7.12 (m, 

2H, ArH), 6.96 (d, J = 8.2 Hz, 1H, TCANH), 5.53 (s, 1H, PhCH), 4.79 (d, J = 10.4 Hz, 1H, H-1), 

4.34 (dd, J = 10.5, 4.9 Hz, 1H, H-6a), 4.14 – 4.08 (m, 1H, H-3), 3.81 – 3.70 (m, 2H, H-2, H-6b), 

3.56 (t, J = 9.2 Hz, 1H, H-4), 3.45 (td, J = 9.7, 5.0 Hz, 1H, H-5), 3.01 – 2.84 (m, 4H, SCH2CH2), 

2.46 (s, 3H, NCH3), 1.76 (br s, 6H, TIDA 2 x CH3), 1.52 (br s, 6H, TIDA 2 x CH3) ppm. 
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13C NMR (101 MHz, CDCl3) δ 174.9 (C=O TIDA), 162.3 (C=O TCA), 141.3 (4°), 137.0 (4°), 134.3 

(ArCH), 129.5 (ArCH), 128.5 (ArCH), 128.3 (ArCH), 126.4 (ArCH), 102.0 (PhCH), 92.5 (CCl3), 

83.7 (C-1), 81.5 (C-4), 71.8 (C-3), 70.6 (C-5), 68.6 (C-6), 57.8 (C-2), 37.5 (NCH3), 36.4 (SCH2CH2), 

31.4 (SCH2CH2) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C32H38BCl3N2O9SNa [M+Na]+: 765.1355; found: 765.1354. 

 

2-((4-TIDA-boronate)phenyl)ethyl 4,6-O-benzylidene-3-O-levulinoyl-2-deoxy-2-(2,2,2-

trichloroacetamido)-1-thio-β-D-glucopyranose (94) 

 

DIPEA (52 µL, 0.66 mmol) was added to a solution of 92 (0.18 g, 0.24 mmol), levulinic acid (30 

µL, 0.30 mmol), 2-chloro-1-methylpyridinium iodide (77 mg, 0.30 mmol) and DMAP (2 mg) in 

anhydrous CH2Cl2 (1.2 mL) at 0 °C under a N2 atmosphere. The reaction was then stirred at rt 

overnight. 1H NMR spectroscopic analysis indicated full conversion of 92. The reaction was diluted 

with CH2Cl2 (5 mL), washed with HCl (1 M, 5 mL), satd. aq. NaHCO3 (5 mL), H2O (5 mL) and brine 

(5 mL). The organic layer was dried over Na2SO4, filtered and concentrated in vacuo. Purification 

by silica plug (diameter x depth: 4 x 6 cm, 1.5% MeOH/Et2O then 100% EtOAc) gave the desired 

product 94 as a white foam (0.20 g, quant.). 

Rf = 0.0 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.58 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 7.49 (d, J = 7.9 Hz, 2H, ArH), 7.47 – 7.44 (m, 2H. ArH), 7.34 – 7.24 

(m, 4H, ArH, TCANH), 7.17 (d, J = 7.9 Hz, 2H, ArH), 5.50 (s, 1H, PhCH), 5.43 (t, J = 9.8 Hz, 1H, 

H-3), 4.62 (d, J = 10.4 Hz, 1H, H-1), 4.16 – 4.06 (m, 2H, H-2, H-6a), 3.69 (m, 2H, H-4, H-6b), 3.47 

(td, J = 9.7, 4.9 Hz, 1H, H-5), 2.98 – 2.81 (m, 4H, SCH2CH2), 2.75 – 2.68 (m, 2H, 

CH3COCH2CH2CO), 2.62 – 2.52 (m, 2H, CH3COCH2CH2CO), 2.46 (s, 3H, NCH3), 2.11 (s, 3H, 

CH3CO), 1.77 (br s, 6H, TIDA 2 x CH3), 1.53 (br s, 6H, TIDA 2 x CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 205.9 (CH3CO Lev), 174.90 (C=O TIDA), 174.89 (C=O TIDA), 

173.3 (CH2CO2 Lev), 162.2 (C=O TCA), 141.32 (4°), 137.0 (4°), 134.3 (ArCH), 129.1 (ArCH), 

128.3 (ArCH), 128.2 (ArCH), 126.08 (ArCH), 101.1 (PhCH), 92.5 (CCl3), 84.7 (C-1), 78.7 (C-4), 

72.6 (C-3), 70.8 (C-5), 68.4 (C-6), 55.2 (C-2), 38.1 (CH3COCH2CH2CO), 37.5 (NCH3), 36.3 

(SCH2CH2), 31.3 (SCH2CH2), 29.8 (CH3CO), 28.2 (CH3COCH2CH2CO) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C37H44BCl3N2O11SNa [M+Na]+: 865.1701; found: 865.1696. 
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2-((4-TIDA-boronate)phenyl)ethyl 6-O-benzyl-3-O-levulinoyl-2-deoxy-2-(2,2,2-

trichloroacetamido)-1-thio-β-D-glucopyranose (95) 

 

Trifluoracetic acid (77 µL, 1.0 mmol) was added dropwise to a solution of 94 (0.17 g, 0.20 mmol), 

trifluoroacetic anhydride (1 µL), and triethylsilane (0.19 mL, 1.2 mmol) in dry CH2Cl2 (1.2 mL) at 0 

°C under a N2 atmosphere. The reaction mixture was stirred at 0 °C for 4 h and allowed to warm to 

rt overnight. 1H NMR spectroscopic analysis showed full conversion of starting material. The 

reaction was diluted with EtOAc (5 mL), washed with satd. aq. NaHCO3 (5 mL), H2O (5 mL) and 

brine (5 mL). The organic layer was dried over Na2SO4, filtered and concentrated in vacuo. 

Purification by silica plug (diameter x depth: 4 x 6 cm, 1.5% MeOH/Et2O then 100% EtOAc) gave 

the desired product 95 as a white foam (0.16 g, 92%). 

Rf = 0.05 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.57 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 7.44 (d, J = 8.0 Hz, 2H, ArH), 7.37 – 7.25 (m, 5H, ArH), 7.16 (d, J 

= 8.0 Hz, 2H, ArH), 7.06 (d, J = 9.3 Hz, 1H, TCANH), 5.19 (dd, J = 10.4, 9.0 Hz, 1H, H-3), 4.65 – 

4.54 (m, 3H, H-1, PhCHH), 4.04 (q, J = 10.1 Hz, 1H, H-2), 3.85 – 3.72 (m, 3H, H-4, H-6a, H-6b), 

3.60 (dt, J = 9.0, 4.3 Hz, 1H, H-5), 3.44 (d, J = 3.3 Hz, 1H, OH), 3.02 – 2.88 (m, 4H, SCH2CH2), 

2.85 – 2.68 (m, 2H, CH3COCH2CH2CO), 2.64 – 2.53 (m, 1H, CH3COCH2CHHCO), 2.52 – 2.48 (m, 

1H, CH3COCH2CHHCO), 2.47 (s, 3H, NCH3), 2.16 (s, 3H, CH3CO), 1.78 (br s, 6H, TIDA 2 x CH3), 

1.54 (br s, 6H, TIDA 2 x CH3) ppm. 

13C NMR (151 MHz, CDCl3) δ 207.8 (CH3CO Lev), 174.92 (C=O TIDA), 174.91 (C=O TIDA), 

173.5 (CH2CO2 Lev), 162.1 (C=O TCA), 141.5 (4°), 137.9 (4°), 134.4 (ArCH), 128.6 (ArCH), 128.3 

(ArCH), 128.0 (ArCH), 127.8 (ArCH), 92.5 (CCl3), 83.9 (C-1), 78.7 (C-5), 76.6 (C-3), 73.8 (PhCH2), 

70.1 (C-4), 69.9 (C-6), 54.5 (C-2), 38.5 (CH3COCH2CH2CO), 37.5 (NCH3), 36.5 (SCH2CH2), 31.2 

(SCH2CH2), 29.9 (CH3CO), 28.4 (CH3COCH2CH2CO) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C37H46BCl3N2O11SNa [M+Na]+: 865.1880; found: 865.1881. 
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2-((4-TIDA-boronate)phenyl)ethyl 6-O-benzyl-4-O-(9-fluorenylmethoxycarbonyl)-3-O-

levulinoyl-2-deoxy-2-(2,2,2-trichloroacetamido)-1-thio-β-D-glucopyranose (89) 

 

9-Fluorenylmethyl chloroformate (83 mg, 0.32 mmol) and pyridine (45 µL, 0.56 mmol) were added 

to a solution of 95 (0.14 g, 0.16 mmol) in CH2Cl2 (0.8 mL) at 0 °C under a N2 atmosphere. The 

reaction mixture was then allowed to warm to rt and stirred overnight. The reaction was then diluted 

with EtOAc (5 mL), washed with HCl (1M, 5 mL), H2O (5 mL) and brine (5 mL). The organic layer 

was dried over anhydrous Na2SO4 and concentrated in vacuo. Purification by a silica plug (diameter 

x depth: 4 x 5 cm, 1.5% MeOH/Et2O then 100% EtOAc) gave the desired product 89 as a white 

powder (0.14 g, 84%). 

Rf = 0.05 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.67 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 7.77 (ddt, J = 7.6, 1.9, 0.9 Hz, 2H, ArH), 7.56 (ddd, J = 7.5, 4.3, 1.0 

Hz, 2H, ArH), 7.51 – 7.37 (m, 4H, ArH), 7.35 – 7.17 (m, 7H, ArH), 7.14 (d, J = 7.9 Hz, 2H, ArH), 

7.08 (d, J = 9.2 Hz, 1H, TCANH), 5.47 – 5.40 (m, 1H, H-3), 5.05 (t, J = 9.7 Hz, 1H, H-4), 4.70 (d, 

J = 10.3 Hz, 1H, H-1), 4.54 (d, J = 12.0 Hz, 1H, PhCHH), 4.49 (d, J = 12.0 Hz, 1H, PhCHH), 4.46 

(dd, J = 10.3, 7.2 Hz, 1H, CHH Fmoc), 4.30 (dd, J = 10.3, 7.6 Hz, 1H, CHH Fmoc), 4.23 (t, J = 7.4 

Hz, 1H, CH Fmoc), 4.12 – 4.04 (m, 1H, H-2), 3.81 (dt, J = 10.1, 4.0 Hz, 1H, H-5), 3.69 – 3.61 (m, 

2H, H-6a, H-6b), 3.04 – 2.86 (m, 4H, SCH2CH2), 2.71 – 2.57 (m, 2H, CH3COCH2CH2CO), 2.55 – 

2.38 (m, 5H, CH3COCH2CH2CO, NCH3), 2.04 (s, 3H, CH3CO), 1.79 (br s, 6H, TIDA 2 x CH3), 1.54 

(br s, 6H, TIDA 2 x CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 206.0 (CH3C=O Lev), 174.9 (C=O TIDA), 172.9 (CH2CO2 Lev), 

162.0 (C=O TCA), 154.2 (C=O Fmoc), 143.5 (4°), 143.3 (4°), 141.4 (4°), 141.38 (4°), 141.37 (4°), 

137.8 (4°), 134.3 (ArCH), 128.5 (ArCH), 128.2 (ArCH), 128.1 (ArCH), 127.9 (ArCH), 127.8 

(ArCH), 127.3 (ArCH), 125.28 (ArCH), 125.27 (ArCH), 120.22 (ArCH), 92.4 (CCl3), 83.7 (C-1), 

77.3 (C-5), 73.8 (PhCH2), 73.3 (C-3), 73.1 (C-4), 70.6 (CH2 Fmoc), 69.1 (C-6), 55.1 (C-2), 46.7 (CH 

Fmoc), 37.9 (CH3COCH2CH2CO), 37.5 (NCH3), 36.5 (SCH2CH2), 31.1 (SCH2CH2), 29.7 (CH3CO), 

28.1 (CH3COCH2CH2CO) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C52H56BCl3N2O13SNa [M+Na]+: 1086.2590; found: 1089.2545. 
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2-((4-TIDA-boronate)phenyl)ethyl 2,3,4,6-tetra-O-benzoyl-1-thio-β-D-galactopyranoside (78) 

 

Sodium carbonate (13 mg, 0.12 mmol) was added to a suspension of 72 (0.26 g, 0.39 mmol) in 

MeOH (5 mL). The reaction mixture was stirred at rt for 2 h. Once TLC analysis (EtOAc) showed 

full consumption of starting material the solution was neutralised using Amberlite IR-120 H+ form 

until pH = 7, and filtered. Concentration in vacuo gave the deacetylated product which was used 

directly in the next step. The residue was suspended in anhydrous CH2Cl2 (4.5 mL) and pyridine (0.9 

mL) under a N2 atmosphere. The mixture was cooled to 0 °C and benzoyl chloride (0.7 mL) was 

added dropwise. The reaction mixture was stirred for 1 h at 0 °C, then allowed to warm to rt and 

stirred overnight. TLC analysis (100% EtOAc) indicated full consumption of starting material. The 

reaction mixture was diluted with CH2Cl2 (5 mL) and washed with 1M HCl (2 x 10 mL). The organic 

layer was then washed with H2O (10 mL) and brine (10 mL), then dried over anhydrous Na2SO4. 

Solvent was removed in vacuo and purification by a silica plug (diameter x depth: 4 x 5 cm, 1.5% 

MeOH/Et2O then 100% EtOAc) gave the desired product 78 as a white powder (0.31 g, 86%). 

Rf = 0.05 (1.5% MeOH in Et2O, 15-20% H2SO4 in EtOH). 

Rf = 0.58 (EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 8.07 – 8.03 (m, 2H, ArH), 8.02 – 7.98 (m, 2H, ArH), 7.98 – 7.92 (m, 

2H, ArH), 7.80 – 7.72 (m, 2H, ArH), 7.67 – 7.60 (m, 1H, ArH), 7.62 – 7.43 (m, 2H, ArH), 7.46 – 

7.36 (m, 9H, ArH), 7.30 – 7.22 (m, 2H, ArH), 7.15 (d, J = 7.7 Hz, 2H, ArH), 6.02 (dd, J = 3.4, 1.1 

Hz, 1H, H-4), 5.86 (t, J = 9.9 Hz, 1H, H-2), 5.62 (dd, J = 10.0, 3.4 Hz, 1H, H-3), 4.84 (d, J = 9.9 Hz, 

1H, H-1), 4.65 (dd, J = 11.5, 6.8 Hz, 1H, H-6a), 4.43 (dd, J = 11.4, 6.0 Hz, 1H, H-6b), 4.37 – 4.27 

(m, 1H, H-5), 3.17 – 3.09 (m, 1H, SCHHCH2), 3.04 – 2.90 (m, 3H, SCHHCH2), 2.46 (s, 3H, NCH3), 

1.79 (br s, 6H, TIDA 2 x CH3), 1.54 (br s, 6H, TIDA 2 x CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 174.85 (C=O TIDA), 174.82 (C=O TIDA), 166.2 (C=O Bz), 165.64 

(C=O Bz), 165.62 (C=O Bz), 165.5 (C=O Bz), 141.4 (4°), 134.3 (ArCH), 133.9 (ArCH), 133.6 

(ArCH), 133.5 (ArCH), 133.46 (ArCH), 130.05 (ArCH), 129.95 (ArCH), 129.88 (ArCH), 129.85 

(ArCH), 129.4 (4°), 129.3 (4°), 129.1 (4°), 128.86 (4°), 128.84 (ArCH), 128.64 (ArCH), 128.6 

(ArCH), 128.4 (ArCH), 128.2 (ArCH), 84.3 (C-1), 75.3 (C-5), 72.8 (C-3), 68.6 (C-4), 68.2 (C-2), 

62.5 (C-6), 37.5 (NCH3), 36.6 (SCH2CH2), 31.3 (SCH2CH2) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C51H54BN2O13S [M+NH4]+: 945.3443; found: 945.3440. 
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4.10.2  Synthesis of donor 79 

Ethyl 2,3,4,6-tetra-O-benzoyl-1-thio-β-D-galactopyranoside (79) 

 

Following a literature procedure,[165] ethyl 1-thio-D-galactopyranoside (0.11 g, 0.49 mmol) was 

suspended in anhydrous CH2Cl2 (5.4 mL) and pyridine (1.1 mL) under a N2 atmosphere. The mixture 

was cooled to 0 °C and benzoyl chloride (0.85 mL, 7.3 mmol) was added dropwise. The reaction 

was stirred for 1 h at 0 °C, then removed from the cooling bath and allowed to warm to rt. The 

reaction was stirred overnight and TLC analysis (EtOAc) indicated full consumption of starting 

material. The reaction mixture was diluted with CH2Cl2 (5 mL) and washed with 1M HCl (2 x 10 

mL). The organic layer was washed with H2O (10 mL) and brine (10 mL), then dried over anhydrous 

Na2SO4 and filtered. The solvent was removed in vacuo and purification by column chromatography 

(4:1, pentane/EtOAc) gave the desired product 79 as a white foam (0.20 g, 64%). 

Rf = 0.30 (4:1, pentane/EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 8.08 (dd, J = 8.3, 1.4 Hz, 2H, ArH), 8.05 – 7.99 (m, 2H, ArH), 7.99 

– 7.93 (m, 2H, ArH), 7.78 (dd, J = 8.4, 1.4 Hz, 2H, ArH), 7.65 – 7.32 (m, 10H, ArH), 7.27 – 7.17 

(m, 2H, ArH), 6.04 (dd, J = 3.5, 1.1 Hz, 1H, H-4), 5.85 (t, J = 10.0 Hz, 1H, H-2), 5.66 (dd, J = 10.0, 

3.4 Hz, 1H, H-3), 4.89 (d, J = 10.0 Hz, 1H, H-1), 4.67 (dd, J = 11.1, 6.4 Hz, 1H, H-6a), 4.49 – 4.31 

(m, 2H, H-5, H-6b), 2.92 – 2.75 (m, 2H, SCH2), 1.32 (t, J = 7.4 Hz, 3H, SCH2CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 166.1 (C=O), 165.6 (2 x C=O), 165.5 (C=O), 133.7 (ArCH), 133.44 

(ArCH), 133.41 (ArCH), 130.1 (ArCH), 129.9 (ArCH), 129.88 (ArCH), 129.5 (4°), 129.3 (4°), 129.2 

(4°), 128.9 (4°), 128.8 (ArCH), 128.6 (ArCH), 128.5 (ArCH), 128.4 (ArCH), 84.42 (C-1), 75.2 (C-

5), 72.9 (C-3), 68.52 (C-4), 68.4 (C-2), 62.4 (C-6), 24.6 (SCH2CH3), 15.1 (SCH2CH3) ppm. 

NMR data were consistent with literature data.[165] 

 

4.10.3  Synthesis of acceptor 42 

Methyl 2,3,4-tri-O-benzyl-α-D-glucopyranoside (42) 

 

Following literature procedure,[166] methyl α-D-glucopyranoside (3.5 g, 18 mmol) and imidazole (3.7 

g, 54 mmol) were dissolved in anhydrous DMF (30 mL) in a flame-dried 50 mL Schlenk flask under 

a N2 atmosphere. The solution was cooled to 0 °C, and TIPSCl (4.3 mL, 20 mmol) was added 

dropwise. The reaction mixture was warmed to rt and stirred for 16 h. The reaction mixture was then 

concentrated in vacuo and the resulting residue dissolved in CH2Cl2 (50 mL). The organic layer was 
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washed with H2O (50 ml) and the aqueous layer extracted with CH2Cl2 (2 x 50 mL). The combined 

organic layers were washed with brine (50 ml), dried over anhydrous Na2SO4 and filtered. Solvent 

was removed in vacuo to give crude 82. This material was used in the next step without further 

purification. 

 

Following literature procedure,[166] crude 82 was dissolved in anhydrous DMF (100 mL) in a flame-

dried Schlenk flask under a N2 atmosphere and cooled to 0 °C. NaH (60% in mineral oil, 3.6 g, 90 

mmol) was added portion-wise. The reaction mixture was removed from the cooling bath and stirred 

at rt for 20 min. The reaction mixture was cooled to 0 °C before slow addition of benzyl bromide 

(11 mL, 90 mmol). After 16 h, the reaction was quenched with H2O (10 mL) and diluted with EtOAc 

(100 mL). The organic layer was washed with H2O (2 x 100 mL) and the aqueous layer extracted 

with CH2Cl2 (2 x 50 mL). The combined organic layers were washed with brine (2 x 100 mL), dried 

over anhydrous Na2SO4 and filtered. Solvent was removed in vacuo and the crude product 83 was 

used in the next step without further purification. 

 

Crude 83 was dissolved in MeCN (85 mL) and H2O (25 mL). The solution was cooled to 0 °C and 

TFA (14 mL, 180 mmol) was added. The reaction mixture was warmed to rt and stirred for 1.5 h. 

Once TLC analysis indicated consumption of starting materials (2:1, pentane/EtOAc), the reaction 

was quenched with satd. aq. NaHCO3 and diluted with EtOAc (100 mL). The layers were separated 

and the organic layer was washed with satd. aq. NaHCO3 (50 mL). The organic layer was then 

washed with H2O (50 mL) and brine (50 mL), then dried over anhydrous Na2SO4 and filtered. The 

solvent was removed in vacuo and purification by column chromatography (2:1, pentane/EtOAc) 

afforded the desired product 42 as a white solid (5.0 g, 60% over 3 steps). 

Rf = 0.42 (2:1, pentane/EtOAc, 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 7.38 – 7.25 (m, 15H, ArH), 4.99 (d, J = 10.9 Hz, 1H, PhCHH), 4.88 

(d, J = 11.0 Hz, 1H, PhCHH), 4.84 (d, J = 10.9 Hz, 1H, PhCHH), 4.80 (d, J = 12.1 Hz, 1H, PhCHH), 

4.68 – 4.61 (m, 2H, 2 x PhCHH), 4.57 (d, J = 3.5 Hz, 1H H-1), 4.00 (t, J = 9.3 Hz, 1H, H-3), 3.76 

(ddd, J = 11.6, 5.3, 2.6 Hz, 1H, H-6a), 3.72 – 3.61 (m, 2H, H-5, H-6b), 3.55 – 3.47 (m, 2H, H-2, H-

4), 3.36 (s, 3H, OCH3), 1.68 (dd, J = 7.4, 5.3 Hz, 1H, OH) ppm. 

13C NMR (126 MHz, CDCl3) δ 138.9 (4°), 138.26 (4°), 138.24 (4°), 128.6 (ArCH), 128.5 (ArCH), 

128.3 (ArCH), 128.2 (ArCH), 128.09 (ArCH), 128.07 (ArCH), 128.0 (ArCH), 127.8 (ArCH), 98.3 

(C-1), 82.1 (C-3), 80.1 (C-2), 77.5 (C-4), 75.9 (PhCH2), 75.2 (PhCH2), 73.6 (PhCH2), 70.8 (C-5), 

62.0 (C-6), 55.3 (OCH3) ppm. 

NMR data were consistent with literature data.[166] 
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4.11 Synthesis of amino alcohol linker 102 

N-(Benzyl)-benzyloxycarbonyl-5-aminopentan-1-ol (102) 

 

 

Following a literature procedure,[192] a solution of CBzCl (4.6 g, 27 mmol) in THF (20) was added 

to a mixture of aminopentanol 103 (2.0 g, 20 mmol) and NaHCO3 (4.9 g, 59 mmol) in H2O at 0 °C. 

The reaction was warmed to rt and stirred vigorously for 16 h. The reaction was diluted with EtOAc 

(30 mL) and separated. The organic layer was washed with H2O (20 mL) and brine (10 mL). The 

organic layer was dried over MgSO4, filtered, and concentrated in vacuo. The resulting residue was 

triturated with cyclohexane (5 mL). The solid was isolated by filtration, washed with Et2O, and dried 

under suction to afford the desired product 104 as a white solid (3.7 g, 80%). 104 was used in the 

next step without further purification. 

Rf = 0.28 (1:1, cyclohexane/EtOAc). 

 

Following a literature procedure,[193] trityl chloride (2.5 g, 9.0 mmol) was added to a solution of 

alcohol 104 (2.0 g, 8.4 mmol) in anhydrous pyridine (7.5 mL) at 0 °C under N2. The reaction was 

stirred at rt for 16 h. When TLC analysis (1:1, cyclohexane/EtOAc) indicated formation of product 

(Rf = 0.78), the reaction was diluted with EtOAc (15 mL) and H2O (15 mL). The layers were 

separated and the organic layer was washed with 1 M HCl (15 mL), and brine (10 mL). The organic 

layer was dried over MgSO4, filtered, and concentrated in vacuo. The residue was purified by column 

chromatography (3:1, cyclohexane/EtOAc) to yield the desired product 105 (3.1 g, 76%). 

Rf = 0.34 (3:1, cyclohexane/EtOAc). 

1H NMR (500 MHz, CDCl3) δ 7.37 – 7.14 (m, 20H, ArH), 5.07 (s, 2H, PhCH2), 4.70 (s, 1H, NH), 

3.15 (app. q, J = 6.6 Hz, 2H, CH2), 3.05 (t, J = 6.5 Hz, 2H, CH2), 1.66 – 1.56 (m, 2H, CH2), 1.49 – 

1.31 (m, 4H, 2 x CH2) ppm. 
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13C NMR (126 MHz, CDCl3) δ 156.5 (C=O), 144.5 (4°), 136.8 (4°), 128.8 (ArCH), 128.6 (ArCH), 

128.24 (ArCH), 128.19 (ArCH), 128.05 (ArCH), 128.03 (ArCH), 127.8 (ArCH), 127.4 (ArCH), 

127.0 (ArCH), 86.5 (CPh3), 66.7 (PhCH2), 63.4 (CH2), 41.1 (CH2), 29.9 (CH2), 29.8 (CH2), 23.6 

(CH2) ppm. 

 

Following a literature procedure,[193] NaH (60% in mineral oil, 0.34 g, 8.4 mmol) was added to a 

solution of 105 (3.1 g, 6.5 mmol) in anhydrous DMF (20 mL) at 0 °C under N2. The mixture was 

stirred for 15 min. BnBr (1.0 mL, 8.4 mmol) and TBAI (0.24 g, 0.65 mmol) were added at 0 °C and 

the reaction was warmed to rt and stirred for 1.5 h. When TLC analysis (3:1, cyclohexane/EtOAc) 

indicated formation of product (Rf = 0.64), the reaction was quenched with satd. aq. NH4Cl (20 mL) 

and diluted with EtOAc (40 mL). The layers were separated and the organic layer was washed with 

1 M HCl (15 mL), H2O (40 mL) and brine (20 mL). The organic layer was dried over Na2SO4, 

filtered, and concentrated in vacuo. The residue was purified by column chromatography (3:1, 

cyclohexane/EtOAc) to yield the desired product 106 (3.3 g, 90%). 

Rf = 0.64 (3:1, cyclohexane/EtOAc). 

1H NMR (500 MHz, CDCl3) δ 7.44 – 7.39 (m, 6H, ArH), 7.37 – 7.11 (m, 19H, ArH), 5.18 – 5.12 

(m, 2H, PhCH2), 4.50 – 4.42 (m, 2H, PhCH2), 3.28 – 3.13 (m, 2H, CH2), 3.06 – 2.96 (m, 2H, CH2), 

1.64 – 1.41 (m, 4H, 2 x CH2), 1.38 – 1.25 (m, 2H, CH2) ppm. 

13C NMR (126 MHz, CDCl3): mixture of rotamers: δ 156.9 (C=O), 156.31 (C=O), 144.6 (4°), 138.1 

(4°), 137.0 (4°), 128.8 – 127.0 (ArCH), 86.4 (CPh3), 67.3 (PhCH2), 63.5 (CH2), 50.5 (PhCH2), 50.2 

(PhCH2), 47.2 (CH2), 46.2 (CH2), 29.9 (CH2), 28.09, 27.73 (CH2), 23.7 (CH2) ppm. 

 

Following a literature procedure,[193] an aqueous solution of TFA (3%, 1.1 mL, 0.43 mmol) was 

added to a solution of trityl ether 106 (3.3 g, 5.8 mmol) in CH2Cl2 (37 mL) at rt. The reaction mixture 

was stirred for 3 h and quenched with satd. aq. NaHCO3 (5 mL). H2O (15 mL) was added and the 

layers were separated. The organic layer was dried over Na2SO4, filtered, and concentrated in vacuo. 

The residue was purified by column chromatography (3:1, cyclohexane/EtOAc) to yield the desired 

product 102 as a colourless oil (0.89 g, 47%). 

Rf = 0.14 (3:1, cyclohexane/EtOAc). 

1H NMR (500 MHz, CDCl3): mixture of rotamers δ 7.44 – 6.99 (m, 10H, ArH), 5.17 (app. d, J = 

14.6 Hz, 2H, PhCH2), 4.49 (app. d, J = 8.9 Hz, 2H, PhCH2), 3.67 – 3.42 (m, 2H, CH2), 3.33 – 3.10 

(m, 2H, CH2), 1.63 – 1.45 (m, 4H, 2 x CH2), 1.38 – 1.21 (m, 2H, CH2) ppm. 

13C NMR (126 MHz, CDCl3): mixture of rotamers: δ 156.7 (C=O), 156.4 (C=O), 138.0 (4°), 137.0 

(4°), 128.6 – 127.3 (ArCH), 67.3 (PhCH2), 62.7 (CH2), 50.6 (PhCH2), 50.3 (PhCH2), 47.1 (CH2), 

46.3 (CH2), 32.4 (CH2), 28.0 (CH2), 27.5 (CH2), 23.0 (CH2) ppm. 

NMR data were consistent with literature data.[193] 
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4.12 Investigation of TIDA compatibility with global benzylation conditions 

4-Trifluoromethylphenyl TIDA boronate (114) 

 

TIDA (0.60 g, 3.0 mmol) and 4-trifluoromethylphenylboronic acid 115 (0.67 g, 3.5 mmol) were 

suspended in MeCN (6 mL) in a crimp top vial. The vial was sealed, heated to reflux (120 °C) and 

stirred for 6 h. The reaction mixture was then filtered and concentrated in vacuo to a volume of 

approx. 2 mL. This solution was added dropwise to Et2O (10 mL) and cooled to 0 °C with stirring. 

The resulting slurry was stirred at 0 °C for 30 min and filtered. The precipitate was washed with H2O 

(5 mL) and Et2O (2 x 5 mL), and dried under suction to afford the desired product 114 as a white 

powder (0.77 g, 73%). 

Rf = 0.0 (1.5% MeOH in Et2O). 

Rf = 0.68 (EtOAc). 

1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 7.9 Hz, 2H, ArH), 7.59 (d, J = 8.0 Hz, 2H, ArH), 2.50 (s, 

3H, NCH3), 1.79 (br s, 6H, TIDA 2 x CH3), 1.53 (br s, 6H, TIDA 2 x CH3) ppm. 

13C NMR (101 MHz, CDCl3) δ 174.5 (C=O TIDA), 134.3 (ArCH), 131.4 (q, J = 32.2 Hz, CCF3), 

124.3 (q, J = 272.4 Hz, CF3), 124.6 (q, J = 3.8 Hz, ArCH), 37.4 (NCH3) ppm. 

19F NMR (376 MHz, CDCl3) δ -62.8 ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C16H19BF3NO4Na [M+Na]+ 380.1254; found: 380.1252. 

 

4.12.1 Stability test of TIDA boronate under sodium hydride conditions 

 

A 25 mL crimp top vial was flame-dried, sealed with a rubber septum and placed under 3 cycles of 

vacuum and N2. TIDA boronate 114 (50 mg, 0.14 mmol) and DMF (0.7 mL) were then added. NaH 

(60% in mineral oil, 30 mg, 0.73 mmol) was then added to the resulting solution. The suspension 

was stirred at rt before quenching with satd. aq. NH4Cl (1 mL) at specified time points (2, 4, 6 h 

respectively). The mixture was diluted with EtOAc (5 mL) and the layers were separated. The 

organic layer was washed with HCl (1 M, 5 mL), H2O (5 mL) and brine (5 mL), then dried over 
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anhydrous Na2SO4 and filtered. The solvent was removed in vacuo. The resulting residue was 

redissolved in CDCl3 (0.7 mL) and analysed by 1H-NMR spectroscopy. 

19F NMR (115) (376 MHz, cdcl3) δ -59.33. 

Analysis of 1H NMR spectra gave the following results: 

Time (h) 114 (%)a 115 (%)a 

2 0 100 

4 0 100 

6 0 100 

a measured by integration of 19F-NMR spectra 

 

4.12.2 Benzyl protection under non-basic conditions 

2,4,6-Tris(benzyloxy)-1,3,5-triazine (116) 

 

Following the literature procedure, [201] 1,3,5-trichloro-2,4,6-triazine (5.0 g, 27 mmol) was added 

portion-wise to a suspension of powdered NaOH (3.6 g, 91 mmol) in benzyl alcohol (25 mL, 0.24 

mol) at 0 °C. The suspension was stirred at 0 °C for 30 min, then heated to 50 °C and stirred at this 

temperature for 2 h. The mixture was cooled to 0 °C and H2O (10 mL) was added. The resulting 

suspension was stirred for 5 min then filtered. The precipitate was washed with MeOH (5 mL), H2O 

(3 x 10 mL), and MeOH (5 mL) in succession. The precipitate was dried to afford the desired product 

116 as a white powder (3.7 g, 34%). 

1H NMR (400 MHz, CDCl3) δ 7.51 – 7.25 (m, 15H, ArH), 5.45 (s, 6H, PhCH2) ppm. 

13C NMR (101 MHz, CDCl3) δ 173.0 (4°), 135.3 (Ph 4°), 128.5 (ArCH), 128.4 (ArCH), 128.3 

(ArCH), 69.9 (PhCH2) ppm. 

NMR data were consistent with literature data.[201] 

 

Benzyl 2,2,2-trichloroacetimidate (117) 

 

Following a literature procedure,[219] DBU (0.14 mL, 0.93 mmol) was added to a suspension of 

BnOH (0.96 mL, 9.3 mmol) and trichloroacetonitrile (1.0 mL, 10 mmol) in heptane (23 mL) at 0 °C. 

The reaction mixture was stirred for 30 min at which point a solution was formed. Satd. aq. NH4Cl 

(23 mL) was added and the layers were separated. The aqueous layer was washed with heptane (23 

mL) and the layers separated. The combined organic layers were washed with satd. aq. NH4Cl (23 
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mL), dried over anhydrous Na2SO4 and filtered. Solvent was removed in vacuo to yield the product 

117 as a yellow oil (2.33 g, quant.). 

1H NMR (400 MHz, CDCl3) δ 8.39 (br s, 1H, NH), 7.45 – 7.29 (m, 5H, ArH), 5.34 (s, 2H, PhCH2) 

ppm. 

13C NMR (101 MHz, CDCl3) δ 162.7 (C=NH), 135.6 (4°), 128.6 (ArCH), 128.4 (ArCH), 127.8 

(ArCH), 91.5 (CCl3), 70.8 (PhCH2) ppm. 

NMR data were consistent with literature data.[220] 

 

Methyl 2,3,4,6-tetra-O-benzyl-α-D-glucopyranoside (119) 

 

Following a modified literature procedure, [207] 42 (65 mg, 0.14 mmol) was dissolved in anhydrous 

CH2Cl2 (1.2 mL) in a flame-dried 25 mL crimp top vial under a N2 atmosphere. HMDS (30 µL, 0.14 

mmol) and TMSOTf (2.5 µL, 0.014 mmol) were then added sequentially at rt. The reaction mixture 

was stirred for 1 h at which time TLC (Rf = 0.76, 2:1, pentane/EtOAc) indicated reaction completion. 

The reaction mixture was concentrated in vacuo. 

The resulting residue was dissolved in anhydrous CH2Cl2 (1.2 mL) in a 25 mL crimp top vial charged 

with activated 4 Å molecular sieves under a N2 atmosphere. Benzaldehyde (17 µL, 0.17 mmol) and 

triethylsilane (28 µL, 0.17 mmol) were added and the mixture was stirred at rt for 30 min. The 

reaction was cooled to -78 °C and TMSOTf (2.5 µL, 10 mol%) was added. After stirring at -78 °C 

for 1 h, the reaction mixture was warmed to rt and stirred for 16 h. TLC analysis (2:1, 

pentane/EtOAc) indicated conversion of silylated intermediate and the reaction was quenched with 

satd. aq. NaHCO3 (2 mL) and diluted with CH2Cl2 (5 mL). The layers were separated and the organic 

layer was washed with satd. aq. NaHCO3 (5 mL). The organic layer was then washed with H2O (5 

mL) and brine (5 mL), then dried over anhydrous Na2SO4 and filtered. Solvent was removed in vacuo 

and purification by column chromatography (2:1, pentane/EtOAc) afforded the desired product 119 

as a colourless syrup (57 mg, 73%). 

Rf = 0.32 (2:1, pentane/EtOAc). 

1H NMR (500 MHz, CDCl3) 7.41 – 7.16 (m, 18H, ArH), 7.20 – 7.04 (m, 2H, ArH), 4.97 (d, J = 10.8 

Hz, 1H, PhCHH), 4.86 – 4.71 (m, 3H, 3 x PhCHH), 4.66 (d, J = 12.2 Hz, 1H, PhCHH), 4.63 (d, J = 

3.6 Hz, 1H, H-1), 4.60 (d, J = 12.1 Hz, 1H, PhCHH), 4.49 – 4.44 (m, 2H, 2 x PhCHH), 3.98 (t, J = 

9.3 Hz, 1H, H-3), 3.77 – 3.68 (m, 2H, H-5, H-6a), 3.65 – 3.59 (m, 2H, H-6b, H-4), 3.56 (dd, J = 9.7, 

3.6 Hz, 1H, H-2), 3.37 (s, 3H, OCH3) ppm. 
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13C NMR (126 MHz, CDCl3) δ 138.9 (4°), 138.4 (4°), 138.3 (4°), 138.0 (4°), 128.5 (ArCH), 128.5 

(ArCH), 128.45 (ArCH), 128.44 (ArCH), 128.2 (ArCH), 128.1 (ArCH), 127.99 (ArCH), 127.94 

(ArCH), 127.78 (ArCH), 127.75 (ArCH), 127.7 (ArCH), 98.3 (C-1), 82.2 (C-3), 79.9 (C-2), 77.8 (C-

4), 75.9 (PhCH2), 75.1 (PhCH2), 73.6 (PhCH2), 73.5 (PhCH2), 70.2 (C-5), 68.6 (C-6), 55.3 (OCH3) 

ppm. 

NMR data were consistent with literature data.[217,221] 

 

4.12.2.1 Global benzyl protection using benzyl 2,2,2-trichloroacetimidate 

 

Benzyl 2,2,2-trichloroacetimidate 117 (0.21 mL, 1.1 mmol) was added to a suspension of methyl α-

D-glucopyranoside (27 mg, 0.14 mmol) in anhydrous 1,4-dioxane (1.1 mL) in a 25 mL flame-dried 

crimp top vial under a N2 atmosphere. TfOH (25 µL, 0.28 mmol) was added and the reaction mixture 

was stirred at rt for 3 h. Once TLC analysis indicated formation of product (Rf = 0.32; 2:1, 

pentane/Et2O), the reaction was quenched with satd. aq. NaHCO3 (3 mL) and diluted with EtOAc (5 

mL). The layers were separated and the organic layer was washed with satd. aq. NaHCO3 (5 mL). 

The organic layer was then washed with H2O (5 mL) and brine (5 mL), then dried over anhydrous 

Na2SO4 and filtered. The solvent was removed in vacuo and purification by column chromatography 

(2:1, pentane/Et2O) afforded the product 119 as a colourless syrup (47 mg, 61%). 

NMR data were consistent with 119 above and literature data. [217,221] 

 

4.12.2.2 Global benzyl protection using 2,4,6-Tris(benzyloxy)-1,3,5-triazine 

 

A 25 mL crimp top vial was charged with 5 Å molecular sieves, flame-dried, sealed with a rubber 

septum and placed under 3 cycles of vacuum and N2. Methyl α-D-glucopyranoside (27 mg, 0.14 

mmol) and anhydrous 1,4-dioxane (2.8 mL) were then charged to the vial. 2,4,6-Tris(benzyloxy)-

1,3,5-triazine 116 (91 mg, 0.23 mmol) was added to the mixture followed by TfOH (10 µL, 0.11 

mmol). The reaction mixture was stirred for 1 h at rt after which 116 (46 mg, 0.12 mmol) was added. 

After stirring for a further 1 h, the reaction was quenched with NaOH (1M, 0.15 mL), filtered through 
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Celite and concentrated in vacuo. Purification by column chromatography (2:1, pentane/Et2O) 

afforded the product 119 as a colourless syrup (71 mg, 91%). 

NMR data were consistent with 119 above and literature data.[217,221] 

 

4.12.3 Stability test of TIDA boronate under acidic benzylation conditions 

 

Benzyl 2,2,2-trichloroacetimidate 117 (0.21 mL, 1.1 mmol) was added to a suspension of methyl α-

D-glucopyranoside (27 mg, 0.14 mmol) and 114 (50 mg, 0.14 mmol) in anhydrous 1,4-dioxane (1.1 

mL) in a 25 mL flame-dried crimp top vial under a N2 atmosphere. TfOH (25 µL, 0.28 mmol) was 

added and the reaction was stirred at rt for 3 h. The reaction was quenched with satd. aq. NaHCO3 

(3 mL) and diluted with EtOAc (5 mL). The layers were separated and the organic layer was washed 

with satd. aq. NaHCO3 (5 mL). The organic layer was washed with H2O (5 mL) and brine (5 mL), 

then dried over anhydrous Na2SO4 and filtered. The solvent was removed in vacuo. The residue was 

redissolved in CDCl3 and filtered using a syringe filter. The reaction was then analysed by 1H-NMR 

and 19F-NMR spectroscopy. The 1H-NMR spectrum showed complete conversion to 119 and the 19F-

NMR spectrum showed no hydrolysis of the TIDA marker with only 114 (100%) observed. 

 

A 25 mL crimp top vial was charged with 5 Å molecular sieves, flame-dried, sealed with a rubber 

septum and placed under 3 cycles of vacuum and N2. Methyl α-D-glucopyranoside (27 mg, 0.14 

mmol), 114 (50 mg, 0.14 mmol) and anhydrous 1,4-dioxane (2.8 mL) were then charged. 2,4,6-

Tris(benzyloxy)-1,3,5-triazine 116 (91 mg, 0.23 mmol) was added to the mixture followed by TfOH 

(10 µL, 0.11 mmol). The reaction mixture was stirred for 1 h at rt after which more 116 (46 mg, 0.12 

mmol) was added. After stirring for a further 1 h, the reaction was quenched with NaOH (1M, 0.15 

mL), filtered through Celite and concentrated in vacuo. The resulting residue was redissolved in 

CDCl3 and filtered using a syringe filter. The reaction was then analysed by 1H-NMR and 19F-NMR 
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spectroscopy. The 1H-NMR spectrum showed complete conversion to 119 and the 19F-NMR 

spectrum showed no hydrolysis of the TIDA marker with only 114 (100%) observed. 

4.12.4 Attempted global benzylation of thioglycosides 

 

_______________________________________________________________________________ 

 

Ethyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside (121) 

A 25 mL crimp top vial was flame-dried and placed under 3 cycles of vacuum and nitrogen. The vial 

was charged with glucose pentaacetate 65 (1.0 g, 2.6 mmol), ethanethiol (0.24 mL, 3.3 mmol) and 

anhydrous CH2Cl2 (5 mL). The solution was cooled to 0 °C and stirred for 20 min. BF3·OEt2 (0.42 

mL, 3.3 mmol) was then added dropwise at 0 °C. After addition, the reaction was removed from the 

cooling bath and stirred at rt for 5 h. Once TLC analysis (1:1, cyclohexane, EtOAc) showed full 

conversion of starting material, the reaction mixture was cooled to 0 °C, diluted with CH2Cl2 (10 

mL), and quenched with satd. aq. NaHCO3 (10 mL). The layers were separated and the organic layer 

was washed with satd. aq. NaHCO3 (5 mL). The organic layer was washed with H2O (5 mL) and 

brine (5 mL), then dried over anhydrous Na2SO4 and filtered. The solvent was removed in vacuo and 

purification by column chromatography (1:1, cylcohexane/EtOAc) afforded the desired product 121 

as a white solid (0.83 g, 81%). 

Rf = 0.55 (1:1, cyclohexane/EtOAc). 

1H NMR (500 MHz, CDCl3) δ 5.23 (t, J = 9.4 Hz, 1H), 5.12 – 5.01 (m, 2H), 4.50 (d, J = 10.1 Hz, 

1H, H-1), 4.25 (dd, J = 12.4, 5.0 Hz, 1H), 4.14 (dd, J = 12.3, 2.4 Hz, 1H), 3.71 (ddd, J = 10.1, 4.9, 

2.4 Hz, 1H), 2.79 – 2.63 (m, 2H, SCH2), 2.08 (s, 3H, OAc), 2.06 (s, 3H, OAc), 2.03 (s, 3H, OAc), 

2.01 (s, 3H, OAc), 1.28 (t, J = 7.5 Hz, 3H, SCH2CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 170.8 (C=O), 170.4 (C=O), 169.6 (C=O), 169.6 (C=O), 83.7, 76.0, 

74.1, 70.0, 68.5, 62.3, 24.3, 20.88, 20.87, 20.77, 20.74, 15.0 (CH3) ppm. 

NMR data were consistent with literature data.[222] 

 

Ethyl 1-thio-β-D-glucopyranoside (120) 

 

Sodium carbonate (64 mg, 0.6 mmol) was added to a suspension of acetylated sugar 121 (0.8 g, 2.0 

mmol) in MeOH (10 mL). The reaction mixture was stirred at rt for 2 h. Once TLC (1:1, 

cyclohexane/EtOAc) showed full consumption of starting material the solution was neutralised using 
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Amberlite IR-120 H form until pH = 7, and filtered. Concentration in vacuo gave the deacetylated 

product 120 which was used directly in the next step without further purification. 

 

Attempted synthesis of ethyl 2,3,4,6-tetra-O-benzyl-1-thio-β-D-glucopyranoside (123) 

 

Benzyl 2,2,2-trichloroacetimidate 117 (0.21 mL, 1.1 mmol) was added to a suspension of 120 (31 

mg, 0.14 mmol) and 114 (50 mg, 0.14 mmol) in anhydrous solvent (1,4-dioxane or CH2Cl2, 1.1 mL) 

in a 25 mL flame-dried crimp top vial under a N2 atmosphere. TfOH (25 µL, 0.28 mmol) was added 

and the reaction mixture was stirred at rt for 3 h. TLC analysis (9:1, cyclohexane/EtOAc) showed no 

conversion of starting material. 

 

A 25 mL crimp top vial was charged with 5 Å molecular sieves, flame-dried, sealed with a rubber 

septum and placed under 3 cycles of vacuum and N2. 120 (31 mg, 0.14 mmol), and anhydrous solvent 

(1,4-dioxane or CH2Cl2, 2.8 mL) were then charged. 2,4,6-Tris(benzyloxy)-1,3,5-triazine 116 (91 

mg, 0.23 mmol) was added to the mixture followed by TfOH (10 µL, 0.11 mmol). The reaction 

mixture was stirred for 1 h at rt after which 116 (46 mg, 0.12 mmol) was added. TLC analysis (9:1, 

cyclohexane/EtOAc) showed no conversion of starting material. 

4.13 Investigation of tagged donors in glycosylation reactions 

General procedure F: Glycosylation of Thioglycoside Donors 

 

A 25 mL crimp top vial was charged with 5 Å molecular sieves, flame-dried, sealed with a rubber 

septum and placed under 3 cycles of vacuum and nitrogen. The vial was then charged with donor 

(1.2 equiv.) and acceptor (1 equiv.), followed by anhydrous CH2Cl2 (0.02 M wrt acceptor). The 

mixture was cooled to -20 °C and stirred at this temperature for 5 min. NIS (1.2 equiv.) and TMSOTf 

(50 mol%) were then added. The reaction mixture was stirred at -20 °C for 1 h before being slowly 
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warmed to rt and stirred for 15 h. After TLC confirmation of reaction completeness, the reaction was 

quenched with NEt3 (2.3 equiv.). The reaction mixture was diluted with CH2Cl2 and washed with 

H2O and brine. The organic layer was dried over anhydrous Na2SO4 and filtered. The solvent was 

removed in vacuo and purification by flash column chromatography afforded the product. 

 

Methyl (2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranosyl)-(1→6)-2,3,4-tri-O-benzyl-α-D-

glucopyranoside (43) 

 

Disaccharide 43 was synthesised via general procedure F using donor 38 (14 mg, 0.036 mmol) and 

acceptor 42 (14 mg, 0.030 mmol). Purification by column chromatography (3:1, pentane/EtOAc) 

afforded the product 43 as a colourless oil (15 mg, 60%, α/β = 2:1). 

Rf = 0.57 (3:1, pentane/EtOAc). 

α-anomer  

1H NMR (400 MHz, CDCl3): δ 7.39–7.18 (m, 33H, ArH), 7.16–7.08 (m, 2H, ArH), 4.98 (d, J = 3.5 

Hz, 1H, H-1), 4.96 (d, J = 10.6 Hz, 1H, PhCHH), 4.93 (d, J = 9.7 Hz, 1H, PhCHH), 4.91 (d, J = 10.4 

Hz, 1H, PhCHH), 4.82 (d, J = 11.0 Hz, 1H, PhCHH), 4.80 (d, J = 10.8 Hz, 1H, PhCHH), 4.77 (d, J 

= 10.9 Hz, 1H, PhCHH), 4.70 (d, J = 12.1 Hz, 1H, PhCHH), 4.66 (s, 2H, 2 × PhCHH), 4.64 (d, J = 

11.3 Hz, 1H, PhCHH), 4.57 (d, J = 12.0 Hz, 2H, 2 × PhCHH), 4.55 (d, J = 3.2 Hz, 1H, H-1’), 4.45 

(d, J = 11.0 Hz, 1H, PhCHH), 4.41 (d, J = 12.1 Hz, 1H, PhCHH), 3.99 (d, J = 9.5 Hz, 1H, H-3’), 

3.94 (d, J = 9.5 Hz, 1H, H-3), 3.85–3.74 (m, 3H, H6a’, H-5, H-5’), 3.71 (d, J = 11.1 Hz, 1H, H-6b’), 

3.68–3.59 (m, 3H, H-6a, H-4, H-4’), 3.57– 3.53 (m, 1H, H-6b), 3.53 (dd, J = 9.5, 3.6 Hz, 1H, H-2), 

3.44 (dd, J = 9.6, 3.6 Hz, 1H, H-2’), 3.35 (s, 3H, OCH3) ppm. 

13C NMR (101 MHz, CDCl3): δ 138.96 (4°), 138.95 (4°), 138.61 (4°), 138.58 (4°), 138.56 (4°), 138.3 

(4°), 138.1 (4°), 128.54 (ArCH), 128.46 (ArCH), 128.44 (ArCH), 128.41 (ArCH), 128.14 (ArCH), 

128.14 (ArCH), 128.11 (ArCH), 128.01 (ArCH), 127.97 (ArCH), 127.87 (ArCH), 127.84 (ArCH), 

127.77 (ArCH), 127.75 (ArCH), 127.71 (ArCH), 127.68 (ArCH), 127.66 (ArCH), 127.63 (ArCH), 

98.1 (C-1’), 97.4 (C-1), 82.3 (C-3’), 81.8 (C-3), 80.3 (C-2’), 80.1 (C-2), 77.9 (C-4/4’), 77.8 (C-4/4’), 

75.85 (PhCH2), 75.6 (PhCH2), 75.1 (PhCH2), 75.0 (PhCH2), 73.55 (PhCH2), 73.51 (PhCH2), 72.5 

(PhCH2), 70.5 (C-5’), 70.4 (C-5), 68.6 (C-6), 66.2 (C-6’), 55.3 (OCH3) ppm. 
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β-anomer 

1H NMR (400 MHz, CDCl3) selected signals: δ 3.38 (s, 3H, OCH3) ppm. 

NMR data were consistent with literature data.[106] 

 

Methyl (2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-(1→6)-2,3,4-tri-O-benzyl-α-D-

glucopyranoside (84) 

 

Disaccharide 84 was synthesised via general procedure F using donor 78 (86 mg, 0.094 mmol) and 

acceptor 42 (36 mg, 0.078 mmol). Purification by column chromatography (3:1, pentane/EtOAc) 

afforded the disaccharide 84 as a white foam (65 mg, 80%, β/α >95:5). 

 

Disaccharide 84 was also synthesised via general procedure F using donor 79 (54 mg, 0.084 mmol) 

and acceptor 42 (33 mg, 0.070 mmol). Purification by column chromatography (3:1, pentane/EtOAc) 

afforded the disaccharide 84 as a white foam (59 mg, 81%, β/α >95:5). 

Rf = 0.37 ((3:1, pentane/EtOAc), 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 8.08 (dd, J = 8.3, 1.3 Hz, 2H, ArH), 8.01 (dd, J = 8.3, 1.4 Hz, 2H, 

ArH), 7.88 (dd, J = 8.4, 1.4 Hz, 2H, ArH), 7.76 (dd, J = 8.4, 1.3 Hz, 2H, ArH), 7.64 – 7.58 (m, 1H, 

ArH), 7.58 – 7.51 (m, 1H, ArH), 7.51 – 7.44 (m, 2H, ArH), 7.43 – 7.36 (m, 4H, ArH), 7.33 – 7.20 

(m, 17H, ArH), 7.13 – 7.10 (m, 2H, ArH), 5.97 (dd, J = 3.5, 1.2 Hz, 1H, H-4’), 5.84 (dd, J = 10.4, 

7.9 Hz, 1H, H-2’), 5.59 (dd, J = 10.4, 3.5 Hz, 1H, H-3’), 4.89 (d, J = 10.9 Hz, 1H, PhCHH), 4.75 (d, 

J = 8.0 Hz, 1H, H-1’), 4.73 – 4.63 (m, 3H, 2 x PhCHH, H-6a’), 4.60 – 4.53 (m, 2H, PhCHH), 4.50 

(d, J = 3.5 Hz, 1H, H-1), 4.42 – 4.35 (m, 2H, PhCHH, H-6b’), 4.27 – 4.17 (m, 2H, H-5’, H-6a), 3.89 

(t, J = 9.2 Hz, 1H, H-3), 3.77 – 3.72 (m, 2H, H-5, H-6b), 3.42 – 3.33 (m, 2H, H-2, H-4), 3.20 (s, 3H, 

OCH3) ppm. 
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13C NMR (126 MHz, CDCl3) δ 166.1 (C=O), 165.8 (C=O), 165.7 (C=O), 165.3 (C=O), 138.9 (4°), 

138.4 (4°), 138.3 (4°), 133.7 (ArCH), 133.4 (ArCH), 133.3 (ArCH), 130.2 (ArCH), 129.9 (ArCH), 

129.8 (ArCH), 129.5 (4°), 129.4 (4°), 129.2 (4°), 128.8 (4°), 128.7 (ArCH), 128.6 (ArCH), 128.56 

(ArCH), 128.5 (ArCH), 128.48 (ArCH), 128.4 (ArCH), 128.2 (ArCH), 128.0 (ArCH), 127.98 

(ArCH), 127.81 (ArCH), 127.7 (ArCH), 127.6 (ArCH), 102.1 (C-1’), 98.0 (C-1), 82.0 (C-3), 80.0 

(C-2), 77.6 (C-4), 75.6 (PhCH2), 74.8 (PhCH2), 73.5 (PhCH2), 71.8 (C-3’), 71.5 (C-5’), 69.9 (C-5), 

69.7 (C-2’), 68.8 (C-6), 68.2 (C-4’), 62.0 (C-6’), 55.1 (OCH3) ppm. 

NMR data were consistent with literature data.[223] 

 

4.13.1 Competition glycosylation between donors 78 and 79 

 

A 25 mL crimp top vial was charged with 5 Å molecular sieves, flame-dried, sealed with a rubber 

septum and placed under 3 cycles of vacuum and nitrogen. Donor 78 (20 mg, 0.022 mmol), donor 

79 (14 mg, 0.022 mmol) and acceptor 42 (10 mg, 0.022 mmol) were then charged, followed by 

anhydrous CH2Cl2 (1.1 mL). The mixture was cooled to -20 °C and stirred at this temperature for 5 

min. NIS (5 mg, 0.022 mmol) and TMSOTf (2 µL, 0.011 mmol) were then added. The reaction was 

stirred at -20 °C for 1 h before being slowly warmed to rt and stirred for 15 h. The reaction mixture 

was then concentrated under a stream of N2, redissolved in CDCl3 (0.7 mL) and filtered using a 

syringe filter. The reaction was then analysed by 1H-NMR spectroscopy to determine compound 

ratios (84:79:78, 53%:25%:22%). 
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4.14 Synthesis of trisaccharide 98 

 

_________________________________________________________________________________________________ 

Methyl (6-O-benzyl-3-O-levulinoyl-2-deoxy-2-(2,2,2-trichloroacetamido)-β-D-

glucopyranosyl)-(1→6)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (97) 

 

A 25 mL crimp top vial was charged with 5 Å molecular sieves, flame-dried, sealed with a rubber 

septum and placed under 3 cycles of vacuum and nitrogen. Donor 89 (75 mg, 0.070 mmol) and 

acceptor 42 (44 mg, 0.094 mmol) were then charged, followed by anhydrous CH2Cl2 (4 mL). The 

mixture was cooled to -20 °C and stirred at this temperature for 5 min. NIS (21 mg, 0.094 mmol) 

and TMSOTf (6 µL, 0.04 mmol) were then added. The reaction was stirred at -20 °C for 1 h before 

being slowly warmed to rt and stirred for 15 h. After TLC confirmation of reaction completeness 

(4:1, EtOAc/pentane), the reaction was quenched with NEt3 (22 µL, 0.16 mmol). The reaction 

mixture was diluted with CH2Cl2 (5 mL) and washed with H2O (5 mL) and brine (5 mL). The organic 

layer was dried over anhydrous Na2SO4, filtered and concentrated in vacuo.  
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The resulting residue was dissolved in 20% piperidine/DMF (1 mL) and stirred at rt for 30 

min. The reaction was then diluted with EtOAc (5 mL) and washed with H2O (5 mL) and brine (5 

mL). The organic layer was dried over anhydrous Na2SO4, filtered and concentrated in vacuo. 

Purification by flash column chromatography (1:1, pentane/EtOAc) afforded the desired product 97 

(48 mg, 71% over 2 steps, (>90:10, 97 vs other diastereomer(s))).  

Rf = 0.13 ((1:1, pentane/EtOAc), 15-20% H2SO4 in EtOH). 

1H NMR (600 MHz, CDCl3) δ 7.35 – 7.23 (m, 20H, ArH), 6.75 (d, J = 8.9 Hz, 1H, NH), 5.10 (dd, J 

= 10.9, 8.9 Hz, 1H, H-3’), 4.96 (d, J = 11.0 Hz, 1H, PhCHH), 4.82 (d, J = 11.3 Hz, 1H, PhCHH), 

4.77 (d, J = 11.1 Hz, 1H, PhCHH), 4.74 (d, J = 12.1 Hz, 1H, PhCHH), 4.64 – 4.53 (m, 5H, 4 x 

PhCHH, H-1), 4.34 (d, J = 8.2 Hz, 1H, H-1’), 4.05 (dd, J = 10.7, 2.1 Hz, 1H, H-6a’), 3.99 – 3.91 (m, 

2H, H-3, H-2’), 3.79 – 3.68 (m, 4H, H-6a, H-6b, H-4’, H-5’), 3.59 (dd, J = 10.7, 4.5 Hz, 1H, H-6b’), 

3.54 – 3.44 (m, 4H, H-2, H-4, H-5), 3.37 (s, 1H, OH), 3.33 (s, 3H, OCH3), 2.82 – 2.69 (m, 2H, Lev 

CH2), 2.57 (ddd, J = 16.7, 8.2, 5.3 Hz, 1H, Lev CHH), 2.46 (ddd, J = 16.7, 6.7, 5.3 Hz, 1H, Lev 

CHH), 2.15 (s, 3H, Lev CH3) ppm. 

13C NMR (151 MHz, CDCl3) δ 207.7 (Lev CH3C=O), 173.4 (Lev CH2CO2), 161.9 (TCA C=O), 

139.0 (4°), 138.6 (4°), 138.2 (4°), 137.9 (4°), 128.60 (ArCH), 128.58 (ArCH), 128.57 (ArCH), 128.4 

(ArCH), 128.3 (ArCH), 128.1 (ArCH), 128.0 (ArCH), 127.98 (ArCH), 127.9 (ArCH), 127.8 (ArCH), 

127.79 (ArCH), 127.6 (ArCH), 100.6 (C-1’), 98.0 (C-1), 92.5 (CCl3), 82.2 (C-3), 79.9 (C-2), 77.3 

(C-4/C-5), 75.6 (PhCH2), 75.3 (C-3’), 74.7 (PhCH2), 74.69 (C-4/C-5), 73.8 (PhCH2), 73.5 (PhCH2), 

70.4 (C4’/C-5’), 70.0 (C-6), 69.5 (C4’/C-5’), 67.9 (C-6’), 55.6 (C-2’), 55.4 (OCH3), 38.4 (Lev CH2), 

29.9 (Lev CH3), 28.3 (Lev CH2) ppm. 

α anomer (selected signal) 

1H NMR (600 MHz, CDCl3) δ 5.42 (d, J = 3.8 Hz, 1H) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C48H54Cl3NO13Na [M+Na]+: 982.2537; found: 982.2537. 
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Methyl (2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-(1→4)-(6-O-benzyl-3-O-levulinoyl-2-

deoxy-2-(2,2,2-trichloroacetamido)-β-D-glucopyranosyl)-(1→6)-2,3,4-tri-O-benzyl-α-D-

glucopyranoside (86) 

 

Trisaccharide 86 was synthesised via general procedure F using donor 78 (24 mg, 0.038 mmol) and 

acceptor 97 (31 mg, 0.032 mmol). Purification by column chromatography (2:1, pentane/EtOAc) 

afforded 86 as a white foam (32 mg, 65%, (3.6:1, 86 vs other diastereomer(s))). 

Rf = 0.17 ((2:1, pentane/EtOAc), 15-20% H2SO4 in EtOH). 

β anomer: 

1H NMR (600 MHz, CDCl3) δ 8.08 – 8.02 (m, 4H, ArH), 7.89 – 7.85 (m, 2H, ArH), 7.77 – 7.73 (m, 

2H, ArH), 7.64 – 7.56 (m, 2H, ArH), 7.54 – 7.46 (m, 6H, ArH), 7.44 – 7.18 (m, 24H, ArH), 6.76 (d, 

J = 8.7 Hz, 1H, NH), 5.89 (d, J = 3.5 Hz, 1H, H-4’’), 5.66 (dd, J = 10.4, 8.0 Hz, 1H, H-2’’), 5.42 

(dd, J = 10.4, 3.4 Hz, 1H, H-3’’), 5.22 (dd, J = 10.5, 8.7 Hz, 1H, H-3’), 4.96 (d, J = 11.0 Hz, 1H, 

PhCHH), 4.85 – 4.70 (m, 4H, 3 x PhCHH, H-1’’), 4.67 – 4.50 (m, 5H, 3 x PhCHH, H-1, H-6a’’), 

4.45 (dd, J = 11.3, 6.4 Hz, 1H, H-6b’’), 4.34 – 4.28 (m, 2H, PhCHH, H-1’), 4.14 – 4.01 (m, 2H, H-

5’’, H-4’), 3.99 – 3.93 (m, 2H, H-6a, H-3), 3.91 – 3.85 (m, 1H, H-2’), 3.70 (ddd, J = 10.0, 4.7, 2.1 

Hz, 1H, H-5), 3.64 (dd, J = 11.5, 3.6 Hz, 1H, H-6a’), 3.53 – 3.44 (m, 3H, H-6b, H-6b’, H-2), 3.42 (t, 

J = 9.4 Hz, 1H, H-4), 3.33 (s, 3H, OCH3), 3.26 (dt, J = 9.5, 2.7 Hz, 1H, H-5’), 2.67 – 2.54 (m, 4H, 

Lev CH2), 1.98 (s, 3H, Lev CH3) ppm. 

13C NMR (151 MHz, CDCl3) δ 205.9 (Lev CH3C=O), 172.6 (Lev CH2CO2), 166.1 (Bz C=O), 165.54 

(Bz C=O), 165.53 (Bz C=O), 164.86 (Bz C=O), 161.8 (TCA C=O), 139.0 (4°), 138.6 (4°), 138.2 

(4°), 138.0 (4°), 133.7 (ArCH), 133.6 (ArCH), 133.55 (ArCH), 133.4 (ArCH), 130.1 (ArCH), 129.86 

(ArCH), 129.85 (ArCH), 129.8 (ArCH), 129.5 (4°), 129.17 (4°), 129.16 (4°), 128.80 (ArCH), 128.77 

(ArCH), 128.66 (ArCH), 128.64 (ArCH), 128.58 (ArCH), 128.56 (ArCH), 128.44 (ArCH), 128.41 

(ArCH), 128.30 (ArCH), 128.25 (ArCH), 128.1 (ArCH), 128.0 (ArCH), 127.96 (ArCH), 127.8 

(ArCH), 127.6 (ArCH), 100.7 (C-1’’), 100.6 (C-1’), 98.0 (C-1), 92.4 (CCl3), 82.2 (C-3), 79.9 (C-2), 

77.4 (C-4), 75.6 (PhCH2), 74.86 (C-4’) , 74.83 (C-5’), 74.7 (PhCH2), 73.6 (PhCH2), 73.4 (PhCH2), 

72.2 (C-3’), 71.8 (C-3’’), 71.4 (C-5’’), 70.1 (C-2’’), 69.7 (C-5), 68.07 (C-4’’), 68.04 (C-6), 67.4 (C-

6’), 61.9 (C-6’’), 56.2 (C-2’), 55.4 (OCH3), 37.8 (Lev CH2), 29.7 (Lev CH3), 28.0 (Lev CH2) ppm. 
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α anomer (selected signal) 

1H NMR (600 MHz, CDCl3) δ 5.82 (d, J = 3.6 Hz, 1H) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C82H80Cl3NO22Na [M+Na]+: 1560.4131; found: 1560.4118. 

 

Methyl (2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-(1→4)-(6-O-benzyl-2-deoxy-2-(2,2,2-

trichloroacetamido)-β-D-glucopyranosyl)-(1→6)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (98) 

 

Following a modified literature procedure,[224] hydrazine solution (premixed solution of 

H2NNH2·H2O (35 μL), pyridine (0.42 mL), AcOH (0.28 mL)) was added to a stirred solution of 

trisaccharide 86 (32 mg, 0.021 mmol) in CH2Cl2 (1.4 mL) and pyridine (1.4 mL) at 0 °C. After 

stirring at 0 °C for 2 h, the reaction mixture was diluted with CH2Cl2 (10 mL) and washed 

successively with HCl (1 M, 5 mL) and satd. aq. NaHCO3 (5 mL). The organic layer was dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo. Purification by column chromatography (3:2, 

pentane/EtOAc) afforded the product as a white foam (21 mg, 70%, 5:1, 98 vs other diastereomers). 

Rf = 0.50 ([3:2, pentane/EtOAc], 15-20% H2SO4 in EtOH). 

1H NMR (500 MHz, CDCl3) δ 8.09 – 8.02 (m, 4H, ArH), 7.97 – 7.92 (m, 2H, ArH), 7.77 – 7.74 (m, 

2H, ArH), 7.65 – 7.60 (m, 1H, ArH), 7.58 – 7.35 (m, 12H, ArH), 7.34 – 7.15 (m, 19H, ArH), 6.69 

(d, J = 7.9 Hz, 1H, NH), 5.95 (d, J = 3.7 Hz, 1H, H-4’’), 5.81 (dd, J = 10.5, 8.0 Hz, 1H, H-2’’), 5.55 

(dd, J = 10.5, 3.5 Hz, 1H, H-3’’), 4.96 (d, J = 11.1 Hz, 1H, PhCHH), 4.87 – 4.71 (m, 4H, H-1’’, 3 x 

PhCHH), 4.65 – 4.59 (m, 3H, H-6a’’, H-1’, PhCHH), 4.57 – 4.41 (m, 3H, H-6b’’, H-1, PhCHH), 

4.34 – 4.29 (m, 2H, H-5’’, PhCHH), 4.16 – 4.07 (m, 2H, CH, PhCHH), 4.02 – 3.93 (m, 2H, CH, 

CHH), 3.76 – 3.69 (m, 2H, 2 x CH), 3.63 – 3.55 (m, 2H, CH, CHH), 3.50 – 3.43 (m, 3H, H-2, CH, 

CHH), 3.41 – 3.35 (m, 2H, CH, CHH), 3.34 (s, 3H, OCH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 166.3 (Bz C=O), 165.54 (Bz C=O), 165.53 (Bz C=O), 165.1 (Bz 

C=O), 161.8 (TCA C=O), 139.0 (4°), 138.5 (4°), 138.28 (4°), 138.25 (4°), 133.9 (ArCH), 133.8 

(ArCH), 133.6 (ArCH), 133.5 (ArCH), 130.2 (ArCH), 130.1 (ArCH), 129.94 (ArCH), 129.88 

(ArCH), 129.7 (4°), 129.2 (4°), 129.0 (4°), 128.9 (ArCH), 128.7 (ArCH), 128.7 (ArCH), 128.56 

(ArCH), 128.54 (ArCH), 128.5 (ArCH), 128.47 (ArCH), 128.4 (ArCH), 128.3 (ArCH), 128.1 

(ArCH), 128.0 (ArCH), 127.9 (ArCH), 127.86 (ArCH), 127.81 (ArCH), 127.79 (ArCH), 102.0 (C-

1’’), 100.0 (C-1’), 98.1 (C-1), 92.7 (CCl3), 82.2 (CH), 81.9 (CH), 79.8 (CH), 77.6 (CH), 75.6 

(PhCH2), 74.9 (PhCH2), 74.1 (CH), 73.5 (PhCH2), 73.2 (PhCH2), 72.4 (C-5’’), 71.5 (C-3’’), 71.1 

(CH), 69.7 (C-2’’), 69.67 (CH), 68.1 (C-4’’), 67.9 (CH2), 62.6 (C-6’’), 58.3 (CH), 55.4 (OCH3) ppm. 
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α anomer (selected signal) 

1H NMR (500 MHz, CDCl3) δ 5.74 (dd, J = 10.4, 3.7 Hz, 1H) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C77H74Cl3NO20Na [M+Na]+: 1462.3760; found: 1462.3767. 

4.15 Recovery of thiol 58 following glycosylation 

 
_______________________________________________________________________________ 

 

((Disulfanediylbis(ethane-2,1-diyl))bis(4,1-phenylene))diboronic acid TIDA ester (85) 

 

Donor 78 (54 mg, 0.058 mmol) and acceptor (33 mg, 0.070 mmol) were reacted following general 

procedure F. Following FCC isolation of the product and excess acceptor, disulfide 85 was obtained 

by “flush” (EtOAc) of the silica column. The product was isolated as a white foam (16 mg, 80%). 

1H NMR (500 MHz, CDCl3) δ 7.47 (d, J = 8.0 Hz, 4H, ArH), 7.15 (d, J = 8.0 Hz, 4H, ArH), 2.99 – 

2.93 (m, 4H, 2 x CH2), 2.93 – 2.88 (m, 4H, 2 x CH2), 2.45 (s, 6H, 2 x NCH3), 1.77 (br s, 12H, TIDA 

4 x CH3), 1.51 (br s, 12H, TIDA 4 x CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 174.9 (C=O), 141.2 (4° C), 134.3 (ArCH), 128.2 (ArCH), 40.1 

(CH2), 37.5 (NCH3), 35.6 (CH2) ppm. 

HRMS (ESI-TOF) m/z: Calc’d for C34H50B2N3O8S2 [M+NH4]+: 714.3232; found: 714.3231. 
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Following a modified literature procedure,[225] PPh3 (13 mg, 0.050 mmol) was added to a solution of 

disulfide 85 (16 mg, 0.023 mmol) in THF (0.5 mL). The solution was stirred at rt for 2 h. H2O (50 

µL) was added and the reaction mixture was then stirred at rt for 16 h. Once TLC analysis (4:1, 

EtOAc/pentane) indicated conversion of starting material, the reaction mixture was diluted with 

CH2Cl2 (5 mL) and dried over anhydrous Na2SO4, filtered and concentrated in vacuo. Purification 

by a silica plug (diameter x depth: 4 x 5 cm, 1.5% MeOH/Et2O then 100% EtOAc) gave 58 as a 

white powder (15 mg, 93%). 

NMR data were consistent with those of 58 following its synthesis (Section 4.4). 
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6.1 Selected NMR Spectra 

1H NMR (500 MHz, CDCl3, rt): 57 

 

13C NMR (126 MHz, CDCl3, rt): 57 
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1H NMR (500 MHz, CDCl3, -50 °C): 57 

 

13C NMR (126 MHz, CDCl3, -50 °C): 57 
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1H NMR (500 MHz, CD3CN): 75 

 

13C NMR (126 MHz, CD3CN): 75 
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1H NMR (400 MHz, CDCl3): 62 

 

13C NMR (101 MHz, CDCl3): 62 
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1H NMR (400 MHz, CDCl3): 64 

 

13C NMR (101 MHz, CDCl3): 64
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1H NMR (400 MHz, CDCl3): 58 

 

13C NMR (00 MHz, CDCl3): 58 
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1H NMR (500 MHz, CD3CN): 34 

 

13C NMR (126 MHz, CD3CN): 34 
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1H NMR (500 MHz, CD3CN): 21 

 

13C NMR (126 MHz, CD3CN): 21 

 



Appendix 

161 

 

1H NMR (400 MHz, CDCl3): 22 

 

13C NMR (101 MHz, CDCl3): 22 
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1H NMR (400 MHz, CDCl3): 38 

 

13C NMR (101 MHz, CDCl3): 38 
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1H NMR (500 MHz, CDCl3): 71 

 

13C NMR (126 MHz, CDCl3): 71 
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1H NMR (400 MHz, CDCl3): 72 

 

13C NMR (126 MHz, CDCl3): 72 
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1H NMR (500 MHz, CDCl3): 73 

 

13C NMR (126 MHz, CDCl3): 73 
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1H NMR (500 MHz, CDCl3): 90 

 

13C NMR (126 MHz, CDCl3): 90 
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1H NMR (500 MHz, CDCl3): 107 

 

13C NMR (126 MHz, CDCl3): 107 
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1H NMR (500 MHz, CDCl3): 100 

 

13C NMR (126 MHz, CDCl3): 100 
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1H NMR (500 MHz, CDCl3): 91 

 

13C NMR (126 MHz, CDCl3): 91 
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1H NMR (500 MHz, CDCl3): 110 

 

13C NMR (126 MHz, CDCl3): 110 
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1H NMR (500 MHz, CDCl3): 111 

 

13C NMR (126 MHz, CDCl3): 111 
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1H NMR (500 MHz, CDCl3): 92 

 

13C NMR (126 MHz, CDCl3): 92 
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1H NMR (500 MHz, CDCl3): 94 

 

13C NMR (126 MHz, CDCl3): 94 
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1H NMR (500 MHz, CDCl3): 95 

 

13C NMR (126 MHz, CDCl3): 95 
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1H NMR (500 MHz, CDCl3): 89 

 

13C NMR (126 MHz, CDCl3): 89 
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1H NMR (500 MHz, CDCl3): 78 

 

13C NMR (126 MHz, CDCl3): 78 
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1H NMR (400 MHz, CDCl3): 114 

 

13C NMR (101 MHz, CDCl3): 114 
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1H NMR (500 MHz, CDCl3): 84 

 

13C NMR (126 MHz, CDCl3): 84 

 

 



Appendix 

179 

 

1H NMR (600 MHz, CDCl3): 97 

 

13C NMR (151 MHz, CDCl3): 97 
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1H NMR (600 MHz, CDCl3): 86 

 

13C NMR (151 MHz, CDCl3): 86 
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1H NMR (500 MHz, CDCl3): 98 

 

13C NMR (126 MHz, CDCl3): 98 
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1H NMR (500 MHz, CDCl3): 85 

 

13C NMR (126 MHz, CDCl3): 85 

 

 


