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Summary 

 
Carbohydrates are one of the most abundant biomolecules on earth. These molecules 

range from single monomers such as glucose, measuring 180 Da, that serve as a basic energy 

source of plants and animals, to hundreds or even thousands of monomers joined together 

to form gigantic polymeric structures such as cellulose that are a staggering >15 kDa 

forming the structural backbones of plant cell walls. In addition to providing energy and 

structure, carbohydrates also serve fundamental biological functions such as cell-cell 

signaling, cell recognition, and signaling pathways. Extracting carbohydrates from nature is 

a tedious biochemical and enzymatic process often resulting in mixtures of compounds. The 

chemical synthesis of carbohydrates provides the opportunity to obtain defined chemical 

structures to aid in understanding the specific roles, their functional relationships, and 

advancing the field of carbohydrate research.  

However, the mechanism behind the formation of the glycosidic bond, and critically 

the control over the stereoselectivity, is one of the central challenges in organic chemistry 

dating back to the seminal paper of Fischer in 1893. This bond formation joins two 

monomers into a disaccharide. Many factors including the temperature, nature of solvent, 

water content, reaction time, and stoichiometry potentially influence the yield and 

stereochemical outcome of the reaction. To date no a systematic study of these factors has 

been pursued. Compounding the problem is the irreproducibility of the reaction, which 

stems from the sensitivity and lack of control over the reaction conditions. Flow chemistry 

and automation provides significant promise in control and reproducibility of chemical 

reactions.  

Hence, in this thesis, a fully automated flow chemical platform was built for the 

exhaustive study of glycosylation reactions, systematically interrogating the factors and 

reaction conditions influencing the yield and stereochemical outcome of glycosylation. The 

thesis, divided into six chapters, introduces the challenges in understanding the mechanism 

of glycosylation, before describing the tools utilized to address the challenges, an automated 

flow chemical platform for studying chemical glycosylation and the development of 

Random Forest based machine learning model for predicting the stereoselectivity of 

glycosylation reaction.  
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Chapter 1 introduces the problem of understanding the glycosylation mechanism, 

the identity of the various factors affecting the selectivity of glycosylation, and the relevant 

flow chemical approach to obtain greater control over the reaction. Chapter 2 introduces 

methodologies details and the design of the automated flow platform for interrogating and 

controlling glycosylations. The detailed application of this machine, along with systematic 

interrogation of various factors influencing the stereochemical outcome, is described in 

Chapter 3. This systematic study led to a high degree of stereoselective control of a model 

glycosylation and allowed for our comprehensive empirical understanding of the 

glycosylation mechanism. Additionally, for the first time, more than 300 reproducible data 

points systematically populating the relevant chemical space were generated. This allowed 

for the application of  Random Forest based machine learning algorithm for creating a model 

capable of predicting the stereoselectivity of glycosylations, described in detail in Chapter 

4 of this thesis. The research concluded in Chapter 5 and an outlook on the immediate future 

work is suggested. All the experimental data described in this thesis is given in Chapter 6. 
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Zusammenfassung 
 

Kohlenhydrate sind die am weitesten verbreiteten Biomoleküle auf der Erde. Diese 

Moleküle können von einem einzigen Monomer wie Glucose, welche als grundlegende 

Energiequelle für Pflanzen und Tiere dient, bis hin zu Hunderten oder Tausenden Monomeren 

reichen, welche riesige Polymerstrukturen wie Zellulose bilden, die das strukturelle Rückenrad 

der pflanzlichen Zellwand darstellen. Kohlenhydrate sind neben den Funktionen als 

Energielieferant und Strukturelement auch in grundlegende biologische Funktionen wie 

zelluläre Signale, Zellerkennung und Signalwege involviert. Die Gewinnung von 

Kohlenhydraten aus der Natur ist ein langwieriger, komplizierter biochemischer Prozess und 

führt sehr oft zu einer Mischung von Verbindungen. Die chemische Synthese von 

Kohlenhydraten bietet die Möglichkeit, eine definierte chemische Struktur von hoher Reinheit 

zu erhalten, was es ermöglicht, die einzelnen biologischen Funktionsbeziehungen zu verstehen 

und den Bereich der Kohlenhydratforschung weiter zu entwickeln. 

Das Kontrollieren der Glykosylierung, der Reaktion die zwei Zuckerbausteine unter 

Bildung einer glykosidischen Bindung verknüpft, und damit der Stereoselektivität ist eine der 

Herausforderungen in der modernen organischen Chemie, und basiert auf den bahnbrechenden 

Erkenntnissen von Emil Fischer im Jahr 1893. Viele Faktoren wie Temperatur, Lösungsmittel, 

Wassergehalt, Reaktionszeit und Stöchiometrie beeinflussen die Ausbeute der Reaktion und die 

stereochemische Zusammensetzung des Produkts. Bisher wurden keine umfassenden 

systematischen Untersuchungen aller dieser Faktoren durchgeführt. Eine große 

Herausforderung ist die Reproduzierbarkeit der Glykosylierung, die auf die Sensibilität der 

Reaktion und mangelnde Kontrolle über die Reaktionsbedingungen durch den Experimentator 

zurückzuführen ist. Durchflusschemie und Automatisierung bieten hier erhebliche 

Möglichkeiten die Kontrolle und damit die Reproduzierbarkeit chemischer Reaktionen zu 

optimieren. 

Daher wurde in dieser Dissertation eine vollautomatische durchflusschemische 

Plattform für die umfassende Untersuchung von Glykosylierungsreaktionen entwickelt, in der 

systematisch die Reaktionsbedingungen variiert und deren Einfluss auf Ausbeute und 

stereochemischen Zusammensetzung des Produkts untersucht werden können. In dieser sechs 

Kapitel umfassenden Arbeit werden die Herausforderungen beim Verständnis des 

Glykosylierungsmechanismus vorgestellt, und die zur Bewältigung verwendeten Werkzeuge 



 

XVIII 
 

beschrieben. Dazu gehören die automatisierte durchflusschemische Plattform zur Untersuchung 

der chemischen Glykosylierung und die Entwicklung eines zufälligen „Random Forest“ 

basierten Modells für maschinelles Lernen, das der Vorhersage der stereochemischen 

Zusammensetzung des Produkts dient. 

Kapitel 1 erörtert die Herausforderungen beim Verständnis des Glykosylierungs-

mechanismus, und die verschiedenen Faktoren, die das Ergebnis der Glykosylierung 

beeinflussen, um damit im durchflusschemischen Ansatz eine größere Kontrolle über die 

Reaktion erhalten zu können. Kapitel 2 stellt die Methodik und das Design der automatisierten 

Flow-Plattform für Glykosylierungen vor. Die detaillierte Anwendung dieser Maschine wird in 

Kapitel 3 beschrieben, zusammen mit systematischen Fragen zu den verschiedenen Faktoren, 

die die stereochemische Zusammensetzung des Produkts beeinflussen. Durch diese 

systematische Studie konnte ein sehr hohes Maß an Kontrolle über die Modell-Glykosylierung 

und ein umfassendes empirisches Verständnis des Reaktionsmechanismus erworben werden. 

Außerdem wurden zum ersten Mal mehr als 300 reproduzierbare Datenpunkte systematisch im 

chemischen Raum erstellt. Dies ermöglichte es, mittels einem „Random Forest“ basierten 

maschinellen Lernalgorithmus ein Modell zu erstellen, das die stereochemische 

Zusammensetzung des Produkts vorhersagen kann, welches in Kapitel 4 dieser Arbeit detailliert 

beschrieben wird. Eine Zusammenfassung und ein Ausblick finden sich in Kapitel 5. Alle in 

dieser Arbeit beschriebenen experimentellen Daten sind in Kapitel 6 aufgeführt. 
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Chapter 1 Introduction 
 

1.1 Carbohydrates – Easy to find, hard to make 
 

Carbohydrates represent an extremely important class of biomolecules, constituting 

about 75% of the earth’s mass.1 They have a wide range of structural complexity, from a 

monomer unit consisting of a single monosaccharide such as glucose, which serves as a 

major energy source in plant and animal cells, to hundreds of glucose monomers units linked 

together forming cellulose, giving the structural framework of plant cell wall.2-3 A 

substitution of an acetyl group at the C2 position of glucosamine and subsequent 

polymerization forms chitin, which serves as the outer hard shell of insects and crabs in the 

animal world (Figure 1.1).4  

 

 

Figure 1.1: Examples of common polysaccharides of glucose (cellulose) and acetyl glucosamine (chitin). 

 

These mammoth structures serve diverse functions such as forming a capsular 

polysaccharide of a pathogen, cell recognition, cell to cell communication and cell 

signaling.5 Even the table sugar we use daily as an important food flavoring agent is a 

disaccharide of glucose and fructose. At the very heart of the diversity and structural 

complexity of carbohydrate molecule lies the formation of glycosydic bond that joins two 

carbohydrate molecules generating two possible anomers, the axial α-anomer and the 

equatorial β-anomer (Figure 1.2).  
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Figure 1.2: Example of α- and β-anomers of glucose disaccharides. 

 

To understand the difficulties in the formation of a glycosidic bond involving two 

monosaccharides needs to be designed, which upon reaction will generate the desired 

disaccharide. This reaction happens in nature using enzymatic transformation and usually 

needs glycosyltransferases. For example, two reactants – UDP (uridine diphosphate) 

galactose and mannose – could be joined forming a β-disaccharide by SN2 reaction using 

mannose β(1,4) galactosyltransferase (Figure 1.3).6 

 

Figure 1.3: Enzymatic disaccharide formation using UDP-galactose and mannose to form a β-disaccharide 
with mannose β(1,4) galactosyltransferase. Figure adapted from ref 6. 

 

However, chemical synthesis of the above disaccharide is difficult due to the 

presence of several unprotected hydroxyl groups. Upon analysis the above structure, it can 

be observed that the typical unprotected sugar molecule contains three distinct classes of 
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hydroxyl groups, the one at C-6 position is primary, C-2, C-3, C-4 represents the secondary 

and the C-1 is the anomeric hydroxyl group (Figure 1.4). 

 

Figure 1.4: Three types of hydroxyl groups in carbohydrates: the primary hydroxyl group (–CH2OH) which 
for Ⅾ-glucose is at C-6; the secondary hydroxyl groups (–CH(OH)–) which in D-glucopyranose are at C-2, 
3, 4; the anomeric hydroxyl group which is at C-1. 

 

Synthesizing a disaccharide can be possible by linking the two monomers by forming 

a glycosidic bond between them. This can achieved by a simple displacement of a leaving 

group at the anomeric position of one of the coupling monosaccharide, which in this case is 

called a glycosyl donor using the second coupling partner, the glycosyl acceptor, which is 

the nucleophile. The chemical glycosylation was first reported by Fischer in 1893 (Figure 

1.5).7 It is the glycosylation using unprotected carbohydrates and simple alcohols (methyl-, 

benzyl-, and allyl-) with Brønsted/Lewis acid.  

 
Figure 1.5: Fischer glycosylation using unprotected carbohydrates.  
 

The synthesis of oligosaccharides is very sensitive and the stereochemical outcome 

of the reaction depends on numerous factors including building blocks accounting for 

variants of hydroxyl substitution and stereochemistry on the pyran/furan core.8 The number 

of possible structures is further significantly increased by the fact that each glycosidic bond 

generates a stereogenic center where two diastereomers (α or β) can be formed (Figure 1.6).9 

Controlling this stereoselectivity towards a specific anomeric configuration is a central 

challenge in the field of carbohydrate chemistry10 and has been studied for more than 100 

years.7 
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Figure 1.6: Three types of structural parameters contribute to the inherent complexity of glycans. Figure 
adapted from ref 9.

In the case of chemical glycosylation to form a disaccharide, all hydroxyl groups 

need to be protected in both glycosyl donor and acceptor except for only one of the hydroxyl 

groups in the glycosyl acceptor which needs to act as a nucleophile, otherwise, a mixture of 

disaccharides will result (Figure 1.7).

 
Figure 1.7: General chemical glycosylation using protected carbohydrates.   

 

1.2 Challenges facing glycosidic bond formation 

The control of stereoselectivity - selectively forming either α- or β-anomer in the 

glycosylation reaction - is particularly challenging.10 In order to fully appreciate the 

complexity of a relatively simple glycosylation reaction, let us consider the glycosylation 

reaction perbenzylated glucosyl donor 1 with triflic acid (TfOH) and coupling it with a C6-

glucosyl acceptor 2, forming α- and β-disaccharides 3 (Scheme 1.1). 

 
Scheme 1.1: Glycosylation reaction with glucose donor 1 and C6 hydroxyl glucose acceptor 2. 
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The reaction mechanism involves the formation of several intermediates in 

equilibrium, which dictates the final stereochemical outcome of the product formed. The 

donor 1, upon activation with TfOH can undergo several intermediate reaction steps 

(Scheme 1.2). Upon activation, the glycosyl trichloroacetimidate donor 1 generates an 

oxocarbenium ion species,11-12 which, being highly reactive electrophile, can combine with 

different nucleophiles present in the vicinity to form different intermediates 4-7. For 

example, it can combine with the triflate conjugate, generated from the activator TfOH, to 

form an α-triflate intermediate 7,13 which can be in equilibrium with the oxocarbenium ionic 

state 5. The α-triflate intermediate can also coordinate with the reaction solvent 6, which 

can in turn give rise to solvent effects. The imidate ion generated after activation can also 

act as a potential nucleophile and can combine with the oxocarbenium ion to give rise to 

rearranged donor 8. The complexities of this transformation are manifold including the 

requirement of complete water free/anhydrous reaction condition. Water can compete as a 

potential nucleophile with the glycosyl acceptor, forming a hydroxyl donor 9 that is a 

common byproduct of the reaction. Numerous methodologies have been developed to keep 

the reaction mixture anhydrous, including removing all water from the reagents and adding 

molecular sieves in the reaction mixture to absorb water. Temperature is another important 

parameter that can have a profound effect on the stereoselectivity and yield of the reaction.14 

Due to this myriad of both independent and interdependent factors influencing the 

reaction pathway, controlling the yield and selectivity of glcosylations is a significant 

challenging. Impeccable control of over reaction conditions, including residence time, 

temperature, and maintaining anhydrous condition is critical to obtain reproducible results.  

Hence the yield and selectivity of a glycosylation reaction is influenced by several 

factors including the choice of donor, its protecting groups and the leaving group, choice of 

the acceptor and the position of the free hydroxyl group, represents the factors which cannot 

be changes during a typical glycosylation reaction and can be grouped as permanent factors. 

The other important factors affecting the yield and stereoselectivity are the type of activator, 

equivalents of donor, acceptor and activator, reaction solvent, mixing, presence of water and 

Temperature and reaction time. These factors can be easily manipulated during the course 

of a reaction and can be called as environmental factors. The permanent factors and 

environmental variables are discussed in greater detail in Chapter 3 of this thesis.   
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Scheme 1.2: The mechanistically poorly understood series of pathways leading from the donor and acceptor 
to either the α- or β-anomer of the glycosylation product. 

 

           Carbohydrate chemistry in flow is slowly becoming a field of research having 

immense potential. Microfluidic based flow systems, generally have very high surface to 

volume ratio due to the very large interfacial area created by the microscale domain, is 

advantageous in terms of precise control of flow conditions, uniform temperature gradients, 

excellent heat and mass transfer, and high throughput. In addition, inline analytics such as 

HPLC and FlowNMR could be coupled with flow system to perform ad hoc analysis of 

reaction progress, greatly simplifying the process of rapid screening and identification of 

optimized reaction conditions.   

Soo-Yeon Moon
Rectangle
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1.3 Canonical methodology for carrying out glycosylation reactions 
 

Glycosylation reactions are traditionally carried out in round-bottom flasks, using a 

magnetic stirrer to mix and a water/oil bath to heat the reaction mixture or dry ice/acetone 

mixtures to cool. Precise and reproducible control of temperature and mixing are difficult 

to attain in this type of setup. In addition, the general reaction protocol followed in the 

literature involves starting the reaction at a defined low temperature and slowly warming to 

a higher reaction temperature prior to quenching. This default protocol where a sensitive 

reaction is performed over a temperature range eliminates any selectivity potentially gained, 

merely ‘averaging out’ the selectivities obtained at different temperatures. 

Over the years, several chemical strategies have been developed to prevent these 

additional pathways, thus making the glycosylation more robust by decreasing the influence 

of several factors in an effort to obtain the desired anomeric product with high selectivity 

and yield. Nevertheless, these strategies have also introduced additional problems and 

complexity to an already complex transformation. One of the popular choices in dictating 

stereoselectivity is the use of participating protecting groups on the glycosyl donor.15 This 

strategy involves installing an ester protecting group at the C2 position of the glycosyl 

donor, which during the reaction, traps intermediates with carbocationic character at the C1 

position, reversibly forming a more stable anomeric carboxonium ion (Scheme 1.3). This 

strategy can chemoselectively generate trans-1,2 products, however the methodology can 

also result in the formation of other byproducts by the mechanism of trapping of the 

acyloxonium ion.16 Stereoselectivity can also be controlled by the use of halogen such as 

bromide and chloride as leaving groups in the glycosyl donors. These can selectively 

undergo SN2 reactions.17 Other methodologies for reducing mechanistic ambiguity involves 

steering the reaction though α-triflate intermediates,10 or using acetonitrile effect of 

solvents.18-19  Remote participating groups can also be utilized in promoting/stabilizing key 

intermediates and conformations (Scheme 1.3). 
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Scheme 1.3: Common strategies for controlling/influencing the anomeric selectivity. 

 

Successful implementation of these strategies will also require proper control of 

reaction conditions. In addition to that, very specific modification of glycosyl 

donor/acceptor is often needed for implementing these strategies, which are both laborious 

and time consuming endeavors.  

 

1.4 Using microreactor technology to gain control reaction conditions 

To tackle the problem of precise control of reaction conditions, the concept of 

process intensification can be implemented, which was successfully introduced  by Colin 

Ramshaw during the 1970s.20-21 Upon dramatic reduction of dimension of existing process 

equipment, in this case the round bottom flask reactor, a significant advantage can be gained 

in heat and mass transfer performance (Figure 1.8).  

 
Figure 1.8: Performance of different reactor systems.20-21 
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Reduction of the diameter of the reactor increases the surface to volume ratio in the 

order of 9000—15000 m2/m3 for a typical microreactor system.22 This translates to a 

significant increase in heat and mass transfer rates in the reactor. The reactor operates in 

near isothermal mode with negligible heat and mass transfer gradients. To remove the non-

uniformity of concentrations of reagents and temperature within the reactor. Typical 

microreactors are shown below (Figure 1.9). 

 
Figure 1.9: A typical microreactor. a, 4 way jet mixing device (left) and HPIMM (right) from Institut für 
Mikrotechnik Mainz (IMM) GmbH. b, Glass microreactor XXL from MERCK. 

 

Microreactors are usually operated in a continuous mode. The reagents are 

continuously introduced in the micro channel of the microreactor, by means of syringes or 

HPLC pumps. The fluid eventually passes through different sections of the reactor, such as 

the mixing section, where continuous flow is coupled with constant bend in the flow lines. 

These rapid bends, in addition to continuous flow, generate controlled vortices in the flow. 

Enhanced mixing produces highly reproducible flow patterns which translate to better 

mixing, and reproducible flow profiles in the microreactor.23-24  

 

1.5 Benefits of microreactor based continuous flow technology  

The use of continuous flow microreactor and microfludics technologies been 

successfully demonstrated in tackling complex chemistries in flow.23, 25-27 In addition to the 

dramatic improvement in efficiency in the microreactor, inline integration of analytical tools 

such as FlowIR and HPLCs with the microreactor platform presents itself as a powerful tool 

for controlling and studying complex chemical reactions with high reproducibility.23   
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A typical continuous flow module is broken down into eight basic zones: fluid & 

reagent delivery, mixing, reactor, quenching, pressure regulation, collection (or connection 

to the next module), analysis, and purification (Figure 1.10). Reagents are delivered into the 

system in a continuously and reproducible manner via syringe, HPLC, peristaltic pumps or 

mass flow controllers for gasses. The flow rate of fluids, coupled with the dimension of 

reaction channel, is used to estimate and maintain reactor residence time. Reagents and 

solvents can be dosed by multiple pumps and mixed in a mixing unit to control the 

stoichiometry. 

 
Figure 1.10: Reaction Zones of a Continuous-Flow Module.23  

 

The core of every flow module is the reactor unit – generally a (micro) chip, coil, or 

packed bed – to which the respective reaction conditions (heating, cooling, irradiation, etc.) 

are applied. A number of additional units can also be added including pressure regulators, 

collection equipment, in- or online analysis, or further reaction modules. 

 

1.6 Application of microreactor based continuous flow technology  

1.6.1 Glycosidic bond formation 

As discussed in the previous section, flow chemistry holds numerous advantages 

over batch systems in terms of control of reaction conditions, minimization of concentration 

and thermal gradients, and better mixing. In the following sections, previous studies 

involving single glycosylations in a continuous flow environment are presented, utilized for 

screening of reaction conditions, improvements in yields and/or selectivity, reproducibility. 

Application of continuous microreaction technology in carbohydrate chemistry was 

first demonstrated by Seeberger et al. for the study of α-mannosylations (Scheme 1.4).16 

They screened various reaction conditions which directly or indirectly influence the overall 

yield and byproduct formation for the glycosylation. Mannosylation was performed with 
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acceptors 12, 13 and the trichloroacetimidate donor 11, activated using 0.2 equivalents 

trimethylsilyl trifluoromethanesulfonate (TMSOTf) in anhydrous dichloromethane. The 

microreactor had a volume of 78.3 µL; hence it was possible to screen different reaction 

conditions using small amount of reagent. Using offline HPLC analysis of the crude 

samples, the reaction temperature was screened from -78 to 20 °C, using glycosyl donor 11 

at residence times of 26.7, 53.4, 106,8 and 213.5 seconds. It was observed that temperature 

influences the overall yield of the reaction by either aiding or suppressing the formation of 

the orthoester byproduct. By using a continuous microfluidic system, the importance of 

temperature and residence time was revealed, which affects the overall yield and byproduct 

formation. 

 
Scheme 1.4: Sample glycosylation of glycosyl donor 11 and nucleophile (acceptor) 12, 13 to fashion 
disaccharide (desired product and orthoester side product). 

 

In the second example, a highly α-selective sialylation of sialic acid N-phenyl 

trifluoro acetimidate, when sialylated with galactose acceptors and carried out on 50 mg in 

batch, yielded 92% α-product. However, reaction scale up was accompanied by significant 

glycol byproduct formation and yielded only 60% α-product. The decreased yield and 

selectivity is mainly due to high donor reactivity. In addition, the efficiency of the 

glycosylation reaction is influenced by both reaction scale and the speed of the addition of 

activator, where slow addition of the Lewis acid for large scale sialylation reduce the yield 

of the reaction.28  
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When sialylations are performed in microfluidic flow platforms allow facile 

screening of the concentrations of donor, acceptor, and activator to quickly identify the best 

reaction conditions. For example, a sialylation was carried out in a microfluidic environment 

using glycosyl donor 14 and glycosyl acceptor 15 in propionitrile as solvent and TMSOTf 

as the activator in dichloromethane. Mixing was achieved using an IMM micromixer. The 

reaction temperature was fixed at -78°C (Table 1.1).28 

After exiting from the reactor section, the reaction was quenched by an excess 

solution of triethylamine in dichloromethane, added using a T mixer. The mannosylation in 

a mixed solvent system of EtCN:DCM in the ratio of 1:1, gave similar yield and α selectivity 

when compared to the batch system. However, by quickly scanning though the reaction 

conditions in the microfluidic setup, the optimal concentration of the Lewis acid was 

identified as 0.15 M, which gave an increased yield of the target α-sialysidediaccaride 16 

up to 88%.  The final optimum quantitative yield of 16 was obtained when the concentration 

of donor 8 was increased from 0.15 M to 0.2 M (Table 1.1).  

Table 1.1: Optimization of α-(2-6)-sialylation using IMM micromixer. 

 
Entry Donor 14 (M) Acceptor 15 (M) TMSOTf (M) Yield (%) α:βa 

1 0.15 0.1 0.08 14 α only 
2 0.15 0.1 0.15 88 α only 
3 0.2 0.1 0.15 >99 α only 

aBased on 1H NMR analysis. 

 

The critical role that the rate of activator addition has in both glycosylation yield and 

anomeric selectivity was noted also in the synthesis of β-mannoside linkages. The 

chemoselective formation of this bond is highly important for a range of oligosaccaharide 
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syntheses.29. The study screened the influence of 30 sets of variables, investigating the 

concentrations of donor and activator, the temperature of mixing and reaction, as well as the 

residence time.29 As can be seen in Table 1.2, while the selectivity can be improved by mix-
ing at low temperatures, the yield was poor (α:β =1:2.3 with 16% yield at -78 °C). 

This relationship inverts at warmer temperatures (-20 °C), with higher yields (48%) ob-

tained but with less of the desired β-anomer (Table 1.2).

 
Table 1.2: β-Selective mannosylation using TMSOTf under microfluidic conditions 

 

Entry Temp (°C) Yield (%)a α:β b 
1 -78 17 1:2.3 
2 -50 38 1:2.1 
3 -20 48 1:1.8 

a Isolated yields as a mixture of α- and β-isomers. 
b 1H NMR and HPLC analysis determined the α:βratio. 
 

The glycosylation reactions discussed here, and nearly all other glycosylations, are 

generally carried out using reagents and activators in stoichiometric proportions involving 

harsh reaction conditions. Often these demanding and harsh reaction conditions are 

incompatible with labile protecting groups and make the processes challenging to scale 

up.30-31 Hence, it becomes necessary to find alternative approaches for the synthesis of 

oligosaccharides using mild reaction conditions. One of the approaches can be the use of a 

gold catalyst to perform glycosylations in flow.32 Alkynyl building blocks, activated using 

a gold (I) catalyst, were shown to be an effective way to synthesize glycosides using short 

reaction time in the order of 20 minutes, giving excellent control on reaction conditions 

(Table 1.3).
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The continuous glycosylation was achieved using setup as shown in Table 1.3. The 

glycosyl donor was mixed with the glycosyl acceptor solution and gold (I) catalyst in the 

form of PPh3AuOTf solution via two syringe pumps respectively and subsequently added 

into a 5mL PFA reaction loop, maintained at the reaction temperature. The reaction 

temperature was generally maintained at 40 °C, which is higher, when compared to batch 

counterpart, to facilitate shorter reaction times of 20 minutes (the reaction takes hours in 

batch). Using this setup, glycosylations were carried out for alkynyl C2 ester protected and 

perbenzylated building blocks and good yields were obtained (Table 1.3).  

Table 1.3: Glycosylations using perbenzylated building block 17. 

 
Entry Acceptor Product Solvent Yield (%) α:βa 

1 18 22 CH2Cl2 73 1:02 
2 19 23 CH2Cl2 84 1:01 
3 19 23 Et2O 88 4:01 
4 20 24 CH2Cl2 92 1.25:1 
5 20 24 Et2O 48 5:01 
6 21 25 CH2Cl2 36 2:01 

a 1H NMR analysis determined the α:β-ratio.   
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1.6.2 Functional group modification 
 

The multiple hydroxyl groups of a monosaccharide exhibit similar reactivity, making 

regioselective functionalization and coupling essentially impossible for carbohydrates in 

non-enzymatic processes. Therefore, protecting group (PG) manipulations are one of the 

fundamental reactions in carbohydrate synthesis. Multiple hydroxyl groups, usually present 

in unprotected monomers and oligosaccharides, have similar properties. Hence, to form 

glyosidic bonds at a desired oxygen position, other hydroxyl groups have to be protected 

with protecting groups. After the desired glycosidic bond formation, the final 

oligosaccharide can be deprotected. 

The synthesis of the protected monosaccharide requires long reaction times and 

multiple reaction steps, involving multiple purifications and workup procedures. Kawakami 

et al. accelerated this process, synthesizing monosaccharide 27 by combining glycosylation 

and fluorous phase extraction by continuous microreaction technology (Figure 1.11).33 First, 

a peracylated glucose derivative was coupled with a perfluorinated hydrocarbon glycerol 

ether moiety. The tag was sufficient to pull the target into a fluorous solvent, separating the 

product from all non-fluorinated byproducts and the excess reagents that remained in the 

organic phase. Using this strategy, the authors performed six individual transformations in 

Teflon tubing. Following the reactor, the fluorous solvent was added along with an organic 

solvent for quenching and separation. The biphasic stream exited into a separatory funnel, 

where the fluorous phase was removed and evaporated to yield clean, crude product to be 

used in the next step. A six-step synthesis was realized of C4-OH protected glucose 27 in 

11%, with no intermediate purifications and only one final column chromatography 

(Scheme 1.5). 

 
Figure 1.11: Microreactor system for fluorous-tag biphasic extraction.  
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Scheme 1.5: synthesis of monosaccharide unit 27 with a fluorinated hydrocarbon chain. 

 

Benzyl ethers and benzylidene acetals are some of the most common protecting 

groups in the field of carbohydrate chemistry for non-reaction sites.30 Their wide usage is 

mainly due to their stability towards various reaction conditions and facile deprotection by 

mild reaction conditions such as hydrogenolyses.15 However, batch reactors are commonly 

used for such deprotection reactions that require long reaction times, posing significant 

disadvantages associated with slow and laborious optimization for identifying proper 

reaction conditions. Hence, continuous flow systems can provide an efficient alternative to 

provide a faster reaction time and facile optimization of reaction conditions.  The use of 

continuous flow systems for deprotection of several carbohydrate derivatives containing 

benzylidine and benzyl protecting groups was carried out by using a continuous flow (CF) 

hydrogenation reactor.34 The CF hydrogenator consists of a water reservoir to produce 

hydrogen from electrolysis, which is an alternative to the batch system where a pressurized 

hydrogen gas bottle is necessary. This makes the CF process inherently safer. The sample 

in the hydrogenator is pumped via HPLC pump and, after mixing with hydrogen gas, is 

passed through a catalyst packed bed (Figure 1.12). This also essentially removes the 

catalyst recovery step which is necessary in the batch system.  
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Figure 1.12: Basic diagram of H-Cube hydrogenations via the on-demand generation of H2 via hydrolysis of 
water.23 

 

Another advantage of the CF hydrogenator is the facile process of changing 

temperature and hydrogen pressure which can be used to rapidly screen reaction conditions 

for the deprotection reaction. Ekholm et al. found that global deprotection of benzyls and 

benylidines can be achieved selectively in the presence of both silyl and acyl protecting 

groups in high yield (>90%,Table 1.4). All reactions were completed using a 30 mm Pd/C 

prepacked cartridge reactor with a flow rate of 1 ml/min and 40 bar H2-pressure at 80 °C.35 

 

Table 1.4: Deprotection of benzyl/benzylidene protected carbohydrates. 

 
Entry Substrate Product Yield (%) 

1 

  

95 

2 

  

95 

3 

  

95 

4 
    

90 
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Reductive ring openings of 4,6-O-benzylidene acetals are also important 

deprotections, as these acid and/or hydride mediated reactions are among the key 

transformations in carbohydrate chemistry. However, these reactions are often exothermic 

and it becomes imperative to prevent the subsequent acid-catalyzed hydrolysis reaction of 

the benzylidene groups by carefully optimizing the rate at which the acid is added in these 

reactions. Furthermore, the yields obtained in such reaction are often irreproducible and 

vary widely with scale. Often hydrolyzed byproducts such as 4, 6-diols are formed in larger 

scale systems. In order to improve the overall efficiency of the reaction, it is critical to 

precisely control temperature and mixing. Reductive opening of 4,6-O-benzylidene acetals 

was performed in a continuous microfluidic environment for fast optimization of reaction 

conditions (Table 1.5).36 

 

Table 1.5: Reductive opening of benzylideneacetals under microfluidic conditions. 
 

 
 
 

Entry Substrate Reducing 
agent solvent product Yield (%, 

microfluidic)a 
Yield (%, 
batch)a,b 

1 

 

 

Et3SiH DCM 
  

93c 58 (1.0 M) 

2 
 

BH3·Et2NH DCM 

 

100 90 (0.5 M) 



 Chapter 1 Introduction 

19 
 

3 

 

Et3SiH DCM 

 

91 83 (1.0 M) 

4 
 

BH3·Et2NH  DCM 

 

100 86 (0.5 M) 

5 

 

BH3·Et2NH  ACN 

 

100 NAd (0.5 M) 

6 

 

Et3SiH DCM 

 

91 62 (1.0 M) 

a Isolated yields. b Reaction was performed at 100-500 mg scale. c 4-O-Benzyl derivative was obtained in 5% 
yield. d 60-70% yields for the case of corresponding N-Troc derivative. e PNP: p-nitrophenol. 

 

The formation of byproducts during protection and deprotection reactions of 

oligosaccharides poses another challenge in the field of carbohydrate chemistry. The 

installation of the trityl group as a protecting group is important for the formation of 1,6-

glycosidic bonds, e.g. in the synthesis of β-glucans.37 Under batch conditions acetyl 

migration takes place right after the trityl group is deprotected from the 6-position of 28 due 

to the attack of the carbonyl group at 4-position acetyl group by the 6-position hydroxyl 

group (Scheme 1.6).

 

 
Scheme 1.6: Deprotection of the trityl group of 28 in batch condition. 
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 To prevent such migrations, control of reaction time, temperature, and flow rate 

becomes necessary. Attaining such reaction conditions in batch is often not feasible. This 

dictates the usage of continuous flow microreactor for carrying out such transformations. 

Using continuous microfluidics, deprotection reactions of trityl protecting group for 28 were 

carried out screening reaction time, substrate concentration, and flow rate were optimized 

(Scheme 1.7). With these optimized reaction parameters, the deprotection could be 

successfully carried out in the microreactor system with the final deprotected product yield 

of 90%. 

 
Scheme 1.7: Deprotection of the trityl group of 28 in microflow reaction system. 

 

1.6.3 Multistep synthesis 

The synthesis of oligosaccharides under microfluidic continuous flow conditions is 

not restricted to only single glycosylations to produce disaccharides. One of the main 

advantages of continuous flow systems is the ability to combine microreactors in series to 

facilitate multistep synthesis, which removes the necessity of isolating intermediate 

compounds after each reaction step.38 This makes the overall synthesis a lot faster as 

compared to the respective batch process. Oligosaccharides can be synthesized conveniently 

as a single flow system combining more than one microreactors in series or by iterative 

glycosylations.  

The synthesis of a trisaccharide is facilitated by utilizing the difference in the method 

of activation of different leaving groups such as trichloroacitimidates and thioglycosides.39 

For the synthesis of a trisaccharide, the first glycosylation reaction is carried out by selective 

activation of trichloroacetimidate donor 31 in the presence of 32 using TMSOTf and 

subsequently glycosylated with glycosyl acceptor 32 in DCM using a two minutes residence 

time at room temperature in the first microreactor. After the first glycosylation, the solution 
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of the product containing the disaccharide thioglycoside donor 31+32 and TMSOTf were 

directly fed into the second microreactor along with DCM solution of glucosyl acceptor 33 

together with NIS (N-Iodosuccinimide) which is co-activator for thioglycoside donor 

(Scheme 1.8).  

The final trisaccharide 34 solution was obtained from the outlet of the second 

microreactor in 51% yield after quenching the remaining TMSOTf with trimethylamine. 

While the batch process gave similar selectivities to those observed in flow, the yield was 

generally lower and required anhydrous DCM, whereas reagent grade could be used in the 

flow reactors (Scheme 1.8). 

 
Scheme 1.8: One-flow multi-step synthesis of oligosaccharides 34 under microfluidic conditions. 
  

 While the above approach relies on orthogonal leaving group reactivities to 

synthesize tri- and even tetrasaccharides, the efficiency decreases – and technical challenges 

greatly increase – for larger and more complex compounds. Traditionally, the complexity 

and highly laborious syntheses of large oligosaccharides was only achieved by a handful 

dedicated laboratories. However, in 2001 Seeberger and coworkers adapted the iterative 

solid-phase approach (Figure 1.14) utilized for peptides and DNA/RNA to develop an 

automated means of oligosaccharide synthesis from the reducing end (Figure 1.13).40 Using 
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this approach, they were able to synthesize a branched dodecamer in only 17 hours. Over 

15 years, improvements to the system have seen this rise to an impressive 50mer, a 102 step 

process, in only 150 hours!41  

 
Figure 1.13: Dodecamerphytoalexin elicitor β-glucan. 

Figure 1.14: The Glyconeer®, the first commercially available oligosaccharide synthesizer. Photo credit:  
Max Planck Society. 

 The process is based on a three-to-four step interative process consisting of coupling, 

washing, capping (necessary for large oligosaccharides), and deprotection (Scheme 1.9). 

The developed instrument is a variant of a continuous flow reaction resembling a “stopped-

flow” reactor, where reagents are added to a reactor – here containing the acceptor-bound 

resin. The flow of solution is then stopped and the reactor occurs. Upon completion, the 

waste stream then leaves the reactor, and the next round of solution(s) is added. After the 

final coupling cycle, the material is released from the resin either using catalytic,40 

stoichiometric additives,42-43 or via photochemical decomposition.44  
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Scheme 1.9: Automated oligosaccharide synthesis with trichloroacetimidates. 

 

 Solid phase synthesis of oligosaccharides can be also achieved under continuous 

flow conditions when the acceptor-functionalized resin is loaded into a packed bed reactor 

(Scheme 1.10).45-46 Here, donor and activator are flown into the packed bed, where they mix 

in the presence of an acceptor with a very high effective molarity. Once enough material 

passes through the bed to react with all available sites – as determined by the inline HPLC 

UV detector – the subsequent washing and deprotection cycles can take place, preparing the 

column for the next iteration. A number of linear polysaccharides have been prepared with 

this method, including pentasaccharides. Upon completion of the synthesis, the product is 

released from the resin using sodium methoxide (Table 1.6). 

 

Scheme 1.10: Set-up for HPLC-assisted synthesis using a packed-bed reactor with glycosyl acceptors.  
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Table 1.6: Experimental Data for the HPLC-Assisted Synthesis of Pentasaccharide 47. 

 

Operation Action Flow rate 
(mL/min) 

Total 
volume 
(mL) 

Time (min) 

1. Glycosylate Pump B: 39 mM 40 in CH2Cl2 0.3 
18 60 

(acceptor 41) Pump C: 0.28 M TMSOTf in 
CH2Cl2 

B/C = 4/1 

2. Wash Pump A: CH2Cl2 2 20 10 
3. Deprotect 42 Pump C: piperidine/ DMF (1/5, v/v) 0.5 2.5 5 
2. Wash Pump A: CH2Cl2 2 20 10 

Repeat 1 

As above, trisaccharide 44 is 
obtained 

0.3 18 60 
2 2 20 10 
3 0.5 2.5 5 
2 2 20 10 

Repeat 1 

As above, trisaccharide 45 is 
obtained 

0.3 18 60 
2 2 20 10 
3 0.5 2.5 5 
2 2 20 10 

Repeat 1 As above, trisaccharide 46 is 
obtained 

0.3 18 60 
2 2 20 10 

4. Cleave of to 
obtain 47 

Pump C: 0.1 M NaOCH3 in 
CH3OH/ CH2Cl2 

1 5 60 (recirc.) 
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1.7 Goal of this thesis 
 

The stereoselective control and manipulation of carbohydrates represents one of the 

most difficult classes of transformations in organic chemistry due to a host of dependent and 

independent environmental factors, intrinsic and poorly understood molecular preferences, 

high sensitivity, and a range of competing side reactions. In addition, no systematic studies 

and interrogation of these factors has been published to date. Flow chemistry offers a 

significantly enhanced degree of control over the reaction and its environmental conditions. 

Improved control has proven highly beneficial in the synthesis of carbohydrates, whether it 

is the improved mixing resulting in more selective glycosylation or the high surface-to-

volume ratios for better temperature control. In particular, the ability to couple multiple 

steps together has allowed for the rapid synthesis of molecules in hours in a fully automated 

fashion what would have taken a team of scientists years to achieve. The application of flow 

chemistry for tackling challenges in glycosylation were discussed in this chapter. Still, many 

fundamental question remain unanswered in the literature. Some of the question below were 

addressed in this thesis: 

1) Will I be able successfully interrogate and study various factors influencing the 

stereochemical output of glycosylation is an automated flow platform? 

2) Can the automated flow platform give me reproducible glycosylation data? 

3) Can I generate a thorough understanding of the mechanism of glycosylation using 

such a platform? 

4) Can I predict the stereoselectivity of a glycosylation reaction by application of flow 

chemistry, automation and machine learning techniques?  
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Chapter 2 Instrumentation to provide increased control 
over glycosylation conditions 
 

2.1 Introduction 

In an effort to demystify glycosylation reactions and guide synthetic chemists 

towards optimal reaction conditions without prior reaction optimization, general guidelines 

regarding the selection of appropriate reaction conditions based on the intrinsic preferences 

of the coupling partners are urgently needed. However, before these can be determined, each 

of the factors influencing glycosylation reactions must be identified first and categorized, 

before interrogatory experiments are devised and performed in a controlled, reproducible 

environment in as isolated a manner as possible. This reproducibility can be achieved using 

minimal amounts of material in microreactor flow chemistry setup. Chapter 2 describes the 

development and utilization of an automated microreactor/HPLC platform capable of 

varying reactant ratios, temperature, and reaction time autonomously. This instrument was 

used for the rapid and reproducible isolation and interrogation of variables influencing the 

stereoselectivity, providing an unprecedented, systematic, and quantifiable view of 

glysosidic bond formation from 270 experiments. The identification of, and factors 

providing control over, specific intermediates of the glycosylation reaction is outside the 

scope of this work. 

 

2.2 Design of the automated flow platform 
The heart of the reaction optimizer platform is a 78.2 µL silicon microreactor 

comprised of a separate addition port for donor, acceptor, and activator. Each of these lines 

is driven by two syringe pumps for reagent and solvent, allowing for both line purging and 

changes in concentration in any of the reagents (Figure 2.1). The combined solution passes 

through a mixing zone before entering the reaction zone. A quench is added prior to the 

reaction mixture exiting the chip to ensure the reaction is only occurring at the desired 

temperature. Once steady states reached after ten reactor volumes, a sample is automatically 

removed via a 1 µL HPLC injection loop. The temperature in the chip is maintained reliably 

within a range from -55 to +70 °C within ±0.1 °C by a surrounding aluminum block cooled 

or heated using a thermostat. 
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Figure 2.1: Schematic of automated glycosylation instrument consisting of three sections: reaction section, 
HPLC analysis, and automation. 

 

2.2.1 Microreactor Section 

The heart of the reactor section is the microreactor (Figure 2.2), which was housed inside 

a thermostat, made of an aluminum block. Thermal oil was circulated via closed loop inline 

thermostat system (Huber Unistat) though the thermostat to ensure proper control of reactor 

temperature ranging between -50 to 70 °C. The reactor is shown in Figure 2.3, and the 

detailed design of this reactor is described elsewhere.16 The reactor’s volume of 78.2 μL 

consists of ports for introducing solutions of donor (port 1), acceptor (port 2), and activator 

(port 3) respectively. Solutions were introduced with the help of air tight glass syringes 

(Hamilton) driven by seven syringe pumps (Harvard Pump 11 Elite). Fluid connections 

between the syringes and the microreactor ports were done by 1/16 inch PTFE tubing as 

shown in Figure 2.4. The reactants were thoroughly mixed in the mixing section of the 

reactor and then introduced into the reaction zone. At the end of the reaction zone (port 4)  

excess activator was neutralized with a quench solution and the products exited via the out 

port (port 5). Subsequently, an 1 μL of sample from the reactor outlet was automatically 

injected in the HPLC system by an inline six port inline injection valve from VICI Valco, 

equipped with 1 μL sample loop. In total, seven syringe pumps (Harvard apparatus Pump 

11 Elite) were used to control flow in the microreactor chip (Figure 2.3).  
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Figure 2.2: The automated flow platform.  Reactor section showing seven syringe pumps, thermostat and 
inline injection valve, inline HPLC (analysis), LabVIEW software (automation).  

 

 

 
Figure 2.3: Microreactor for automated glycosylation. 
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Figure 2.4: Reactor section showing all the connection and lengths of tubes. 

 

2.2.2 Automation Section 

The system is capable of automatically running a series of experiments with an on-line 

HPLC analysis set-up that ensures separation of the α/β diastereomers for a given 

donor/acceptor pair. The LabVIEW software controls a platform (Figure 2.5) consisting of 

syringe pumps, chiller, injection valve, HPLC, and autosampler controlled via a graphical 

user interface. Design of experiments is achieved via the graphical user interface. This 

programming was written by my collaborators Felix Hentschel and Dr. Sourav Chatterjee 

and is described in detail below. 

 
Figure 2.5: Schematics of overall automation of the system  
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The seven syringe pumps, the Huber unistat for temperature control, the inline HPLC 

injection valve for injecting the sample in HPLC, and triggering of the HPLC were 

automated and controlled by software, developed in LabVIEW 2014. Individual driver files 

for syringe pumps, thermostat, and HPLC trigger were written as separate Virtual 

Instrument (VI) files in LabVIEW 2014. In total 80 VIs were written and these individual 

subroutines were utilized in a Master VI, which handled the queuing system to control all 

the instruments in a timely manner. All the user input was handled with the data input VI, 

with its own Graphical User Interface (GUI) (Figure 2.6). The MasterVI also contains 

important status information of the overall system which are the syringe pump flowrate, 

temperature information, and current run indicators. 

 

 
Figure 2.6: Graphical User Interface for the Master VI 

 

The graphical user interface (GUI) of the software controls the automated flow 

platform. This GUI consists of several panels, including the central queuing panel and a 

series of indicator LEDs for different parts of the machine, such as the current state of the 

syringe pumps, temperature equilibration, and the HPLC status. To start the machine, at first 

the start button, which is highlighted in the GUI, needs to be clicked. Once the start sequence 

is initiated, the software is ready to receive the experimental conditions from the user and 

the GUI for the data input VI is initiated. 
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In the Data Input VI of the GUI shown in Figure 2.7, concentration of the donor, 

acceptor, activator, quench syringes are entered in the fields, labelled (1-1). The desired 

reaction concentration of the donor, acceptor, activator in the microreactor are subsequently 

entered in the fields, labelled (1-2). Residence time, desired reaction temperature are entered 

next in the fields, labelled (1-3). Lastly, the equivalents of quench are entered in the field 

labelled (1-4). Once these necessary values are entered in the VI, the ‘Table ready’ button, 

labelled (1-5) is activated which triggers the VI to calculate the flowrates of the reagents for 

that experiment. These flowrates are automatically entered by the VI into the run Table, 

labelled (2). In this way, multiple runs can be entered into the data input VI. After the desired 

number of reactions has been entered, the OK button under “Start Table (1-6)” needs to be 

clicked.  This puts the automated flow platform in the run mode. The system then goes back 

to the GUI of the Master VI (Figure 2.6). 

 
Figure 2.7: a, GUI of Data input VI software displaying the automated experiments to run. b, section (1) of 
a.  
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The system then runs automatically, going through a series of checks including 

washing the reactor system and equilibration of temperature, before the first reaction 

commences and the cycle continues, until the end of the table of the data input VI is reached. 

The control algorithm runs through a series of automation steps. (Figure 2.8). 

 
Figure 2.8: Flowchart showing the steps in automation. 

 

After the software receives the table of experiments from the user, the control 

algorithm initiates the start of the experiments. It sends the reaction temperature to the 

temperature thermostat of the system, which starts equilibrating the temperature set point 

for the reactor. After the correct temperature is reached, the control algorithm initiates the 

reactor wash cycles, washing the reactor with three reactors volume of reaction solvent. 

After termination of the wash cycle, the algorithm re-checks the temperature equilibration 

and starts the syringe pumps to begin the first experiment. Upon completion of the reaction, 
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the sample is automatically injected in the HPLC and the software waits until the HPLC run 

is finished. Once the HPLC run is completed, the HPLC sends a signal back to the software 

and the next run of the table is started in the similar way. The algorithm runs until the last 

experiment in the table.   

 

2.2.3 Analysis Section 

The reactions were monitored using HPLC. The HPLC system used was a Kanuer 

Plating Blue system, equipped with a UV detector (254 nm). The column used was 

Macherey-Nagel Nucleosil 100-5 OH diol column with particle size of 5 μm. The column 

has an I.D. of 4.6 mm and length of 250 mm. The column was housed inside a column oven, 

and was maintained at 20 °C for all analysis. The mobile phase was gradient mixture of 

HPLC grade ethyl acetate and hexane, which was pumped with a constant flowrate of 1 

mL/min. The gradient system of the mobile phase was developed and programmed into the 

HPLC. Depending on the molecule, either HPLC method A, HPLC method B or HPLC 

method C was used to separate and analyze the compounds in this study. The HPLC methods 

are discussed in Section 6.3 of Chapter 6. 
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Chapter 3 Factors effecting glycosylation 
 

3.1 The Permanent and temporary factors affecting glycosylation 

In spite of the lack of understanding regarding the underlying mechanism of the 

glycosylation reaction, as discussed in Section 1.2 of Chapter 1, the stereochemical outcome 

of the reaction is dictated, or at least influenced, by the coupling partners. These coupling 

partners, once fixed cannot be changed during the reaction and hence can be called 

“permanent factors”. The reaction conditions such as choice of solvent, temperature, choice 

of activator, concentration of reagents, and chemical equivalents can be “ad hoc” 

manipulated and controlled during the reaction. These categories can hence be called 

“environmental factors”(Figure 3.1).  

 
Figure 3.1: A selection of the permanent and environmental factors of glycosylation reactions, with the 
specific examples examined in this study, as well as how these factors potentially influence the 
stereoselectivity. 

The donor contains five stereocenters, four of which can influence the activation as 

well as the stability and conformations of intermediates by hyperconjugation.47-52 The 

presence of protecting groups at each of these four positions can directly53-54 or indirectly55-

56 influence the stereoselectivity of the glycosylation. The presence of an electron donating 

protecting group, such as an ethers, influences the stereoselectivity by increasing the 

reactivity. This is called “arming” of a glycosyl donor, whereas presence of electron 

withdrawing groups such as esters results in “disarming” due to a reduction in reactivity of 

the donor (Figure 3.2).18 
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Figure 3.2: Outline of the armed-disarmed strategy discovered by Fraser-Reid. 

 

  The stereoselectivity can also be influenced by restricting conformational freedom 

via bridged structures to influence reactivity.57-60 The choice of leaving group can also play 

a role in stereochemcal outcome, activation of which leads to creation of neutral or charged 

byproducts.61-70 As the vast majority of glycosylations are C-O couplings, the choice of 

acceptor also plays a significant role. The nucleophilicities of primary and secondary 

alcohols can depend on the orientation. In case of glycosyl acceptors the orientation is 

axial/equatorial, of the alcohol, the adjacent protecting groups,71-72 and by structural changes 

induced by conformational locking73 or electronic modification.74-75 The sterics of the 

acceptor nucleophile can also potentially influence the stereochemical outcome by 

influencing the rate of reaction. 

The reaction environment strongly influences the mechanistic path these coupling 

partners follow, as well as the intermediates which are formed. The choice of solvent can 

influence bond cleavage, stabilization of intermediates, and influence reaction pathways. 

The conjugate base generated from the activator can influence the formation of 

intermediates via contact-ion pairs or by forming covalent intermediates such as α-

triflates.76-77 The temperature will impact the stability of intermediates, the reaction 

pathways followed, and product composition. Lastly, traditional reaction parameters such 

as concentration,78 stoichiometry,79-80 reaction time, and mixing29 can have an impact on the 

yield of the reaction as well as the resulting stereoselectivity.  

Glycosylation is a deceivingly simple reaction that is a technically very demanding 

transformation. Optimization is necessary for every new reaction with precise control of 

various reaction parameters. However, the lack of understanding, of what influence the 

factors have on the stereochemical outcome, coupled with scarcely reproducible data has 

left the selection of initial reaction parameters such as the choice of anomeric leaving group, 

protecting groups, solvent, temperature, and activating agent, often more of a matter of 

personal preference than knowledge-based decision making. 
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3.2 Controlled interrogation of factors affecting glycosylation through automation 

The design and working of the automated system is described in Chapter 2 of this 

thesis. This automated system in hand, a model glycosylation reaction system was chosen 

to investigate the factors influencing the stereoselectivity (Scheme 3.1).  

 
Scheme 3.1: A model reaction in an automated microreactor flow platform. 

 

When discussing the permanent factors initially, three pyran cores – glucose, 

mannose, and galactose – were chosen as donors to probe the effects of the C2 and C4 

positions, respectively. Hydroxyl groups, except at the anomeric position, were protected as 

non-participatory benzyl ethers.  

Three of the most widely used leaving groups, namely trichloroacetimidate, 

ethylthioether, and n-dibutylphosphate were systematically investigated. Glycosyl 

trichloroacetimidates as leaving group were particulary appealing, owing to relatively easy 

activation with catalytic amounts of activator, as compared to the NIS-TfOH activating 

system of thioglycosides or the requirements for stoichiometric activators for phosphates. 

Glycosyl trichloroacetimidates were activated with TfOH rather than TMSOTf to limit the 

potential reaction pathways, as TfOH is the catalytic activating species for both activation 

methods. To study the effect of acceptor neucleophilicity and sterics, a systematic 

interrogation was planned by utilizing primary, secondary and tertiary alcohols as model 

acceptors, specifically methanol, ethanol, 2,2-difluoroethanol, 2,2,2-trifluoroethanol, 

isopropanol, and tert-butanol, exploring a range of steric and electronic effects.81-82 The 

temperature ranges that were investigated were limited by the reactivity of the donor and 

the melting and boiling points of the solvents. The detail methodologies for the systhesis 

and preparation of reagents, drying of solvents are all described in detail in Chapter 6. 

Glass syringes containing solutions of the donor (50-110 mM), acceptor (60-110 

mM), and the activator (22.6-120 mM) feed lines were diluted as desired via accompanying 

syringe pumps prior to mixing in the reactor. The reaction temperature, reagent 

concentration, stoichiometry, as well as the residence time were all set with the aid of the 
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developed software. After reaction completion and inline quenching with pyridine, the 

reaction products were monitored by an automated injection into the online HPLC. 

The results discussed below are based on 270 glycosylation reactions that were 

performed as part of this thesis. All reactions exhibited yields greater than 60% (Table 6.1 

in Chapter 6). The results of these investigations are discussed as isolated factors with 

respect to the change in temperature, starting with the permanent factors, followed by 

environmental factors. For a detailed discussion of the experimental preparations and 

procedures, see Chapter 6. 

3.3 Effects of Permanent Factors 
 

3.3.1 Donor 

 

3.3.1.1 Interrogating Permanent Donor Leaving Group (C1) 

Over the past century, a host of different leaving groups and corresponding activators 

to induce anomeric cleavage have been introduced as part of the quest for mild, selective, 

and high-yielding glycosylation reactions.61-70 For the systematic exploration of the effects 

different leaving groups have on the stereochemical outcome of glycosylation, a 

perbenzylatedglucosyl α-trichloroacetimidate (Schmidt donor), glucosyl β-ethanethio ether, 

or glucosyl α-n-dibutylphosphate were reacted with isopropanol as model acceptor in DCM 

at temperatures ranging from -50 → 30 °C (Figure 3.3). To minimize differences in the 

conjugate bases/byproducts present in the solution, the activation conditions for each 

leaving group were chosen such that triflate anions were present in all cases. All other 

variables were kept constant (e.g. pyran core: glucose, acceptor: iPrOH, conjugate base: 

triflate (TfO-), solvent: DCM). The glucosyl donors with the three classes of explored 

leaving group gave nearly identical stereochemical outcomes under the conditions studied. 

Differences were in conversion and yield at low temperatures. A rapid drop of glycosylation 

yields was observed for thioglucosides from 88% at 10 °C to 45% at –10 °C. Glucosyl 

phosphate donors behaved similarly, exhibiting a 60% yield at -10 °C, which subsequently 

dropped to 30% at -30 °C. Along with the drop in yield, a slight decrease (< 7%) in α-

selectivity is observed as compared to the trichloroacetimidate donor. 
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Figure 3.3: Comparison of stereoselectivities for glycosylations for glucose, bearing one of three leaving 
groups, with iPrOH as acceptor in DCM. For full experimental details, see entries 13-18, 41-44, 313-317 of 
Table 6.1 in Chapter 6. Figure code: Glucose (▲); Trichloroacetimidate (blue) with TfOH (0.2 equiv.); ethyl 
thioether (red) with TfOH (0.2 equiv.) and N-iodosuccinamide (1.2 equiv.); n-butylphosphate (green) with 
TMSOTf (1.2 equiv.). 

 

3.3.1.2 Influence of donor C1 position stereochemistry 

The influence of the stereochemistry of the C1 position of the donor was  

investigated. A model glycosylation reaction involved coupling both α- and β- glucosyl 

trichloroimidate (TCA) with isopropanol in DCM and studied for the entire temperature 

range of the solvent (Figure 3.4). It can be seen that stereochemistry of the C1 position of 

the donor has no influence on the stereoselectivity of the reaction. This, however, is not 

always the case, as will be discussed in detail in Section 4.1 of Chapter 4. 
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Figure 3.4: Comparison of C1 position stereochemistry of donor (perbenzylated glycosyl α- and β- 
trichloroacetimidates) on the stereochemical outcome of the reaction in DCM. iPrOH was used as acceptor 
and TfOH as activator. For full experimental details, see entries 13-34 of Table 6.1 in Chapter 6. Figure code: 
α-trichloroacetimidate glucose; (blue▲); β-trichloroacetimidate glucose (pale blue)  

 
3.3.1.3 Implication of leaving groups

After systematic studies of the effect of glycosyl donor leaving groups at different 

temperatures, it can be seen that the choice of leaving group does not affect the 

stereoselectivity of the reaction (Figures 3.3 and 3.4). Hence, for the rest of our systematic 

study identifying the influence of other factors glycosyl trichloroacetimidates were used, 

due to their facility of activation and broad reaction range. It was revealed that there is 

almost a linear relation between stereoselectivity and temperature, when model 

glycosylations were performed in DCM. For DCM, the lowest temperature studied is -50 

°C due to the cooling limitation of the automated platform. The upper temperature range of 

solvent was dictated by the boiling point, for DCM the upper temperature examined was 30 

°C. It was observed that the selectivity of the coupling of glucose and isopropanol in DCM, 

favors the formation of the β-product at -50 °C, with a selectivity of 73%. The alpha 

selectivity increases linearly with an increase in temperature, and at 30 °C the α-product 

was the major product (61% selectivity). This temperature sensitivity (the slope of the 

plotted data) was calculated at 0.41%/°C. These values serve as a comparison benchmark 

for all other variables examined herein. While the stereochemistry of some 

trichloroacetimidate donors, when reacted with TfOH, has been shown to have an influence
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on the stereochemical outcome of glycosylations,83-84 under the standard conditions in 

DCM, no difference was observed between the α- and β-glucose donor.

 

3.3.1.4 Donor Stereochemistry (C2 and C4) 

            To probe the effect of donor stereochemistry at the C2- and C4-positions, model 

glycosylations were studied using glucose, galactose, and mannose donors. The stability of 

the intermediate and the activity of the donor can be influenced by through-bond or through-

space hyperconjugation of the ether groups of the pyran core. For donors having non-

participating groups, the C2 position has a huge influence, generating conformationally 

locked and unlocked glucose (equatorial C2 ether)/mannose (axial C2 ether) derivatives 

(Figure 3.5),85 as well as for less common derivatives such as gluco-/mannosamine and the 

C2 fluorinated derivatives.86  

 

Figure 3.5: Comparison of three different monomers – glucose, galactose and mannose. In the case of 
mannose, axial C2 ether obstructs β-bond formation.   

 

            In order to investigate this aspect further, coupling of isopropanol with the α-

glucosyl and mannosyl trichloroacetimidates were compared in DCM. A significant (30%) 

decrease in temperature sensitivity was observed when the C2 benzyl ether is axial, as is 

the case for mannose (Figure 3.6). The α-product were favored for mannose, and 

the selectivity is less sensitive to temperature, with α:β ratios ranging from 48:52 (-50 

°C) to 61:39 (30 °C). Monosaccharides differing with respect to the C4 position, 

galactose (axial C4 ether) and glucose (equatorial C4 ether), exhibit similar temperature 

sensitivities (Tsens = 0.43%/°C) although galactose is 1.13 times more likely to give the 

β-product (9% more β-product formed) than glucose, ranging from 81% α-selectivity at 

-50 °C to 49% at 30 °C (Figure 3.6).

It can be inferred from the results that there are inherent preferences of glycosylating 

agents concerning mechanistic pathways and stereoselectivity. At low temperatures the β-

product is favored by glycosyl donors, exhibiting a moderate degree of temperature



 Chapter 3 Factors effecting glycosylation 

41 
 

sensitivity and follows a more SN2-like reaction pathway as temperature decreases.87-88 

Galactosyl donors have a higher preference for the formation of the β-product. However, 

the C2-position is a significantly influential functionality, and the formation of the α-product 

was favored in case of mannose which proceeded via a more SN1-like pathway (Figure 3.6). 

After the mannose donor is activated by TfOH, it forms a solvent separated ion pair 

mannosyl triflate.87-88 These inherent preferences can be enhanced or overridden by the 

other reaction variables from -50 °C to 30 °C (vide infra).This temperature depends on the 

solvent used for the glycosylation reaction.  
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Figure 3.6: Comparison of the stereochemical outcome of three different trichloroacetimidates donors – 
glucose, galactose and mannose – reacting with isopropanol and TfOH. For full experimental details, see 
entries 13-18, 149-154, 232-237 of Table 6.1 in Chapter 6. Figure code: Glucose (▲); Galactose (■); Mannose 
(●); DCM (blue).  
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3.3.2 Acceptor 

 

3.3.2.1 Acceptor Sterics and Electronics 

To probe the influence of acceptor on the stereochemical output of glycosylation, 

model acceptors were chosen varying sterics and electronics properties: methanol, ethanol, 

isopropanol, tert-butanol, 2,2-difluoroethanol, and 2,2,2-trifluoroethanol. These 

nucleophiles were reacted with the glucosyl, galactosyl, and mannosyl trichloroacetmidate 

donors, respectively, in DCM across the accessible temperature range (Figure 3.7). A clear 

linear trend is observed in the series EtOH/iPrOH/tBuOH, exhibiting average stepwise 

increases of ~6.7% and ~8.2% in the α-selectivity, respectively, while a near identical rate 

of change with respect to temperature is maintained. However, methanol with its lack of C-

C bond adjacent to the hydroxyl, shows a decrease in average temperature sensitivity when 

compared to EtOH (+0.3% α/°C vs +0.48% α/°C) and selectivities ranging from 30% α at -

50 °C to 53% α at 30 °C. 
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Figure 3.7: Comparison of different acceptors with perbenzylated glucosyl trichloroacetimidate. For full 
experimental details, see entries 1-18, 35-40 of Table 6.1 in Chapter 6. Figure code: Glucose (▲); MeOH 
(blue); EtOH (red); iPrOH (green); tBuOH (orange).  
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The acceptors tested exhibit less α-selectivity with galactose when compared to 

glucose, as was observed with isopropanol (Figure 3.8). While the α-selectivity increases in 

the EtOH to tBuOH series (4.8% and 4.2%), the temperature sensitivity is not as constant 

as it is in the glucose series. With increasing sterics of the acceptor, the rate of change of α-

selectivity with respect to temperature declines, from +0.51% α/°C (EtOH) to +0.4% α/°C 

(iPrOH) to +0.27% α/°C (tBuOH). Compared to the glucosyl donor with MeOH coupling, 

the coupling of galactosyl donor and MeOH is more temperature sensitive than the rest of 

the series, with the α-selectivity ranging from 14% at -50 °C to 59% at 30 °C (Tsens = +0.56% 

α/°C). 
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Figure 3.8: Comparison of different acceptors with perbenzylated galactosyl trichloroacetimidate. For full 
experimental details, see entries 136-141, 143-160 of Table 6.1 in Chapter 6. Figure code: Galactose (■); 
MeOH (blue); EtOH (red); iPrOH (green); tBuOH (orange). 

 

The coupling of mannose with iPrOH was much less temperature sensitive than for 

glucose and galactose (Figure 3.9). The stereoselectivity of mannose couplings is also much 

less sensitive to substitution of the acceptor. Methanol, ethanol, and isopropanol all behave 

similarly with average selectivities ranging from around 50% α at -50 °C to 63% at 30 °C 

(average Tsens = +0.17% α/°C) and only with the increased sterics of tBuOH was deviation 
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was observed. tert-butanol essentially behaves similar to the other acceptors below 10 °C, 

with a stepwise increase of ~5% in α-selectivity, however, above 10 °C, a rapid change is 

observed, reaching 95% selectivity for the α-product at 30 °C.  
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Figure 3.9: Comparison of different acceptors with perbenzylated mannosyl trichloroacetimidate. For full 
experimental details, see entries 220-243 of Table 6.1 in Chapter 6. Figure code: Mannose (●); MeOH 
(blue); EtOH (red); iPrOH (green); tBuOH (orange). 

 

The electronics of the acceptor can be further tuned by insertion of electron 

withdrawing fluorines onto the β-carbon of nucleophiles (Figure 3.10).74  The significant 

reduction of acceptor nucleophilicity has a pronounced effect on the stereoselectivity, 

favoring the formation of the α-product (Figure 3.11).  

 

 
Figure 3.10: The nucleophiles lists to investigate electronics effect with similar sterics by inserting fluorines 
on β-carbon.  
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This influence on the stereochemical outcome was also systematically investigated 

with respect to temperature, by coupling galactose with 2,2-difluoroethanol. It was seen that 

there was significant drop of  temperature sensitivity compared to ethanol (Tsens = +0.15 vs 

+0.51% α/°C) and more α-product is formed overall, ranging from 48% -50 °C to 59% at 

30 °C. In the case of mannosylation, complete α-selectivity was shown when coupled with 

2,2,2-trifluoroethanol from 50 °C to 30 °C (Figure 3.11). 
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Figure 3.11: Comparison of different acceptors with glucosyl and mannosyl trichloroacetimidate. For full 
experimental details, see entries 143-148, 166-171, 226-231, 291-296 of Table 6.1 in Chapter 6. Figure code: 
Galactose (■); Mannose (●); EtOH (red); CF2HCH2OH (light purple); CF3CH2OH (dark purple). 
 

3.3.2.2 Acceptor Sterics and Electronics Implication

The stereoselectivity of glycosylation reaction is a coupled problem, with respect to

the individual influence of both the glycosyl donor and acceptor. For donors such as glucose 

and galactose, changes in acceptor nucleophilicity have a pronounced effect on the observed 

stereoselectivity, with stronger nucleophiles favoring the β-product at low temperatures and 

exhibit strong temperature sensitivity (Figures 3.7 and 3.8). The stereoselectivity of 

mannose couplings is dominated by the influence of the C2 position, favoring α-product 

formation, which overrides the subtle differences in the nucleophile (Figure 3.9). Only
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major changes in nucleophilicity and sterics result in significant modifications to 

stereoselectivity of mannose couplings. With a large decrease in the nucleophilicity 

(CF3CH2OH vs CH3CH2OH), the inherent favorability of mannose (α-formation), coupled 

with that of the low-nucleophilic acceptor, results exclusively in the α-product (Figure 3.11). 

 

3.4 Environmental Factors influencing glycosylation 

The environment under which the reaction is run has a profound influence on the 

stereoselectivity of glycosylation reactions, with the ability to enhance, diminish, or even 

override the intrinsic selectivities of a given donor/acceptor pair. Five factors were observed 

to strongly influence the reaction: temperature, stoichiometry, choice of activator, presence 

of water, and the choice of solvent. The other factors such as residence time, activator 

equivalents and donor concentration have only a minor influence. 

 

3.4.1 Temperature 

Temperature has a profound effect on the stereoselectivity of the gylcosylation 

reaction. Systematic interrogation of stereochemcical outcome with respect to temperature 

shows that in general, lower temperatures favor the formation of β-product. This is 

presumably (due to an increased proportion of SN2-like pathways from activated donors, 

such as intermediates like α-triflates. The temperature influence can be overridden when the 

SN1 pathway becomes dominant. Similarly, at higher temperatures the more 

thermodynamically stable α-product is formed. Hence the degree of variance observed in 

the stereoselectivity of a glycosylation as a function of temperature16 emphasizes the need 

for precise temperature control. Temperature variation provides the most straightforward 

means of manipulating and control the stereoselectivity.  
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3.4.2 Stoichiometry 

The stereochemical outcome and temperature sensitivity depends on the reagent 

stoichiometry for couplings involving SN2-like mechanisms. Normally, the donor is used in 

excess in glycosylations89  to obtain high yields. However, the addition of more equivalents 

of acceptor can influence both yield and selectivity.79-80 The effect of acceptor stoichiometry 

on stereoselectivity was investigated by reacting the perbenzylated galactosyl 

trichloroacetimidate with the poorly nucleophilic 2,2-difluoroethanol. With only one 

equivalent of acceptor, the process is temperature independent, favoring α-formation 

(~73%). At a higher temperature (30 °C), little change is observed when five or ten 

equivalents of acceptor are added. However, at -50 °C, increased amounts of acceptor results 

result in decreases in α-product selectivity (62%, 58% and 50%, with one, five, and ten 

equivalents, respectively, Figure 3.12). 
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Figure 3.12: Comparison of acceptor stoichiometry in the reaction of galactosyl trichloroacetimidate with 
2,2-difluoroethanol in DCM. For full experimental details, see entries 201-219 of Table 6.1 in Chapter 6. 
Figure code: Galactose (■); X:Y = 1:1 (blue); X:Y = 1:5 (orange); X:Y = 1:10 (green).  
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It can be inferred that for donors such as glucose and galactose that favor the SN2 

pathway, the formation of β-product can be enhanced by increasing the equivalents of the 

acceptor. A substantial increase in β-selectivity is seen even for poor nucleophiles, and even 

larger differences can be expected for stronger nucleophiles: a 26% increase in the β-

selectivity is observed when ten equivalents of methanol were reacted with galactosyl 

trichloroacetimidate at 30 °C as compared to the 0.8 equivalents used in our standard 

experiments (Entries 141-142 of Table 6.1 in Chapter 6). However, this effect is not 

completely transferable to other glycosylations such as mannosylations. The perbenzylated 

mannosyl donor exhibited negligible difference with one and five equivalents of isopropanol 

in toluene across the -50 ~ 70 °C temperature range (Figure 3.13). 
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Figure 3.13: Comparison of acceptor stoichiometry in the reaction of mannosyl trichloroacetimidate with 
iPrOH in toluene. For full experimental details, see entries 271-277, 310-312 of Table 6.1 in Chapter 6. Figure 
code: Mannose (●); X:Y = 1.2:1 (blue); X:Y = 1:5 (orange);  
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3.4.3 Activator 

 

The nature of the activator influences glycosylations in multiple ways, from the 

native species activating the leaving group to the conjugate base stabilizing charged 

intermediates. The conjugate base is able to trap these intermediates by reversible covalent 

bond formation, called a contact ion pair (CIP). This CIP intermediate is in equilibrium with 

solvent-separated ion pair (SSIP) and that equilibrium changed by properties of the 

activators (Figure 3.14).  

 
Figure 3.14: Mechanisms to explain effect on the stereochemistry of intermediates by influence of the 
activator.  

 

To investigate the influence the activator exerts on stereoselectivity,90-92 a range of 

activators (Tf2NH, TfOH, MsOH and FSO3H), were screened with perbenzylated 

mannose donor using tBuOH as model acceptor in DCM. When fluorosulfuric acid 

(green) or methanesulfuric acid (orange) were used as the activators, ~3:2 ratios of 

α:βanomers were maintained and a loss in temperature sensitivity is observed at higher 

temperatures (Figure 3.15)On the other hand, when the less electron-rich triflimide 

(Tf2NH) is used, a significant change is observed. The behavior below -10 °C was simi-

lar to triflic acid, fluorosulfuric acid, and methanesulfuric acid, however, sensitivity of 

α-selectivity as a function of temperature, exponentially increases and ratio of products 

approaches near complete α-selectivity above +10 °C. 
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Figure 3.15: Comparison of different activators on the coupling of mannosyl trichloroacetimidates with 
tBuOH. For full experimental details, see entries 238-261 of Table 6.1 in Chapter 6. Figure code: Mannose 
(●); Tf2NH (red); TfOH (blue); MsOH (orange); FSO3H (green). 
 

The influence of the acceptor was also investigated using a glucosyl donor, 

examining the unique influence of Tf2NH activation on stereochemical outcome under the 

same reaction conditions. In the case of TfOH, poor selectivity was observed ranging from 

40% α-product at -50 °C to 60% at 30 °C when glucosyl donor and tBuOH were used as 

coupling partners in DCM. Interestingly, when the activator is changed to Tf2NH, α-product 

formation was suppressed and the reaction exhibited more β-selectivity (95%) at -50 °C and, 

moreover, sensitivity by temperature was about 1.5 times more than TfOH (Figure 3.16). 

By changing the conjugate base of the activator, the inherent stereoselective preference of 

the donor can be enhanced. Thus, when Tf2NH is used instead of TfOH, the mannose donor 

prefers to form α-product and this behavior is strengthened as temperature increased. 

However, for glucose, the opposite trend is shown by favoring β-product formation at lower 

temperature. 
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Figure 3.16: Tf2NH enhances the inherent stereoselective favorabilities of donors. For full experimental 
details, see entries 35-40, 45-48, 238-243, 254-261 of Table 6.1 in Chapter 6. Figure code: Glucose (▲); 
Mannose (●); Tf2NH (red); TfOH (blue). 
 

3.4.4 Water content 

The removal of residual water from glycosylating agents is an important procedure 

because water can act as a potential nucleophile and is detrimental to activation and yield 

of glycosylations. In this thesis, all glycosylating agents were azeotroped with toluene and 

all nucleophiles and solvents were dried to less than 3 ppm water content to avoid this 

unproductive pathway. The detailed methodology of drying of solvents is given in Section 

6.4 of Chapter 6. 

In addition to reduced glycosylation yields, it was discovered in the course of my 

work that the presence of substoichiometric amounts of water in the reaction can affect the 

stereoselectivity of the glycosylations. Under the standard “anhydrous” conditions, the 

mannosylation with tBuOH exhibits low temperature sensitivity until 10 °C. Nevertheless, 

a rapid change is observed until almost complete α-selectivity is achieved at 30 °C (Figure 

3.17). However, after the addition of 0.25 equivalents of water to the solvent, a complete 

loss of temperature sensitivity is observed. Unexpectedly, no difference on stereoselectivity 
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was observed in glucosylation with iPrOH under “anhydrous” conditions or in the presence 

of 0.25 equivalents of water (Figure 3.17). The yields for the two respective coupling 

conditions for mannose and glucose couplings were similar.  

Large amounts of water present in the glycosylation medium can result in the 

competitive trapping of intermediates to form hydrolyzed donor, which is an irreversible 

reaction. However, 0.25 equivalents of water changes the reaction pathway without 

significant increase in byproduct formation. As such, mannosylation with tBuOH in DCM, 

is affected by small amounts of water in the medium, which reduces the α-selectivity from 

a complete α-selective pathway. 
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Figure 3.17: Comparison of stereoselectivities of glucosyl trichloroacetimidate with iPrOH and mannosyl 
trichloroacetimidate with tBuOH under “anhydrous” conditions and in the presence of substoichiometric 
amounts of water. For full experimental details, see entries 13-18, 107-108, 238-243, 303-308 of Table 6.1 in 
Chapter 6. Figure code: Glucose (▲); Mannose (●); DCM (blue); DCM + 0.25 equiv. H2O (light blue). 
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3.4.5 Solvent  

Solvent greatly influences the stereoselectivity93 of glycosylation reactions. The 

influence of solvent ranges from stabilization of intermediates by coordination or by 

changing conformation and distribution of ion pairs.94 The study of solvent effects reported 

in the literature reveals that α-linkages can be formed preferentially by coordinating ether 

solvents from the β side of the glycosyl donor, whereas, β-linkages are formed in acetonitrile 

due to the “nitrile effect” type coordination from α side (Figure 3.18).92, 94 

 

 
Figure 3.18: Solvent effect on glycsylation via different direction of coordination. 

  

In order to systematically study the influence of solvents and how they can enhance, 

suppress, or override various factors influencing glycosylation stereoselectivity, model 

gylcosylations were performed with glucose, galactose and mannose glycosyl donors in four 

solvents: dichloromethane (DCM), acetonitrile (ACN), toluene, and methyl tert-butyl ether 

(MTBE). Studies involving the effect of donor, acceptor, and activator on stereoselectivitys 

reported in the previous sections of this chapter were conducted in DCM. Therefore, the 

results from the present solvent study were compared to DCM. 

 

3.4.5.1 Solvent effect for glucose donor 

Similar to the methodology followed in the earlier sections in this chapter, glucose 

trichloroimidate donor was coupled with isopropanol as a model acceptor using TfOH as 

activator. The stereoselectivities across the accessible temperature ranges in the four 

solvents is shown in Figure 3.19 and the following analysis compares each solvent to the 

results obtained in DCM. A significant increase in the formation of β-product is observed 

in acetonitrile, ranging from 10% α at -30 °C to 42% α at 70 °C. The temperature sensitivity 

of glucosylation is dampened in acetonitrile. On the contrary, toluene exhibits a stronger 

impact of temperature on stereoselectivity compared to DCM (19% → 62% vs 27% → 61%) 
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within the temperature range from -50 °C to 10 °C. Nevertheless, the gradual saturation of 

alpha selectivity from 10 °C to 70 °C in toluene can be due to two distinct mechanistic 

pathways appear to be occurring above and below 10 °C. In toluene, SN2-like pathways are 

favored at lower temperatures whereas SN1-like at higher temperatures. The solvent 

exhibiting the smallest influence of temperature on stereoselectivity was MTBE, where it 

was seen to be almost constant. It can be inferred here that MTBE is known as ester type 

solvent and has broad temperature scope when compared to diethyl ether, favoring α-

product formation (85% α at -50 °C → 82% α at +50 °C). It can be concluded here that by 

altering four different solvents, α-selectivity can be controlled between 10% and 90% at 

specific temperatures for the coupling of perbenzylated glucose donor and isopropanol using 

TfOH as activator. 
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Figure 3.19: Comparison of four different solvents for the coupling of glucosyl trichloroacetimidate with 
iPrOH using TfOH as activator. For full experimental details, see entries 13-18, 61-67, 89-100 of Table 6.1 in 
Chapter 6. Figure code: Glucose (▲); DCM (blue); Toluene (red); ACN (green); MTBE (orange). 
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3.4.5.2 Solvent effect for galactose donor 

The same methodology was followed to investigate the effect of solvent for a 

galactose donor (Figure 3.20). Galactose has the inherent preference for the β-formation due 

to the presence of the axial C4-O-benzyl ether. Similar to the nitrile effect observed with 

glucose donor, acetonitrile gives higher β-selectivities with decreased temperature 

sensitivities than seen for galactose in DCM (16% α → 29% α vs 30% α → 51% α, over a 

temperature range of -30 °C to 30 °C). In contrast to glucosylation in toluene, 

galactosylation shows a selectivity plateau above 50 °C, giving a broad range of 

selectivities, from 10% α at -50 °C to 69% α at 70 °C. While the formation of the α-product 

is increased in MTBE, and galactosylation exhibits higher temperature sensitivity compared 

to glucosylation in MTBE. The α-selectivity scope varies from 10% α to 78% α for the 

coupling between perbenzylated galactose donor and isopropanol using TfOH as activator.  
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Figure 3.20: Comparison of four different solvents for the coupling of galactosyl trichloroacetimidate with 
iPrOH using TfOH as activator. For full experimental details, see entries 149-154, 172-190 of Table 6.1 in 
Chapter 6. Figure code: Galactose (■); DCM (blue); Toluene (red); ACN (green); MTBE (orange). 
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3.4.5.3 Solvent effect for mannose donor 

Compared to glucose and galactose, mannose strongly prefers α-product formation 

due to the axial C2-O-benzyl ether, and this effect is present for all solvents. Unlike 

glucosylation and galactosylation, near stepwise increase in α-product selectivity by 10% 

are seen in the DCM/toluene/MTBE progression, with low temperature sensitivities in these 

three solvents. However, in the case of acetonitrile, it enhanced the inherent preference of 

the mannose donor, similar to what is observed for mannosylation with tBuOH using Tf2NH 

in DCM. At lower temperatures, the selectivity is constant at 65% α-product. Above 10 °C, 

a rapid increase in temperature sensitivity (+1.1% α/°C) is observed as compared to the low 

temperature data, reaching near complete α-selectivity above 30 °C. The α-selectivity scope 

varies from 50% α to 98% α for the coupling between perbenzylated mannose donor and 

isopropanol using TfOH as activator (Figure 3.21). 
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Figure 3.21: Comparison of four different solvents for the coupling of mannosyl trichloroacetimidate with 
iPrOH using TfOH as activator. For full experimental details, see entries 232-237, 271-290 of Table 6.1 in 
Chapter 6. Figure code: Mannose (●); DCM (blue); Toluene (red); ACN (green); MTBE (orange). 

 



 Chapter 3 Factors effecting glycosylation 

57 
 

The solvent has different effects on the resulting α/β-selectivity with each 

glycosylating donor – glucose, galactose, and mannose. Acetonitrile enhances the inherent 

donor preferences, providing higher proportions of the β-product for glucose/galactose and 

α-product for mannose – similar to the reaction using Tf2NH in DCM. Toluene gives the 

broadest temperature scope and establishes strong temperature sensitivity especially to 

glucose and galactose. Methyl tert-butyl ether enhances the α-formation for all donors. 

Glucose is particularly susceptible; Mannose is resistant to influence by solvents, but does 

exhibit increased proportions of the α-diastereomer in MTBE. The overall trend – glucose 

> galactose > mannose in α-selectivity – was shown in the solvents study. 

 

3.5 Discussion 

The various factors influencing the stereoselectivity of glycosylations is difficult to 

identify and decouple. In addition, irreproducible results due to the sensitivity of 

glycosylations to environmental factors has compounded the problem. While some aspects 

of glycosylations have been studied in great depth, the interrelationship of these factors and 

their degree of influence has remained unclear. In this thesis, utilizing a microreactor-based 

automated flow platform, model gylcosylation reactions were performed to systematically 

and reproducibly interrogate several of these factors. My research generated the most 

complete picture to date of what these influencing factors are, what their effect is, and how 

they directly compare to one another, including how the degrees of influence of these factors 

rank with respect to one another (Figure 3.22). The most important take home message this 

work revealed that the donor and acceptor coupling partners possess inherent preferences 

for the formation of either the α/β-stereoisomer, and that these preferences can be enhanced, 

diminished, or overridden by environmental variables. The most important of the variables, 

dictated by coupling partners, is the stereochemistry of the C2 position of the donor, acting 

as a mechanistic divergent point in the coupling.  
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Figure 3.22: Degree of influence of environmental variables and permanent factors on the stereoselectivity of 
glycosylation. 

Mannose, bearing a C2 axial ether, has a strong inherent preference for the formation 

of the α-product. Glucose and galactose donors both have equatorial, C2-ether, and form the 

β-anomer preferentially. Nevertheless, this β-selectivity has more sensitivity towards 

environmental variables and can be easily controlled and influenced, in contrast to couplings 

of mannose. The β-selectivity preference observed for glucosylation and galactosylation can 

be easily controlled by the temperature, giving β-product at lower temperatures. At higher 

temperature, it shows a weak preference for alpha. The second most important factor to 

control the stereochemical outcome is solvent. Solvents having non-halogen lone pair 

electrons influences the stereoselectivity and with acetonitrile, β-selectivity is increased for 

gluco- and galactosylation. Similarly, α-selectivity is increased by using coordinating 

solvents such as MTBE.  

The activator also influences and enhances the β-product formation for gluco- and 

galactosylation, which is the inherent selectivity preference of the donor. When the C4 ether 

position is axial as is in the case of galactose, β-selectivity increases moderately. The result 

is comparable to the stepwise increase in the acceptor’s nucleophilicity. A further systematic 

decrease of the nucleophilicity of acceptor nucleophiles, such as fluorinated alcohols, the α-
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stereoisomer is weakly favored. Additionally, with increased equivalents of acceptor, the 

selectivity towards β-product increases for both gluco- and galactosylations. In addition, the 

branch representing the glucose/galactose in the Figure 3.22 is less water sensitive when 

compared to the branch representing mannosylations. 

Though the initial preference for dictating the stereochemical outcome for a typical 

glycosylation reaction is guided by the choice of the glycosyl partners, judicious choice of 

environmental conditions can be used to control the final stereochemical outcome 

significantly. The nature of the intermediates formed during and after the activation of the 

glycosyl donor plays a huge role in guiding the selectivity of the reaction towards a 

particular anomer. The nature of these unexplored, formidable intermediates can be 

controlled both by permanent factors such as choice of donor/acceptor and manipulations 

of environmental conditions. The reaction can also be made to follow a particular 

mechanistic pathway (SN1-type or SN2-type) by the choice and control of environmental 

variables.  

The reproducible systematic interrogation of the influence of various environmental 

variables on the stereochemical outcome in this work can be used to control the α/β-

stereoselectivity for a model glycosylation reaction (Figure 3.23). The glycosylation 

between benzylated glucosyl α-trichloroacetimidate and isopropanol highlights this 

stereoselective control. This reaction can be used as a showcase the approach. Near 

complete stereoselective control was achieved for this glycosylation in DCM using Tf2NH, 

11:1 selectivity favoring the β-diastereomer. Upon facile change of solvent to MTBE and 

activator to TfOH and precise control of temperature at -30 °C, the selectivity was 

completely reversed giving a 9:1 ratio favoring the α-diastereomer. 

 

 
Figure 3.23: Tunable stereoselectivity ratios of a given glycosylation coupling pair based on variation of 
environmental conditions.  
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Chapter 4 Machine learning approach to glycosylation 
 

4.1 Introduction 
 

The results described in the previous chapters of this thesis clearly indicate the prob-

lems associated with predicting the stereochemical outcome of chemical 

glycosylations. Controlling and predicting glycosylation stereoselectivity is one of the most 

challenging problems in organic chemistry due to sheer number of factors dictating the 

reaction outcome. Therefore, gaining a detailed mechanistic understanding is a formidable 

challenge. There is a lack of systematic studies of numerous influencing factors affecting 

glycosylation in the literature. Chapter 3 details how this thesis addressed these challenges 

by reporting more than 270 reproducible experiments on a fully automated platform for 

model glycosylation reaction, intercepting several factors affecting glycosylation such as 

temperature, reaction stoichiometry, equivalents, influence of donor, acceptor, activator and 

solvent without human intervention.14

Machine learning is a powerful tool to analyze large datasets to extract correlations 

and identify underlying processes and mechanisms behind the data.95-103 With an empirical 

understanding of glycosylation in hand, along with the data generated in this research, it is 

a perfect opportunity to apply machine learning algorithms to create a model capable of 

predicting stereochemical selectivity of the model chemical glycosylation reactions.

However, the majority of machine learning applications in the chemical literature 

utilize a “classification” rather than “regression” based approach.104 The former approach 

uses classification based algorithms to categorize data into various distinct classes. This 

approach is limited in its ability to predict continuous numeric parameters such as 

stereoselectivity or yield of a chemical reaction as well as generating plausible mechanistic 

hypothesis. Recent paper published,98 shows good prediction of yield using a regression 

based approach.
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4.2 Numeric quantification of permanent factors

A range of different potential descriptors were obtained using SPARTAN software 

(Table 4.1) to quantify the molecular property of donor, acceptor, activator and solvent, with 

density functional theory (DFT) calculations. Descriptors for donor, acceptor, activator and 

solvent were chosen based on the empirical understanding of the glycosylation mechanism 

(Figure 3.22 in Chapter 3) gained in this research work (Figure 4.1).

Table 4.1: the potential descriptors.

 
 

 
Figure 4.1: The selected descriptors. 

 

4.2.1 Donor  

Starting with the coupling partners, it was critical to identify and quantify their 

reactivity, capturing steric and electronic effects of both the nucleophile and electrophile. 

Following the screening of potential descriptors for the steric/electronic properties of the 

donor, five variables were identified (Figure 4.2). Numerical quantification of donor 

properties consists of the reactivity of the C1 position, which describes the electrophilicity, 

and the relative orientations of the substituents of the pyran ring, which describes the 

stereochemistry and sterics (Figure 4.2). With respect to the anomeric position (C1), it has 
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previously been revealed that the reactivity of the donor could be numerically quantified by 

using the 1H NMR chemical shift.105 Based on this work, we calculated (DFT calculation 

using basis set B3LYP 6-31G*) the anomeric 13C NMR chemical shift, which is not only 

correlated to the reactivity of the donor but also allows for differentiation of leaving groups. 

Previously, three different leaving groups were investigated (trichloroacetimidate (-

OC(CCl3)=NH), ethylthioether (-SEt), phosphate (-OP(OnBu)2=O and -OP(OPh)2=O). In 

the case of trichloroacetimidate, an oxygen is bonded to anomeric carbon, resulting in C1 
13C NMR shifts between 98.3–103.0 ppm. The ethylthioether derivatives contain a C-S bond 

at C1 and exhibit an upfield shift in the NMR (81.4–86.1 ppm).  

 

 
Figure 4.2:  a, 13Carbon NMR chemical shift (ppm). b, Dihedral angle (°) of X1-C1-C2-O2. c, 3D map of 
donor chemical subspace (X: Dihedral angle (°) of O2-C2-C3-O3, Y: Dihedral angle (°) of O3-C3-C4-O4, 
Z: Dihedral angle (°) of O4-C4-C5-C6). Basis set: B3LYP 6-31G* level of theory. 

Donor C1 shift (ppm) X1O2 (°) O2O3 (°) O3O4 (°) O4C6 (°)

Glc1α 98.4 56.8 66.3 -64.5 61.1
Glc1β 103.0 -69.4 71.9 -66.1 58.4
Glc2β 81.4 -50.2 61.2 -70.9 74.2
Gal1α 100.6 54.8 60.8 58.9 -56.7
Gal2β 84.1 -66.4 75.0 31.4 -40.9

Man1α 99.9 171.4 -57.4 -62.5 60.3
Man2α 86.1 147.0 -33.2 -73.5 76.5
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To quantify the donor’s stereochemical properties, the dihedral angles of substituents 

at positions C1, C2, C3, C4 of the pyranose ring were considered. First, dihedral angle (X1-

C1-C2-O2) between oxygen/sulfur at the anomeric position and the C2 oxygen, providing 

information about the orientation of both the C2 position as well as the leaving group. 

Clockwise (+) values for this descriptor indicate that the leaving group is α (Figure 4.3a/c) 

while counterclockwise (-) is the β orientation (Figure 4.3b). The mannose α-donor is 

differentiated from the respective glucose and galactose donors with angles ranging from 

+147.0 to +177.5° (Figure 4.3c) as compared to -69.4– +60.7° (Figure 4.3a/b). Dihedral 

angles with the respective sugars are given in the table of Figure 4.2.  

 

Figure 4.3: Comparison of dihedral angle of O1-C1-C2-O2 for Glc1α, Glc1β and Man1α. For Gal1α, 
Gal1β, refer to the table of Figure 4.2. 

 

Similarly, the remaining dihedral angles from the C2 to the C5 positions describe 

the orientation of the rest of the pyran ring. Mannose only has negative values for the O2-

C2-C3-O3 dihedral (-33.2 – -60.5°) due to the axial orientation of C2 position, which results 

in a counterclockwise rotation to the C3 substituent (Figure 4.4c). However, glucose and 

galactose have positive values ranging from 61.2° to 75.0° due to the equatorial orientation 

of the C2 group (Figure 4.4a/b). These dihedral angles with the respective sugars are also 

given in the table of Figure 4.2.  
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Figure 4.4: Comparison of dihedral angle of O2-C2-C3-O3 for Glc1α, Galα and Man1α. For Gal1β, 
Gal1β, refer to the table of Figure 4.2. 

 

In the case of galactose, dihedral angle of O4-C4-C5-C6 is and (-) due to the axial 

O4 substituent on C4 position whereas glucose and mannose donor have (+) value (Figure 

4.5). Change of the dihedral angles leads to the changing of the hyperconjugation and 

“through the space effects”52 which can subsequently alter and generate homoconjugation 

and remote double hyperconjugation effects. Quantifying these “through the space effects” 

can result in quantifying the steric and overall electronics of the molecule, which is an 

important parameter for the numerical quantification of donor.  

 
Figure 4.5: Comparison of dihedral angle of O4-C5-C5-C6 for Glc1α, Galα and Man1α. For Gal1β, 
Gal1β, refer to the table of Figure 4.2. 

 

4.2.2 Acceptor  

The most important parameter to be considered in the acceptor (nucleophile) is the 

nature of the nucleophilic oxygen. In previous research by Codée,74 Mayr’s nucleophilicity 

parameters and field inductive parameters were used for correlate stereochemistry outcome 

of the glycosylation reactions with a set of simple alcohols. However, these parameters are 
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an experimentally derived values, this limits the scope of the acceptor. In this study, 

nucleophilicity is characterized by the 17O NMR chemical shift (B3LYP 6-311G*), which 

shows the electron distribution of the oxygen according to the local geometry (binding 

partners, bond lengths, angles between bonds, etc.). As the number of adjacent methyl 

groups is increased (methanol, ethanol, isopropanol to tert-butanol), the 17O NMR shift 

decreases stepwise by about 31.2 ppm, ascribed to hyperconjugative donations of the -CC 

and -CH orbitals into the LPO
* and the *-CO orbitals, respectively. In addition, when 

strong electron withdrawing substituents such as fluorine are bonded to the α-carbon on 

ethanol, the 17O NMR chemical shift offsets hyperconjugation donations, as evidenced by 

di-, and trifluoroethanol have similar chemical shifts to methanol. To describe the steric 

hindrance of the acceptor, the exposed surface area of the oxygen and α-carbon, 

respectively, was calculated using a space-filling model (Å2) using basis set B3LYP 6-

311G*. As the number of methyl groups increased, oxygen and α-carbon exposed surface 

areas decreased about 0.27 Å2 and 7.7 Å2, respectively. However, when fluorine is bonded 

to the α-carbon of ethanol, the oxygen exposed area increased about 0.31Å2 and α-carbon 

exposed area slightly decreased 0.51 Å2 (Figure 4.6). 

 
Figure 4.6: 3D map of acceptor chemical subspace (X: exposed surface area (Å2) of Oxygen in a space-
filling model, Y: exposed surface area (Å2) of α-Carbon in a space-filling model, Z: 17Oxygen NMR 
chemical shift of hydroxyl group of acceptor). Basis set: B3LYP 6-311G* level of theory. 
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4.3 Numeric quantification of environmental factors 

The influence of environmental parameters such as temperature, activators and 

solvents over the stereochemical outcome of glycosylation was discussed in Chapter 3. 

These parameters were influential in altering and even inversing stereoselectivity. An 

accurate description of their influential factors is critical to accurately predict the effect 

environmental conditions have on glycosylation stereoselectivity. Temperature is already a 

quantified numeric descriptor. A thorough screening of potential variables revealed a set of 

descriptors that quantify the relevant steric and electronic factors of both acid catalysts 

(activators) and solvents. 

4.3.1 Activator  

The activator changes the stereoselectivity by changing the mechanism14, 90-92 that 

arises from coordination of conjugate base to activated donor in reaction solution. The 

HOMO (highest occupied molecular orbital) energy value is correlated as to how easily the 

activators can deprotonate to form the conjugate base. Mechanistically, this conjugate base 

can interact both covalently and non-covalently with the activated donor and related 

intermediates, thereby strongly affecting the reaction outcome.87 As such, the HOMO 

energy value was calculated (basis set B3LYP 6-311G*). Strong acids MsOH, FSO3H, 

TfOH and Tf2NH were used as activators, and HOMO energy values were -1.54, -2.36, -

2.48 and -4.06 eV respectively. Akin to acceptors, steric hindrance parameters were 

calculated for the activator using either the oxygen (O-) or nitrogen anion (N-) exposed 

surface area, as determined from a space-filling model of the conjugate base. Tf2NH is a 

nitrogen based activator and it had unique size of exposed surface area of 9.7 Å2, while 

oxygen based activators had values ranging from 17.7 to 18.3Å2 (Figure 4.7).  

  
Figure 4.7: The numerical descriptors for activators. 
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4.3.2 Solvent 

Solvents are of fundamental importance in organic chemistry, with their physical 

characteristics influencing a variety of reaction parameters e.g. a solvent’s polarity affecting 

the separation and stabilization of the large number of intermediates formed in the 

glycosylation reaction.93-94 Upon decomposition of the activated donor, an oxocarbenium 

ion is formed. This ion – and the conformations thereof – can be stabilized by both through-

space or covalently with lone pair electrons or -systems of the solvent. With respect to 

glycosylations, solvents have previously been divided into four main categories: polar and 

non-coordinating, weakly polar and non-coordinating, polar and coordinating and weakly 

polar and coordinating solvents.92 I initially selected solvents in Chapter 3 on those four 

distinct classes,14 by choosing four solvents namely dichloromethane(DCM), toluene, 

acetonitrile (ACN), and methyl tert-butyl ether (MTBE) respectively (Figure 4.8).  

  
 Figure 4.8: Four main categories for solvents.  

 

However, Donicity is an experimentally derived value, and limits the scope of 

solvents, which can be included. To numerically quantify the solvent properties, DFT 

calculations were performed, and following screening the minimum value of the 

electrostatic potential (MinElPot) and maximum value of the electrostatic potential 

(MaxElPot) were identified as suitable descriptors. In the case of DCM, the two electron 

withdrawing chlorine atoms bonded to methylene group result in a MinElPot of -62.1 kJ/mol 

and MaxElPot of 146.6 kJ/mol. However, toluene has MinElPot and MaxElPot values as -

95.2 and 69.3 kJ/mol respectively. This is because this molecule is composed of only carbon 

and hydrogen. If the molecule has an atom of high electronegativity, the intensity of 

MinElPot increases and lowers the MinElPot value. This trend is visible in ACN and MTBE. 

However, ACN has triple bond, which affects its overall electron density, and increases the 

magnitude of its MaxEIPot. In contrast, MTBE has a lower MaxEIPot value (Figure 4.9). 
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Figure 4.9: The numerical descriptors for solvents.  

 

4.4 Machine learning software development 

Many software development platforms exist for developing machine learning 

software based on machine learning algorithms. The poplar choices includes Python based 

TensorFlow, R studio, or MATLAB.  

For my thesis work, statistical and machine learning toolbox in MATLAB was used 

for the development machine learning code. The core machine learning algorithm is based 

on Random Forest algorithm. Random Forest algorithm was used to train the data with the 

goal of predicting stereoselectivity. Random Forest algorithm generates several weak 

models (learners) in the form of binary decision trees. The nodes of each of these decision 

trees are generated by random shuffling of features (descriptors) in the training set. The final 

model outcome is generated by creating an “ensemble” by a combined weighted sum of 

these generated decision trees, representing a collective decision of all the individual trees, 

dictating the final output prediction of the model. Modeling the data with these ensemble 

learners generates good prediction and reduces over-fitting.106 

Random Forest algorithm was used by invoking the “fitrensemble” function in 

MATLAB. The general syntax for the function used is 

“Mdl = 

fitrensemble(X,Y,'Method','Learners','OptimizeHyperparameter

s',      'HyperparameterOptimizationOptions') 
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Mdl is the model output as a “Regression Ensemble” which is a complex data 

structure consisting of the trained model along with compiled information on every 

parameter including function weights, fit info, and hyperparameter optimizations results. 

Mdl also contain the trained model that will be later used in the prediction section. X is the 

input variable, which contains experimental data along with the input descriptors. Y is the 

response variable containing the experimental observations. ‘Leaners’ is the specification 

for the type of decision tree or model.  

 

4.5 Generation of a training set for machine learning 

Data points (268) in the training set dictate a maximum of thirteen descriptors, 

temperature, five for donor, three for acceptors, two for activator and  two for solvents 

respectively to avoid any overfitting to get statistically meaningful results.107 The donors, 

acceptors, activators and solvent, which were included in the training set are shown in Figure 

4.10. The training set is comprised of experimental conditions (reaction conditions, yield, 

and stereoselectivity) as well as the numerical descriptors calculated for donors, acceptors, 

activators and solvents by using DFT calculation in SPARTAN software as described in the 

Sections 4.2 and 4.3. The reaction condition was kept constant, having previously been 

found to have no impact on stereoselectivity (Scheme 4.1). Entries 1-106, 116-134, 136-

141, 143-196, 220-302 in Table 6.1 (Chapter 6) were included in 268 training data points 

set. 

Donor 

 
 
Acceptor  
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Activator  

 
 
Solvent 

 
Figure 4.10: The compounds included in the training set. 
 

 

4.6 Machine learning: ‘under the hood’ 

The machine learning methodology used in the research could be broadly 

categorized into five individual sections: 

1) Data input and preconditioning section 

2) Model input section 

3) Machine learning and data processing section 

4) Prediction section   

5) Data output section  

 

1) Data input and preconditioning section 

Data input and preconditioning section consists of codes to import the training set 

data having both descriptor input data and response data into different arrays using the 

‘xlsread’ function of MATLAB. Different arrays were also created for other 

functions, such as storing the model output data in the preconditioning section. 

Validation and experimental data were also stored into separate arrays to be used for 

prediction and validation purposes. 

2) Model input section 

After the import of the training data, the software generates the learner function, 

which is based on a template regression model tree. Model tree was generated using 
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the “templatetree” function in the MATLAB code. The template tree function could be 

invoked as shown below: 

t = templateTree('NumPredictorsToSample',  

'PredictorSelection','Prune','Surrogate',); 

 

The templatetree function generates decision trees and in this case, regression trees 

based on a number of nested functions including “NumPredictorToSample” which 

selects the appropriate number of predictors to the random sampling of data.  

 
3) Machine learning and data processing section 

The optimal template tree as described in the previous section is used in the 

Random Forest algorithm as learners. The trees were randomly selected and grown 

using algorithm based on “Bagging” and “LSBoost” type algorithm. 

 

3.1) Bagging algorithm 

Bagging algorithm is an ensemble learning technology called Bootstrap 

Aggregation. With this technology, random replica models or decision trees are 

grown on the all the samples in the training set. With this technique, many replica 

models could be generated from the same training set. For generating the splits in 

the decision tree, the predictor is randomly selected. This random selection of 

predictors leads to what is called Random Forest. 

 

3.2) LSBoost 

This algorithm is used here for regression based ensemble learning. The least 

square boosting is done to fit the regression trees with the observed data. At every 

iteration, the algorithm works by fitting a new learner with the observed difference 

between prediction from the model and observed data.108 This fitting is achieved by 

minimization of the mean-square-error (MSE). 

 
3.3) Tuning of hyperparameters 

The learning performance of machine learning algorithms can be enhanced 

quite significantly by choosing proper hyper-parameters. However, this optimization 

is still empirical in nature and often depends on the dataset being optimized. As an 

alternative, automated hyperparameter tuning is becoming increasingly important.106 
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Here we have used the algorithm. “Expected-improvement-plus” in MATLAB for 

automated tuning of hyperparameters. 

 

4) Prediction section 

Upon completion of the training, the model output is stored in a variable ‘Mdl’. The 

prediction algorithm ‘predict’ can now be used to along with the trained model stored in 

‘Mdl’ to predict new experimental results based on the trained model. Once the 

prediction is completed, the predictor importance is calculated by summation of the 

variation of Mean square errors (MSE) which generates from split of each predictor and 

dividing this quantity by the total number of branch nodes. Separate arrays are created 

for storing the prediction results and the predictor importance.  

 

5) Data output section 

The arrays generated for storing the model output in the form of prediction data and 

predictor importance along with R2 are exported and converted into table data types in 

this section. These tables are then written to Microsoft Excel datasheets using the 

‘xlswrite’ function of MATLAB.  

 

4.7 Quantifying of accuracy and benchmarking model with R2 and RMSE 

In all the results that follow, the quantification of accuracy and benchmarking of 

Machine Learning models are demonstrated by R2 (coefficient of determination) and Root 

Mean Square Error (RMSE) values. The ideal value for the coefficient of determination is 

1 and RMSE is 0. These are calculated with Experimental (X) and Predicted (Y) values by 

the equations given below and it is worth mentioning here that both of these values need to 

be taken into account when judging the prediction ability of the model. Utilizing only one 

of these values is not enough, as demonstrated in Figure 4.11. The dashed line and the solid 

line represents prediction values and experimental values simultaneously. Figure 4.11a 

represents a model for which the RMSE is 9.7, however the R2 is 0.2 which is poor. 

Therefore, in this case the model performs poorly, compared to the model represented by 

Figure 4.11b. The increase in RMSE is negligible here compared to the model in Figure 

4.11a and R2 is 1 which is ideal. However, the model represented by Figure 4.11b always 

over predicts the experimental data. The model shown in Figure 4.11c represents an ideal 
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case scenario.  Both the RMSE and R2 values are ideal, however, this type of model 

accuracies are seldom observed in practical situations. 

 

 
Figure 4.11: (a)-(c) represents three different models and quantifies the model performance with the help of 
RMSE and R2 values.   

 

4.8 Default glycosylation conditions 

Glycosylations were performed in an automated microreactor flow platform, 

described in detail in Chapter 2. Compounds listed in the training set above were combined 

using the following stoichiometries (Scheme 4.1). The complete training dataset is provided 

in Table 6.1 of Chapter 6. 

 
Scheme 4.1: A default glycosylation condition for machine learning in an automated microreactor flow 
platform. 

 

4.9 Training and prediction of glycosylation 

The training set contains systematic combinations of seven electrophiles, six 

nucleophiles, four acid catalysts, and seven solvents over a solvent-dependent temperature 

range of -50 – 100 ˚C. Along with the experimental data, the descriptors described in the 

sections above were utilized to train the Random Forest algorithm in conjunction with 

hyperparameter tuning. After the initial training, the trained model was used to predict the 

stereoselectivities of a set of out-of-sample glycosylations, varying each of the four 
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chemical species in the reaction over the accessible temperature range. Validation of the 

predicted results was performed using the automated microreactor platform as discussed in 

Chapters 2 and 3 of this thesis.  

As the descriptors were chosen based on chemical intuition and my current 

understanding of glycosylations, it becomes important to quantify the scope of the model in 

predicting newly discovered mechanistic rules by which stereoselectivity could be 

influenced. The compounds were organized by donor/ acceptor/ activator/ solvent, and were 

not included in the training set and used to quantify the scope of the model (Figure 4.12). 

Similarly, predictions were run using these molecules and were subsequently validated 

experimentally on the same microreactor platform. 

 
Donor 

 
  
 
Acceptor 

 

 
Figure 4.12: Out-of-sample reagents used to validate prediction accuracy of the model with variances for each 
chemical category: donors, acceptors, an activator, and solvents. 

 

Accurate predictions were obtained for the selectivity of electrophiles bearing 

phosphate leaving groups, whose resultant selectivity was revealed to be similar to those of 

glycosyl imidates and thioethers for glucose, galactose, and mannose donors, with a 

combined root mean square error (RMSE) of 4.1 (Figure 4.13a). It was also revealed that 
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the model could be applied to other pyran cores such as L-fucose. The predicted 

stereoselectivity accurately matched the experimental data (RMSE: 7.2) for the coupling of 

fucose α-imidate donor with isopropanol, where -anomer formation is favored at low 

temperatures and exhibits a decrease in stereoselectivity with increase in temperature 

(Figure 4.13b). 

 
Figure 4.13: Prediction of stereoselectivity for glycosylations using different anomeric leaving groups and 
pyran core. a, Prediction of stereoselectivity for glycosylations involving a glycosylphosphate leaving group. 
b, Prediction of stereoselectivity using a fucose donor with iPrOH in DCM. For full experimental details, see 
entries 313-328 of Table 6.1 in Chapter 6. Figure code: Fucose (); Glucose (▲); Galactose (); Mannose 
(); Experimental (solid black line); Predicted (dashed colored line). 

 
The model successfully predicted the stereoselectivities of disaccharide formation 

though the training set contains only simple alkyl alcohols as nucleophiles. Predictions were 

made for the coupling of α-galactose imidate with both glucose and mannose C6 alcohols, 

and the predictions match well with experimental data, albeit predicting a less α-selective 

process than observed (RMSE: 12.4 and 13.9, Figure 4.14a/b, respectively). 

 
Figure 4.14: Prediction of mannose and glucose C6-acceptor with galactose imidate donor in DCM. For full 
experimental details, see entries 329-339 of Table 6.1 in Chapter 6. Figure code: Galactose (); Experimental 
(solid black line); Predicted (dashed colored line). 
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A bit of over-prediction (values predicted are higher than obtained from 

experiments) in the model was observed towards α-selective processes than experimentally 

observed in glycosylations using superacid 4,4,5,5,6,6-hexafluoro-1,3,2-dithiazinane-

1,1,3,3-tetraoxide (C3F6S2O4NH) as acid catalyst. The over-prediction mainly happens at 

higher temperatures with galactose, however the model is able to capture the trend properly 

and has a low RMSE of 7.2 (Figure 4.15a). 

However, for C3F6S2O4NH-catalyzed coupling of mannose with isopropanol in 

DCM, the model over-predicts the αselectivity significantly (Figure 4.15b). The RMSE 

increases to almost 18.7%. The prediction of a stereoselective plateau at low temperatures 

with αselectivity around 60% was observed experimentally for other activators with 

mannose (Figure 3.15). However, this finding of -mannosylation product formation at low 

temperatures (-50 ˚C, 63% -product) is rather unexpected due to the challenging nature of 

-mannosylation which generally requires locked donor configurations.10 With 

C3F6S2O4NH, the perbenzylated donor ranges from a 63% -selectivity at -50 ˚C to 98% α-

selectivity at 30 ˚C (Figure 4.15b). 

 

Figure 4.15: a, Prediction of 4,4,5,5,6,6-hexafluoro-1,3,2-dithiazinane 1,1,3,3-tetraoxide (C3F6S2O4NH) 
activator with galactose donor and iPrOH acceptor in DCM. b, Prediction of C3F6S2O4NH with mannose donor 
and iPrOH in DCM. For full experimental details, see entries 340-349 of Table 6.1 in Chapter 6. Figure code: 
Galactose (); Mannose (); Experimental (solid black line); Predicted (dashed colored line) 

 

As a final test of the model, two new solvents were employed and the 

stereoselectivity of glucose and galactose α-imidate donors with isopropanol were predicted 

(Figure 4.16). The strong influence of solvent93 on the stereoselectivity of glycosylations is 

nicely captured by the descriptors chosen, and the model is accurate across a wide 
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temperature range for both α,α,α-trifluorotoluene (RMSE: 8.1) and 1,4-dioxane (RMSE: 

4.2). 

 

Figure 4.16: a, Prediction of α,α,α-trifluorotoluene (3F-toluene) solvent with glucose α-imidate donor and 
iPrOH in DCM. b, Prediction of 1,4-dioxane solvent with galactose α-imidate donor and iPrOH in DCM. For 
full experimental details, see entries 350-360 of Table 6.1 in Chapter 6. Figure code: Glucose (▲); Galactose 
(); Experimental (solid black line); Predicted (dashed colored line) 

 

4.10 Generation of validation set for benchmarking  

During my thesis work, an intriguing result regarding the stereochemistry of the 

leaving group influencing stereoselectivity was revealed. This is traditionally not considered 

an exploitable factor to influence the stereoselectivity of glycosylations.14, 56 This 

assumption is not without experimental evidence. It was experimentally revealed that the 

α/β-orientation of the leaving group of glycosyl donor has no influence on stereoselectivity 

in dichloromethane. This was reported in Figure 3.4 of Chapter 3 and the subsequent 

publication.14 Divergences in stereoselectivity based on this factor have only sparingly been 

observed in the literature, e.g. when phenylsilicon trifluoride (PhSiF3) is used as catalyst.109  

The influence of the leaving group orientation on stereoselectivity using solvent was 

revealed in this research work and has not previously been reported. While essentially 

identical behavior is observed in DCM and chloroform, a slight divergence in MTBE at low 

temperatures is observed, with an 11% difference at -50 ˚C where the β-donor reaches 96% 

α-selectivity. This variable becomes important in toluene. Glucose β-imidate donor yields 

almost unchanged stereoselectivity (~60% α) over a 120 ˚C range! The orientation of the 

leaving group of the donor influences the stereoselectivity by more than 40% at -50 ˚C 

(Figure 4.17). 
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Figure 4.17: Experimental results of coupling α/β-glucose donors with iPrOH (Glc1α and Glc1β) in different 
four solvents DCM, CHCl3, toluene, and MTBE. For full experimental details, see entries 13-34, 61-74, 95-
106, 123-134 of Table 6.1 in Chapter 6. 

 

After inclusion of this intriguing data in the training set, we tested the scope of and 

ability of the model to predict the influence of other factors on this to-date unreported 

phenomenon (Figure 4.18). The stereoselectivity of glucose α-imidate with ethanol as 

acceptor ranges from 10 – 54% α-product in toluene. The model predicts that the -donor 

will behave differently, with a much less selective coupling overall (45%-55% α-product). 

This prediction matches well with the experimental results, with an RMSE of 7.7 over the 

120 ˚C range, though the process is less α-selective than predicted at low temperatures. The 

model also accurately predicts the ~10% decrease in α-selectivity at low temperatures with 

tBuOH as acceptor and the overall similarity of the observed stereoselectivities of the α/β-

donor under these conditions (RMSE:7.0). 
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Figure 4.18:  Prediction and experimental results of -glucose donor (Glc1β) with EtOH and tBuOH in 
toluene. For full experimental details, see entries 75-88, 361-374 of Table 6.1 in Chapter 6. Figure code: EtOH 
(); tBuOH (); Experimental data with α-donor (solid grey line); Experimental data with β-donor (solid 
black line); Predicted data in dashed, colored line. 

 

Lastly, we sought to explore whether this additional mechanistic complexity exists 

for other electrophiles (Figure 4.19). The model predicts that the α/β-galactose donors, when 

coupling with isopropanol, will give similar α-selectivity in DCM over the 80 ˚C 

temperature range, matching experimental values (RMSE 2.9). In toluene, the model 

predicts a divergence in stereoselectivity at low temperatures, though not as large as what 

is observed with glucose. This prediction again aligns with experimental results (RMSE: 

5.7). Overall, the model correctly predicts the previously unknown ability to turn on and off 

the influence of the donor leaving group’s orientation using solvents under otherwise 

identical conditions. 
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Figure 4.19: Prediction and experimental results of -galactose donor (Gal1β) with iPrOH in DCM and 
toluene. For full experimental details, see entries 149-154, 375-386 of Table 6.1 in Chapter 6. Figure code: 
Gal1α(); Gal1β (); Experimental data with α-donor (solid grey line); Experimental data with β-donor 
(solid black line); Predicted data in dashed, colored line. 

 

Along with prediction, the machine learning software running Random Forest 

algorithm generates the degree of influence each variable has on the model outcome. This 

helps to numerically quantify the influence of the variables within the model (Figure 4.20). 

It was revealed that in the chemical subspaces covered by our model, 46% of the influence 

over a glycosylation’s stereoselectivity is determined by the inherent properties of the 

coupling partners. The donor descriptors which influences the overall model outcome by 

26% is more impactful than the acceptor which is 20%. Once the coupling partners are fixed, 

more than half of the stereoselectivity observed is controlled by the environmental 

conditions chosen. The most important environmental factors are the reaction temperature 

(21%) and the solvent (26%). 
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Figure 4.20: Degree of influence of the twelve chemical factors influencing the stereoselectivity of 
glycosylations, rounded to nearest whole number.  

 

4.11 Comparison of four different algorithms 
Along with regression based Random Forest (RF) algorithm, used as the core 

algorithm in this thesis, separate software was developed in order to screen other  common 

regression based machine learning algorithms. These are Gaussian Process Regression 

(GPR), Regression Tree (RT) and regression based Support Vector Machine (SVM). For 

implementation of GPR, SVM and RT in MATLAB, ‘fitrgp’, ‘fitrsvm’ and ‘fitrtree’ 

functions were used respectively using similar methodology as described for the 

implementation of Random Forest in MATLAB, which was discussed in detail in Section 

4.4. This additional study was performed in order to compare the prediction performance 

and benchmarking different algorithm compared to RF. Each of the four ML algorithms was 

trained using the training set and the models were compared with the experimental data as 

shown below. In nearly all the cases, RF was the superior model. The following 

experimental and validation data are reported as benchmarking references.  

 

Prediction of phosphate leaving group  

In the case of prediction of phosphate leaving group (Glc3α, Gal3α, Man3α), RF 

clearly out performs when compared to RT, SVM and GPR which is shown by 

corresponding RMSE and R2 values (Figure 4.21). However, three other algorithms (RT, 
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SVM and GPR) also performed quite well and predict the experimental results with high 

accuracy (RMSE value less than 5.1). 

 

 
Figure 4.21: Validation data collected from the automated flow platform to predict phosphate leaving group 
with glucose, galactose and mannose. a, Prediction with Random Forest (RF). b, Prediction with Regression 
Tree (RT). c, Prediction with Gaussian Process Regression (GPR). d, Prediction with Support Vector Machine 

Temp. (°C) Experimental RF RT GPR SVM

-30 31.3 39.5 41.0 36.0 38.8
-10 44.7 47.8 49.6 45.6 47.1
10 53.2 57.0 54.4 54.5 53.5
20 57.9 60.2 57.5 58.4 57.3
30 61.5 64.3 60.1 62.1 61.1
-30 34.3 39.1 41.0 39.0 45.4
-10 41.5 44.3 49.6 47.1 49.4
10 47.3 50.0 49.9 54.3 51.7
20 50.1 53.4 49.9 57.4 52.4
30 52.7 56.9 53.8 60.1 53.2
20 63.9 63.9 68.9 61.4 58.4
30 62.1 67.5 68.9 63.3 59.1
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(SVR). Experimental (solid black line); Predicted (dashed colored line). For full experimental details, see 
entries 313-324 of Table 6.1 in Chapter 6. 

 

Prediction of Donor- Fucose 

Prediction of Fuc1α with RF algorithm gives better results when compared to RT, 

SVM and GPR which is shown by corresponding RMSE and R2 values (Figure 4.22). In the 

case of RF, RMSE and R2 were 7.2 and around 1 respectively which is higher than other 

algorithms. However, the accuracy of SVM model gives poorest prediction with 14.6 RMSE 

and 0.87 R2 (Figure 4.22d).  

 

 
 

Temp. (°C) Experimental RF RT GPR SVM

-50 19.9 26.4 33.4 27.6 40.0
-30 30 36.9 41.0 35.9 41.9
-10 33.6 41.7 49.6 44.1 47.4
10 39.7 46.8 49.9 51.4 50.6
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Figure 4.22: Validation data collected from the automated flow platform to predict Fuc1α donor. a, Prediction 
with Random Forest (RF). b, Prediction with Regression Tree (RT). c, Prediction with Gaussian Process 
Regression (GPR). d, Prediction with Support Vector Machine (SVR). Experimental (solid black line); 
Predicted (dashed colored line). For full experimental details, see entries 325-328 of Table 6.1 in Chapter 6. 

 

Prediction of Acceptor- Mannose 

The experimental and prediction results for the out-of-sample glycosylations 

involving a C6 mannose glycosyl acceptors (Figure 4.23) reveal that GPR has the worst 

RMSE value (29.7, Figure 4.23c), however, it predicts the temperature trend well as shown 

by R2 very close to 1. In the case of prediction by RT, it predicts poorly at lower 

temperatures and then gives a RMSE of 22.7 (Figure 4.23b).  

 
 

 
 

 

Temp. (°C) Experimental RF RT GPR SVM

-50 48.9 33.8 13.6 15.8 54.4
-30 56.5 44.8 30.4 25.4 54.4
-10 61.5 48.1 36.5 32.8 54.4
10 65.7 54.2 71.1 38.0 54.4
30 69.7 59.9 70.7 42.2 54.4
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Figure 4.23: Validation data collected from the automated flow platform to predict ManOH acceptor. a, 
Prediction with Random Forest (RF). b, Prediction with Regression Tree (RT). c, Prediction with Gaussian 
Process Regression (GPR). d, Prediction with Support Vector Machine (SVR). Experimental (solid black line); 
Predicted (dashed colored line). For full experimental details, see entries 329-333 of Table 6.1 in Chapter 6. 
 

Prediction of Acceptor- Glucose 

Prediction of GlcOH with the GPR algorithm gives better results when compared to 

RT, SVM and RF as shown by corresponding RMSE and R2 values of 10.7 and 0.995 

respectively (Figure 4.24c). Interestingly, a prediction trend similar to ManOH was 

observed for RT giving a RMSE and R2 of 18.2 and 0.88 respectively (Figures 4.23b and 

4.24b). 

 

 
 

 
 

Temp. (°C) Experimental RF RT GPR SVM

-50 42.4 27.6 13.6 32.4 33.2
-30 51.9 39.8 30.4 42.4 34.0
-10 62.6 46.0 36.5 50.4 41.8
10 67.1 52.9 71.1 56.2 49.4
20 69.2 57.1 71.1 58.6 52.2
30 71.9 58.5 70.7 60.8 54.3
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Figure 4.24: Validation data collected from the automated flow platform to predict GlcOH acceptor. a, 
Prediction with Random Forest (RF). b, Prediction with Regression Tree (RT). c, Prediction with Gaussian 
Process Regression (GPR). d, Prediction with Support Vector Machine (SVR). Experimental (solid black line); 
Predicted (dashed colored line). For full experimental details, see entries 334-339 of Table 6.1 in Chapter 6. 

 

Prediction of Activator- C3F6S2O4NH with Gal1α 

The prediction of 4,4,5,5,6,6-hexafluoro-1,3,2-dithiazinane 1,1,3,3-tetraoxide 

(C3F6S2O4NH)  as activator coupling a galactose imidate donor (Gal1α) and isopropanol as 

acceptor (Figure 4.25) reveal that GPR clearly out performs RT, SVM and RF as shown by 

corresponding RMSE and R2 values (Figure 4.25c). The RF algorithm performs quite well 

and predicts the experimental results with high accuracy (RMSE is 7.2 and R2 is close to 1, 

Figure 4.25a). However, SVM fails prediction of the temperature trend totally and gives 

high RMSE of 23.6 (Figure 4.25d). 

 

 



 Chapter 4 Machine learning approach to glycosylation 

87 
 

 

 

 
Figure 4.25: Validation data collected from the automated flow platform to predict C3F6S2O4NH with Gal1α. 
a, Prediction with Random Forest (RF). b, Prediction with Regression Tree (RT). c, Prediction with Gaussian 
Process Regression (GPR). d, Prediction with Support Vector Machine (SVR). Experimental (solid black line); 
Predicted (dashed colored line). For full experimental details, see entries 340-344 of Table 6.1 in Chapter 6. 

 
Prediction of Activator- C3F6S2O4NH with Man1α 

In the case of prediction of C3F6S2O4NH with Man1α, all four machine learning 

algorithms show similar RMSE values range from 16.2 to 18.7 (Figure 4.26). The prediction 

of a stereoselective plateau at lower temperatures with αselectivity around 60% was 

observed, due to previous experimental results for Tf2NH activator with Man1α and tBuOH 

(Figure 3.15 in Chapter 3). 

 

Temp. (°C) Experimental RF RT GPR SVM

-50 18.5 21.7 16.2 16.7 54.4
-30 26.2 31.6 16.2 25.8 54.4
-10 32.6 40.5 16.2 34.7 54.4
10 41 49.7 45.8 42.5 54.4
30 47.1 56.0 53.8 48.6 54.4



 

88 
 

 

 

 
Figure 4.26: Validation data collected from the automated flow platform to predict C3F6S2O4NH with 
Man1α. a, Prediction with Random Forest (RF). b, Prediction with Regression Tree (RT). c, Prediction with 
Gaussian Process Regression (GPR). d, Prediction with Support Vector Machine (SVR). Experimental (solid 
black line); Predicted (dashed colored line). For full experimental details, see entries 345-349 of Table 6.1 in 
Chapter 6. 

 
Prediction of Solvent- α,α,α-trifluorotoluene 

The experimental and prediction results for the out-of-sample glycosylations 

involving α,α,α-trifluorotoluene as solvent coupling a glucose imidate donor and 

isopropanol as acceptor (Figure 4.27) reveal that RF clearly out performs RT, SVM and 

Temp. (°C) Experimental RF RT GPR SVM

-50 36.7 57.4 56.7 54.2 56.3
-30 42.8 58.4 56.7 59.9 54.8
-10 48.2 65.6 59.3 71.4 64.8
10 64.4 92.1 91.5 85.4 86.1
30 98 99.2 91.5 95.3 92.4
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GPR as shown by corresponding RMSE and R2 values (Figure 4.27a). In the case of RF, 

RMSE and R2 were 8.1 and 0.98 respectively which is better than other algorithms. However 

RT gives poorest prediction compared to RF, SVM and GPR, and fails to predict a 

temperature trend at lower temperature (Figure 4.27b). 

 

 

 

 
Figure 4.27: Validation data collected from the automated flow platform to predict α,α,α-trifluorotoluene. a, 
Prediction with Random Forest (RF). b, Prediction with Regression Tree (RT). c, Prediction with Gaussian 
Process Regression (GPR). d, Prediction with Support Vector Machine (SVR). Experimental (solid black line); 
Predicted (dashed colored line). For full experimental details, see entries 350-355 of Table 6.1 in Chapter 6. 

Temp. (°C) Experimental RF RT GPR SVM

-20 31.7 49.6 61.1 15.7 38.0
10 51.8 58.6 64.3 31.8 46.5
30 60.3 63.3 60.1 41.5 50.1
50 61.9 66.0 60.1 49.5 52.7
70 64.4 64.9 60.1 56.0 54.2
90 63.3 64.9 60.1 61.6 54.6
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Prediction of Solvent - 1,4-dioxane 

In the case of prediction of 1,4-dioxane solvent, RF shows best prediction having 

RMSE and R2 of 4.2 and 0.95 respectively (Figure 4.278). However, in the case of SVM, 

poor prediction was observed which gives an opposite trend to experimental data showing 

a decrease of α-product formation with temperature, and at 100 °C error was about 15% 

(Figure 4.278d). 

 

 

 
Figure 4.28: Validation data collected from the automated flow platform to predict 1,4-dioxane. a, Prediction 
with Random Forest (RF). b, Prediction with Regression Tree (RT). c, Prediction with Gaussian Process 
Regression (GPR). d, Prediction with Support Vector Machine (SVR). Experimental (solid black line); 
Predicted (dashed colored line). For full experimental details, see entries 356-360 of Table 6.1 in Chapter 6.

Temp. (°C) Experimental RF RT GPR SVM

20 67.9 60.2 49.9 71.5 71.4
40 71.3 68.3 68.3 73.5 74.9
60 73.1 71.2 68.3 74.5 74.3
80 73.9 71.2 68.3 73.6 67.3
100 74.2 71.2 68.3 71.4 59.6
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Prediction of leaving group stereochemistry 

1) β-Glucose donor with ethanol in toluene 

The experimental and prediction results for the out-of-sample glycosylations 

involving a glucose imidate donor with the leaving group as the beta anomer with ethanol 

as acceptor (Figure 4.29) reveal that RF gives best prediction having RMSE 7.2 and R2 0.93 

when compared to RT, SVM and GPR. Other three algorithms (RT, SVM and GPR) failed 

to predict the temperature trends of glycosylation with β-oriented leaving group donor and 

ethanol in toluene.  

 

 

 

Temp. (°C) Experimental RF RT GPR SVM

-50 31.4 44.8 61.1 60.3 53.4
-30 37.1 47.6 61.1 61.6 53.3
-10 46.7 50.1 61.1 64.0 53.8
10 54.7 55.5 46.4 66.1 54.2
30 60.8 55.7 53.6 66.8 54.4
50 60.6 56.7 53.6 66.4 54.5
70 63.2 54.8 53.6 66.7 54.5
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Figure 4.29: Validation data collected from the automated flow platform to predict β-glucose donor with 
ethanol in toluene. a, Prediction with Random Forest (RF). b, Prediction with Regression Tree (RT). c, 
Prediction with Gaussian Process Regression (GPR). d, Prediction with Support Vector Machine (SVR). 
Experimental (solid black line); Predicted (dashed colored line). For full experimental details, see entries 361-
367 of Table 6.1 in Chapter 6. 

 

2) β-Glucose donor with tert-butanol in toluene

The experimental and prediction results for the out-of-sample glycosylations

involving a glucose imidate donor with the leaving group as the β-anomer with tert-butanol 

as acceptor (Figure 4.30) reveal that similar results were observed when compared to 

prediction of β-Glucose donor with ethanol in toluene (Figure 4.29). RF clearly out per-

forms RT, SVM and GPR which is shown by corresponding RMSE and R2 values. In the 

case of RF, RMSE and R2 were 7.0 and 0.90 respectively which is better than other al-
gorithms. However, RT, GPR and SVM give poor prediction compared to RF and failed to 

predict the temperature trends.

 

 

Temp. (°C) Experimental RF RT GPR SVM

-50 79.6 72.1 53.1 62.4 55.1
-30 78.6 69.5 53.1 63.0 55.3
-10 76.6 68.0 53.1 64.4 55.4
10 74.1 69.9 68.1 65.4 55.5
30 71.2 65.6 68.8 64.9 55.3
50 68.5 62.8 68.8 63.4 55.1
70 65.1 58.4 68.8 62.9 55.0
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Figure 4.30: Validation data collected from the automated flow platform to predict β-glucose donor with tert-
butanol in toluene. a, Prediction with Random Forest (RF). b, Prediction with Regression Tree (RT). c, 
Prediction with Gaussian Process Regression (GPR). d, Prediction with Support Vector Machine (SVR). 
Experimental (solid black line); Predicted (dashed colored line). For full experimental details, see entries 368-
374 of Table 6.1 in Chapter 6. 

 
3) β-Galactose donor with isopropanol in DCM 

The prediction of β-galactose donor with isopropanol in DCM (Figure 4.31) reveal 

that RF out performs when compared to RT, SVM and GPR which is shown by 

corresponding RMSE 2.9 and R2 0.99 values (Figure 4.31a). Also, RT and GPR algorithms 

perform quite well and predicts the experimental results with high accuracy (Figure 

4.31b/c). However, SVM totally fails prediction of a temperature trend and gives highest 

RMSE of 16.6 (Figure 4.31d). 
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Figure 4.31: Validation data collected from the automated flow platform to predict β-galactose donor with 
isopropanol in DCM. a, Prediction with Random Forest (RF). b, Prediction with Regression Tree (RT). c, 
Prediction with Gaussian Process Regression (GPR). d, Prediction with Support Vector Machine (SVR). 
Experimental (solid black line); Predicted (dashed colored line). For full experimental details, see entries 375-
379 of Table 6.1 in Chapter 6. 

 
4) β-Galactose donor with isopropanol in toluene 

The experimental and prediction results for the out-of-sample glycosylations 

involving a galactose imidate donor with the leaving group as the β-anomer with 

isopropanol as acceptor in toluene (Figure 4.32) reveal that the accuracy of RF and GPR 

algorithms were high (Figure 4.32a/c). In the case of RT, poorest prediction was observed 

(RMSE 17.1 and R2 0.07, Figure 4.32b). The SVM totally failed to predict a temperature 

trend (Figure 4.32d). 

 

Temp. (°C) Experimental RF RT GPR SVM

-50 23.4 27.1 33.4 25.4 51.4
-30 32.4 36.4 41.0 28.1 51.8
-10 39.7 40.8 49.6 31.5 52.9
10 47.2 45.5 49.9 36.2 53.6
30 55.0 52.5 53.8 41.8 54.0
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Figure 4.32: Validation data collected from the automated flow platform to predict β-galactose donor with 
isopropanol in toluene. a, Prediction with Random Forest (RF). b, Prediction with Regression Tree (RT). c, 
Prediction with Gaussian Process Regression (GPR). d, Prediction with Support Vector Machine (SVR). 
Experimental (solid black line); Predicted (dashed colored line). For full experimental details, see entries 380-
386 of Table 6.1 in Chapter 6. 

 

  

Temp. (°C) Experimental RF RT GPR SVM

-50 33.0 20.8 61.1 41.5 51.2
-30 34.3 28.7 61.1 44.7 50.8
-10 39.9 35.6 61.1 48.6 51.5
10 47.3 44.6 49.9 53.2 53.1
30 56.3 56.5 63.3 58.1 54.6
50 62.7 62.0 63.3 62.8 55.7
70 68.6 64.2 63.3 66.6 55.9
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4.12 Conclusion 

This chapter demonstrates the power of the machine learning in chemistry in general 

and for glycosylations in particular. A model was created utilizing a balanced dataset 

capable of accurately predicting one of the complex aspects of reaction outcomes – 

stereoselectivity – for one of the most complex reactions in organic chemistry – 

glycosylations. The fully reproducible dataset was generated on a continuous flow platform 

and utilized to train Random Forest algorithm. Chemical institution guided the identification 

of a set of variables to describe and quantify 13 individual factors influencing the 

stereoselectivity, describing steric and electronic factors of all four chemical species in the 

reaction: donor, acceptor, acid catalyst, solvent. The values were obtained through DFT 

calculations.  

The model accurately predicts out-of-sample glycosylations – testing nucleophiles, 

electrophiles, catalysts, solvent, and temperature with an overall RMSE of only 8.9. All 

predictions were validated experimentally. Further, the model accurately predicts a 

previously unknown means of controlling glycosylation stereoselectivity. The approach will 

be applicable to better understand the stereoselectivity of other transformations based on 

reactions of nucleophiles and electrophiles. 
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Chapter 5 Conclusion and Recommendations 
 

5.1 Conclusion 

This thesis set out to address a variety of voids in our understanding of glycosylation 

chemistry. These gaps in the literature were presented as questions posed at the end of 

Chapter 1, Section 1.9. These are as follows: 

1) Can an automated flow platform provide reproducible glycosylation data, which 

is scarce in the present literature? 

2) Will I be able successfully identify, interrogate, and study various factors 

influencing the stereochemical output of glycosylation is an automated flow 

platform? 

3) Can I generate a thorough understanding of the mechanism of glycosylation using 

such a platform? 

4) Finally, can I predict the stereoselectivity of a glycosylation reaction by 

application of flow chemistry, automation, and machine learning techniques?  

 

Through the systematic studies and research presented in Chapters 2, 3 and 4, 

answers to these questions were sought. An overview of the carbohydrate chemistry 

literature in Chapter 1 revealed chemical glycosylation are an extremely sensitive reaction 

and controlling stereoselectivity of this reaction depends on a number of factors, namely 

those presented by the reagents (permanent) and the conditions of the coupling 

(environmental). Permanent factors dictate judicious choices of coupling partners, whereas 

environmental factors need to be controlled precisely to reproducibly obtain the expected 

selectivity in high yield. A canonical approach of controlling stereoselectivity of 

glycosylation reaction in batch can be significantly improved by running the reaction in 

continuous miniaturized reactors commonly known as microreactors. This continuous mode 

of operation, called flow chemistry, has several advantages compared to its batch 

counterparts, including better mixing and temperature control.  



 

98 
 

Taking advantage of this increased control, an automated microreactor-based flow 

platform was designed and built as part of this research project. The automated flow 

platform consists of a computerized temperature controlled silicon based microreactor. 

Computer controlled, high precision syringe pumps were used to deliver reagents into the 

reactor and automated reaction analysis were carried out using in-line HPLC analysis. The 

software for the whole system was programmed in LabVIEW as was described in detail in 

Chapter 2 of this thesis. 

In Chapters 2 and 3, I demonstrate that is possible to control and generate 

reproducible environmental conditions inside a microreactor based platform. By coupling 

such a platform with automation, human errors could be minimized, leading to the 

generation of glycosylation data without human intervention. The system generated highly 

reproducible chemical glycosylation data, which was generally not observed in the literature 

before. With such an automated flow platform in hand, it was possible to thoroughly 

interrogate various factors such as influence of the pyran core of donor, including three 

leaving groups of donor namely, trichloroimidates, thioethers and phosphase, donor 

concentration, choice of the acceptors interms of both sterics and electronics, chemical 

equivalence of acceptors, reaction temperature, choice of activator, solvent, chemical 

equivalence, and water content,  which influences the stereoselectivity of glycosylation in 

systematic manner.  

This thesis reveals that temperature plays a highly influential role in determining the 

stereoselectivity. As such, the other potential influencing factors were screened as a function 

of temperature, comparing judiciously chosen combinations of donors, acceptors, activators, 

and solvents. The 386 reproducible data points generated afforded an overall empirical 

understanding of the various factors influencing the stereoselectivity of glycosylations. 

These reproducible data points presented a perfect opportunity to apply machine learning 

algorithms to build a model capable of predicting the stereoselectivity of glycosylations.  

Random Forest (RF) algorithm was chosen, owing its success in the literature for 

predicting chemistry data. However, to predict continuous parameters such as 

stereoselectivity, regression-based RF was chosen instead of classification based machine 

learning algorithm, as the latter is only capable of generating categorical outputs such as 

whether a reaction is fast or slow or the reaction will occur or not.  Hence, the underlying 

chemical intuition, which was generated at the end of Chapter 3, was used to calculate 
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numerically relevant descriptors to combine with the 268 experimental data points to 

generate training set for training the machine learning algorithm, which was described in 

detail in Chapter 4 of this thesis. For numerical descriptor generation, key properties such 

as reactivities, nucleophilicities, and sterics were calculated using density functional theory 

(DFT) calculations at B3LYP 6-31G* and B3LYP 6-311G* levels of theory. Donor 

properties were successfully represented by 13C NMR chemical shift (ppm) on carbon 1 

position, Dihedral angles (°) of X1-C1-C2-O2, O2-C2-C3-O3, O3-C3-C4-O4, and O4-C4-

C5-C6). Similarly for acceptor, exposed surface area (Å2) of oxygen and α-carbon in a 

space-filling model and 17O NMR chemical shift of hydroxyl group were calculated. 

Activators were numerically explained by HOMO (highest occupied molecular orbital) 

energy value and the oxygen (O-) or nitrogen anion (N-) exposed surface area. Minimum 

value of the electrostatic potential (MinElPot) and maximum value of the electrostatic 

potential (MaxElPot) were used for Solvents. Experimental data obtained from the 

automated flow platform was combined with the DFT based numerical descriptors to 

generate the training set, which was used to train the Random Forest algorithm.  

Different factors influencing the stereoselectivity of glycosylation reactions such as 

choice of acceptors, donors, activators, solvent choice and temperature were trained with  

Random Forest algorithm. With the model in hand, the stereoselectivity of glycosylation 

with the combination of new donor, acceptor, activator, solvent and temperature were 

predicted and subsequently validated experimentally. In the end, the model could 

successfully predict out-of-sample glycosylations with an overall accuracy of 91%. 

Furthermore, during this study, the effect of the influence of donor’s leaving groups on the 

stereoselectivity in specific solvents was revealed. This previously unknown effect could be 

successfully predicted with the model in hand and was subsequently validated  the 

prediction and validation, the RF model predicts the influence of the donor leaving group’s 

orientation in different solvents which is a previously unknown means of controlling 

glycosylation stereoselectivity. 
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5.2 Recommendations 
 

A systematic study was carried to study a model glycosylation reaction that involved 

model perbenzlylated donors and model acceptors. Owing to the fact that consistent and 

reproducible data was obtained for this model reaction in the automated flow platform, the 

study needs to be expanded to include other important factors given below: 

 

1) Influence of protecting groups:  

The importance of protecting groups in influencing the stereochemical outcome of 

glycosylation is well known in the literature. Chapter 3 was given a brief account of effects 

by different protecting group on 4- and/or 6-position using acetyl group (OAc). This study 

can be easily expanded by systematic study of influence of various protecting groups 

including non-/participating, electron withdrawing/donating and their positions in the pyran 

ring for dictating the stereochemical outcome of the reaction.  

 

2) Complex glycosyl nucleophiles: 

To study glycosyations in this thesis, simple nucleophiles were used such as 

methanol, ethanol, isopropanol, tert-butanol and perbenbnzylated primary sugar 

nucleophiles. However, glycosylations with secondary hydroxyl groups on sugar acceptors 

were not possible. Hence, the scope for acceptors needs to be expanded and glycosyl 

nucleophiles having more complexity which have various stereochemical and primary/ 

secondary hydroxyl group, which needs to be taken into account. 

 

3) Longer residence time: 

The maximum residence time that can be currently attained in the automated flow 

platform is 270 seconds. However, less reactive coupling partners, may need more residence 

time in the reactor, hence implementation of longer residence time by redesigning the 

microchip or implementing tubular reactor is recommended in the future for this system. 
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4) Faster analysis: 

Finding a proper HPLC method to separate diastereomers (α/β-products) is one of 

the most difficult tasks of the work flow. For this study, the longest HPLC method used in 

the automated flow platform is around 20 minutes, which is a major bottleneck. 

Implementation of a faster analysis platform other than conventional HPLC such as inline 

flow NMR or UHPLC can lead to faster and more data acquisition. 

 

5) Implementation of active learning: 

The machine learning algorithm, implemented in Chapter 4 of this thesis, can be 

coupled with the LabVIEW control software of the automated flow platform. By doing so, 

predictions generated by the machine learning model can be directly fed back to the control 

algorithm. This will implement active learning and automated prediction in the flow 

platform. In order to make such machine a reality, a reagent and solvent delivery system 

capable of simultaneously incorporating multiple donors, acceptors, activators and solvents 

with automated inline dilution similar to the system described elsewhere needs to be 

implemented in the automated flow-chemical platform.110 The data coming from this 

modified system needs to be fed back to the Random Forest based machine-learning 

algorithm. Once a new optimized data point is predicted, it needs to go through an automated 

experimental validation process guided by an accuracy parameter. This automated process 

could then be repeated using several combinations of reagents and temperatures guided by 

a DOE (Design of Experiments) algorithm until the desired accuracy between the prediction 

and experimental data is obtained. In the hand of a glycochemist, this autonomous machine 

can learn and perform glycosylation eventually generating a very broad training set. In the 

near future such machine can guide the synthesis of complex oligosaccharides, thus 

becoming a must have toolbox, for any glycochemist. 
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Chapter 6 Experimental section 
 

6.1 Total experimental data collected from the automated flow platform.  
 

Table 6.1: Total experimental data collected from the automated flow platform 

 

 

 

Temp. Donor Acceptor Activator Donor Tres Yield α ratio

(°C) Equiv. Equiv. Equiv. Conc. (sec) (%) (%)

1 -50 Glc1α MeOH  TfOH DCM 1.2 1 0.2 10 45 92.4 29.6 1αβ
2 -30 Glc1α MeOH  TfOH DCM 1.2 1 0.2 10 45 95.7 32.5 1αβ
3 -10 Glc1α MeOH  TfOH DCM 1.2 1 0.2 10 45 98.7 38.7 1αβ
4 10 Glc1α MeOH  TfOH DCM 1.2 1 0.2 10 45 98.1 46.5 1αβ
5 20 Glc1α MeOH  TfOH DCM 1.2 1 0.2 10 45 94.1 48.7 1αβ
6 30 Glc1α MeOH  TfOH DCM 1.2 1 0.2 10 45 93.7 52.6 1αβ
7 -50 Glc1α EtOH  TfOH DCM 1.2 1 0.2 10 45 83.2 15.5 2αβ
8 -30 Glc1α EtOH  TfOH DCM 1.2 1 0.2 10 45 83.5 29.4 2αβ
9 -10 Glc1α EtOH  TfOH DCM 1.2 1 0.2 10 45 100.0 36.0 2αβ

10 10 Glc1α EtOH  TfOH DCM 1.2 1 0.2 10 45 87.0 46.2 2αβ
11 20 Glc1α EtOH  TfOH DCM 1.2 1 0.2 10 45 90.7 50.2 2αβ
12 30 Glc1α EtOH  TfOH DCM 1.2 1 0.2 10 45 83.5 55.5 2αβ
13 -50 Glc1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 98.3 26.9 3αβ
14 -30 Glc1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 88.5 38.8 3αβ
15 -10 Glc1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 90.1 46.7 3αβ
16 10 Glc1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 99.2 52.6 3αβ
17 20 Glc1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 84.0 57.7 3αβ
18 30 Glc1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 82.1 61.0 3αβ
19 -50 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 88.6 27.7 3αβ
20 -45 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 79.4 30.6 3αβ
21 -40 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 70.6 32.7 3αβ
22 -35 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 65.0 34.4 3αβ
23 -30 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 77.9 36.7 3αβ
24 -25 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 72.4 37.4 3αβ
25 -20 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 71.2 38.6 3αβ
26 -15 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 94.7 41.9 3αβ
27 -10 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 94.7 43.7 3αβ
28 -5 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 95.9 45.6 3αβ
29 5 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 93.5 50.5 3αβ
30 10 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 94.8 53.2 3αβ
31 15 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 87.1 55.0 3αβ
32 20 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 89.4 56.8 3αβ
33 25 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 88.7 58.3 3αβ
34 30 Glc1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 79.1 59.6 3αβ

ProductEntry Donor Acceptor Activator Solvent
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Temp. Donor Acceptor Activator Donor Tres Yield α ratio

(°C) Equiv. Equiv. Equiv. Conc. (sec) (%) (%)

35 -50 Glc1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 77.9 38.1 4αβ
36 -30 Glc1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 87.7 44.8 4αβ
37 -10 Glc1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 88.3 54.5 4αβ
38 10 Glc1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 88.3 62.8 4αβ
39 20 Glc1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 91.5 66.8 4αβ
40 30 Glc1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 80.7 71.0 4αβ
41 -10 Glc2β iPrOH  TfOHd DCM 1.2 1 0.2 10 45 44.6 38.0 3αβ
42 10 Glc2β iPrOH  TfOHd DCM 1.2 1 0.2 10 45 88.1 54.5 3αβ
43 20 Glc2β iPrOH  TfOHd DCM 1.2 1 0.2 10 45 89.5 57.5 3αβ
44 30 Glc2β iPrOH  TfOHd DCM 1.2 1 0.2 10 45 90.4 63.8 3αβ
45 -50 Glc1α tBuOH Tf2NH DCM 1.2 1 0.2 10 45 67.2 6.1 4αβ
46 -30 Glc1α tBuOH Tf2NH DCM 1.2 1 0.2 10 45 62.1 16.8 4αβ
47 -10 Glc1α tBuOH Tf2NH DCM 1.2 1 0.2 10 45 55.2 35.2 4αβ
48 20 Glc1α tBuOH Tf2NH DCM 1.2 1 0.2 10 45 59.5 47.9 4αβ
49 -50 Glc1α iPrOH Tf2NH DCM 1.2 1 0.2 10 45 95.5 8.7 3αβ
50 -30 Glc1α iPrOH Tf2NH DCM 1.2 1 0.2 10 45 89.3 16.4 3αβ
51 -10 Glc1α iPrOH Tf2NH DCM 1.2 1 0.2 10 45 82.2 26.8 3αβ
52 10 Glc1α iPrOH Tf2NH DCM 1.2 1 0.2 10 45 79.2 42.1 3αβ
53 20 Glc1α iPrOH Tf2NH DCM 1.2 1 0.2 10 45 76.7 47.5 3αβ
54 30 Glc1α iPrOH Tf2NH DCM 1.2 1 0.2 10 45 76.0 55.0 3αβ
55 -50 Glc1α EtOH Tf2NH DCM 1.2 1 0.2 10 45 64.2 5.8 2αβ
56 -30 Glc1α EtOH Tf2NH DCM 1.2 1 0.2 10 45 64.1 10.4 2αβ
57 -10 Glc1α EtOH Tf2NH DCM 1.2 1 0.2 10 45 62.6 19.6 2αβ
58 10 Glc1α EtOH Tf2NH DCM 1.2 1 0.2 10 45 65.5 33.6 2αβ
59 20 Glc1α EtOH Tf2NH DCM 1.2 1 0.2 10 45 57.4 39.0 2αβ
60 30 Glc1α EtOH Tf2NH DCM 1.2 1 0.2 10 45 53.8 45.0 2αβ
61 -50 Glc1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 65.7 19.1 3αβ
62 -30 Glc1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 84.0 35.5 3αβ
63 -10 Glc1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 86.2 49.9 3αβ
64 10 Glc1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 85.0 61.6 3αβ
65 30 Glc1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 84.5 64.1 3αβ
66 50 Glc1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 81.3 63.9 3αβ
67 70 Glc1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 70.2 62.3 3αβ
68 -50 Glc1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 84.8 60.8 3αβ
69 -30 Glc1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 85.4 60.3 3αβ
70 -10 Glc1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 90.9 62.2 3αβ
71 10 Glc1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 86.1 65.6 3αβ
72 30 Glc1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 85.3 63.3 3αβ
73 50 Glc1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 68.6 62.2 3αβ
74 70 Glc1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 56.9 61.2 3αβ
75 -50 Glc1α EtOH  TfOH Toluene 1.2 1 0.2 10 45 90.4 9.9 2αβ
76 -30 Glc1α EtOH  TfOH Toluene 1.2 1 0.2 10 45 91.5 20.0 2αβ
77 -10 Glc1α EtOH  TfOH Toluene 1.2 1 0.2 10 45 89.7 32.2 2αβ
78 10 Glc1α EtOH  TfOH Toluene 1.2 1 0.2 10 45 85.8 42.5 2αβ
79 30 Glc1α EtOH  TfOH Toluene 1.2 1 0.2 10 45 82.2 49.6 2αβ
80 50 Glc1α EtOH  TfOH Toluene 1.2 1 0.2 10 45 75.6 53.3 2αβ
81 70 Glc1α EtOH  TfOH Toluene 1.2 1 0.2 10 45 68.4 53.7 2αβ
82 -50 Glc1α tBuOH  TfOH Toluene 1.2 1 0.2 10 45 43.0 69.3 4αβ
83 -30 Glc1α tBuOH  TfOH Toluene 1.2 1 0.2 10 45 64.7 74.2 4αβ
84 -10 Glc1α tBuOH  TfOH Toluene 1.2 1 0.2 10 45 83.7 75.1 4αβ
85 10 Glc1α tBuOH  TfOH Toluene 1.2 1 0.2 10 45 82.8 74.7 4αβ
86 30 Glc1α tBuOH  TfOH Toluene 1.2 1 0.2 10 45 78.5 72.3 4αβ
87 50 Glc1α tBuOH  TfOH Toluene 1.2 1 0.2 10 45 75.7 68.9 4αβ
88 70 Glc1α tBuOH  TfOH Toluene 1.2 1 0.2 10 45 67.5 65.2 4αβ

ProductEntry Donor Acceptor Activator Solvent
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Temp. Donor Acceptor Activator Donor Tres Yield α ratio

(°C) Equiv. Equiv. Equiv. Conc. (sec) (%) (%)

89 -30 Glc1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 79.7 9.5 3αβ
90 -10 Glc1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 74.1 14.0 3αβ
91 10 Glc1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 71.4 21.7 3αβ
92 30 Glc1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 75.9 25.1 3αβ
93 50 Glc1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 78.4 31.0 3αβ
94 70 Glc1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 76.9 41.8 3αβ
95 -50 Glc1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 70.5 84.7 3αβ
96 -30 Glc1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 72.4 89.5 3αβ
97 -10 Glc1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 67.7 87.6 3αβ
98 10 Glc1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 80.6 88.2 3αβ
99 30 Glc1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 65.2 85.0 3αβ

100 50 Glc1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 57.3 82.4 3αβ
101 -50 Glc1β iPrOH  TfOH MTBE 1.2 1 0.2 10 45 14.5 95.5 3αβ
102 -30 Glc1β iPrOH  TfOH MTBE 1.2 1 0.2 10 45 55.6 93.3 3αβ
103 -10 Glc1β iPrOH  TfOH MTBE 1.2 1 0.2 10 45 54.6 92.6 3αβ
104 10 Glc1β iPrOH  TfOH MTBE 1.2 1 0.2 10 45 60.0 89.7 3αβ
105 30 Glc1β iPrOH  TfOH MTBE 1.2 1 0.2 10 45 56.9 87.6 3αβ
106 50 Glc1β iPrOH  TfOH MTBE 1.2 1 0.2 10 45 47.5 85.4 3αβ
107c -50 Glc1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 68.2 29.6 3αβ
108c 30 Glc1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 74.0 61.1 3αβ
109 -40 Glc1α iPrOH  TfOH DCM 1.2 1 0.2 4.8 45 61.0 32.6 3αβ
110 -10 Glc1α iPrOH  TfOH DCM 1.2 1 0.2 4.8 45 99.3 41.5 3αβ
111 20 Glc1α iPrOH  TfOH DCM 1.2 1 0.2 4.8 45 78.4 57.8 3αβ
112 30 Glc1α iPrOH  TfOH DCM 1.2 1 0.2 4.8 45 74.7 58.9 3αβ
113 20 Glc1α tBuOH  TfOH DCM 1.2 1 0.2 4.8 45 73.6 65.2 4αβ
114 20 Glc1α tBuOH  TfOH DCM 1.2 1 0.2 15 45 97.8 67.0 4αβ
115 20 Glc1α tBuOH  TfOH DCM 1.2 1 0.2 20 45 97.6 67.0 4αβ
116 -50 Glc1α iPrOH  TfOH tBu-Benzene 1.2 1 0.2 10 45 59.5 17.4 3αβ
117 -30 Glc1α iPrOH  TfOH tBu-Benzene 1.2 1 0.2 10 45 67.7 25.9 3αβ
118 -10 Glc1α iPrOH  TfOH tBu-Benzene 1.2 1 0.2 10 45 98.9 39.6 3αβ
119 10 Glc1α iPrOH  TfOH tBu-Benzene 1.2 1 0.2 10 45 96.9 47.2 3αβ
120 30 Glc1α iPrOH  TfOH tBu-Benzene 1.2 1 0.2 10 45 95.3 54.0 3αβ
121 50 Glc1α iPrOH  TfOH tBu-Benzene 1.2 1 0.2 10 45 79.0 58.2 3αβ
122 70 Glc1α iPrOH  TfOH tBu-Benzene 1.2 1 0.2 10 45 77.0 60.1 3αβ
123 -50 Glc1α iPrOH  TfOH Chloroform 1.2 1 0.2 10 45 67.1 37.4 3αβ
124 -30 Glc1α iPrOH  TfOH Chloroform 1.2 1 0.2 10 45 86.6 47.5 3αβ
125 -10 Glc1α iPrOH  TfOH Chloroform 1.2 1 0.2 10 45 89.5 58.1 3αβ
126 10 Glc1α iPrOH  TfOH Chloroform 1.2 1 0.2 10 45 97.9 64.3 3αβ
127 30 Glc1α iPrOH  TfOH Chloroform 1.2 1 0.2 10 45 96.3 70.2 3αβ
128 50 Glc1α iPrOH  TfOH Chloroform 1.2 1 0.2 10 45 93.1 72.9 3αβ
129 -50 Glc1β iPrOH  TfOH Chloroform 1.2 1 0.2 10 45 72.7 37.6 3αβ
130 -30 Glc1β iPrOH  TfOH Chloroform 1.2 1 0.2 10 45 81.2 46.2 3αβ
131 -10 Glc1β iPrOH  TfOH Chloroform 1.2 1 0.2 10 45 88.6 54.6 3αβ
132 10 Glc1β iPrOH  TfOH Chloroform 1.2 1 0.2 10 45 84.3 62.9 3αβ
133 30 Glc1β iPrOH  TfOH Chloroform 1.2 1 0.2 10 45 88.3 67.3 3αβ
134 50 Glc1β iPrOH  TfOH Chloroform 1.2 1 0.2 10 45 89.1 73.0 3αβ
135 30 Glc1α iPrOH  TfOH DCM 1.2 1 0.2 10 240 77.4 61.5 3αβ
136 -50 Gal1α MeOH  TfOH DCM 1.2 1 0.2 10 45 98.0 14.3 5αβ
137 -30 Gal1α MeOH  TfOH DCM 1.2 1 0.2 10 45 92.4 30.4 5αβ
138 -10 Gal1α MeOH  TfOH DCM 1.2 1 0.2 10 45 96.5 42.1 5αβ
139 10 Gal1α MeOH  TfOH DCM 1.2 1 0.2 10 45 96.8 52.7 5αβ
140 20 Gal1α MeOH  TfOH DCM 1.2 1 0.2 10 45 94.1 55.6 5αβ
141 30 Gal1α MeOH  TfOH DCM 1.2 1 0.2 10 45 95.2 59.5 5αβ
142 30 Gal1α MeOH  TfOH DCM 1 10 0.2 10 45 89.8 33.4 5αβ
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143 -50 Gal1α EtOH  TfOH DCM 1.2 1 0.2 10 45 92.4 10.7 6αβ
144 -30 Gal1α EtOH  TfOH DCM 1.2 1 0.2 10 45 98.3 21.9 6αβ
145 -10 Gal1α EtOH  TfOH DCM 1.2 1 0.2 10 45 99.0 34.5 6αβ
146 10 Gal1α EtOH  TfOH DCM 1.2 1 0.2 10 45 96.6 44.0 6αβ
147 20 Gal1α EtOH  TfOH DCM 1.2 1 0.2 10 45 98.2 47.9 6αβ
148 30 Gal1α EtOH  TfOH DCM 1.2 1 0.2 10 45 98.2 50.9 6αβ
149 -50 Gal1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 98.2 19.3 7αβ
150 -30 Gal1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 99.7 29.6 7αβ
151 -10 Gal1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 96.4 41.0 7αβ
152 10 Gal1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 96.9 46.4 7αβ
153 20 Gal1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 95.0 49.3 7αβ
154 30 Gal1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 78.0 51.4 7αβ
155 -50 Gal1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 51.7 36.1 8αβ
156 -30 Gal1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 99.4 40.3 8αβ
157 -10 Gal1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 100.0 45.6 8αβ
158 10 Gal1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 82.5 50.2 8αβ
159 20 Gal1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 77.9 54.7 8αβ
160 30 Gal1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 74.1 57.2 8αβ
161 -30 Gal2β iPrOH  TfOHd DCM 1.2 1 0.2 10 45 15.9 38.6 7αβ
162 -10 Gal2β iPrOH  TfOHd DCM 1.2 1 0.2 10 45 87.1 42.1 7αβ
163 10 Gal2β iPrOH  TfOHd DCM 1.2 1 0.2 10 45 75.3 45.6 7αβ
164 20 Gal2β iPrOH  TfOHd DCM 1.2 1 0.2 10 45 76.6 50.2 7αβ
165 30 Gal2β iPrOH  TfOHd DCM 1.2 1 0.2 10 45 78.6 52.8 7αβ

166 -50 Gal1α 2F-EtOH  TfOH DCM 1.2 1 0.2 10 45 76.8 62.6 9αβ
167 -30 Gal1α 2F-EtOH  TfOH DCM 1.2 1 0.2 10 45 78.3 72.7 9αβ
168 -10 Gal1α 2F-EtOH  TfOH DCM 1.2 1 0.2 10 45 83.3 70.6 9αβ
169 10 Gal1α 2F-EtOH  TfOH DCM 1.2 1 0.2 10 45 84.1 71.3 9αβ
170 20 Gal1α 2F-EtOH  TfOH DCM 1.2 1 0.2 10 45 93.5 70.8 9αβ
171 30 Gal1α 2F-EtOH  TfOH DCM 1.2 1 0.2 10 45 86.0 70.7 9αβ
172 -50 Gal1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 96.7 10.3 7αβ
173 -30 Gal1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 93.1 14.7 7αβ
174 -10 Gal1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 95.6 27.0 7αβ
175 10 Gal1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 96.7 41.5 7αβ
176 30 Gal1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 90.6 57.3 7αβ

177 50 Gal1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 85.6 66.5 7αβ
178 70 Gal1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 77.0 68.9 7αβ
179 -50 Gal1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 39.6 43.6 7αβ
180 -30 Gal1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 63.5 55.9 7αβ
181 -10 Gal1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 85.3 67.1 7αβ
182 10 Gal1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 86.2 72.0 7αβ
183 30 Gal1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 81.5 76.0 7αβ
184 50 Gal1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 79.9 77.8 7αβ
185 -30 Gal1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 29.8 16.1 7αβ
186 -10 Gal1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 73.1 22.0 7αβ
187 10 Gal1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 73.4 24.9 7αβ
188 30 Gal1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 74.7 29.1 7αβ
189 50 Gal1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 69.8 34.6 7αβ
190 70 Gal1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 63.9 38.6 7αβ

191 -30 Gal1α iPrOH  TfOH Anisole 1.2 1 0.2 10 45 61.9 65.4 7αβ
192 -10 Gal1α iPrOH  TfOH Anisole 1.2 1 0.2 10 45 68.0 58.2 7αβ
193 10 Gal1α iPrOH  TfOH Anisole 1.2 1 0.2 10 45 65.9 61.6 7αβ
194 30 Gal1α iPrOH  TfOH Anisole 1.2 1 0.2 10 45 62.5 65.5 7αβ
195 50 Gal1α iPrOH  TfOH Anisole 1.2 1 0.2 10 45 52.2 69.1 7αβ
196 70 Gal1α iPrOH  TfOH Anisole 1.2 1 0.2 10 45 43.5 70.2 7αβ
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197 -50 Gal1α tBuOH  TfOH DCM 1 1 0.2 8.33 45 81.1 33.6 8αβ
198 -50 Gal1α tBuOH  TfOH DCM 1 5 0.2 8.33 45 37.5 35.7 8αβ

199 -50 Gal1α tBuOH  TfOH DCM 1.2 1 0.2 10 180 70.0 35.0 8αβ
200 -50 Gal1α tBuOH  TfOH DCM 1.2 1 0.2 10 270 74.7 33.5 8αβ

201 -50 Gal1α 2F-EtOH  TfOH DCM 1 10 0.2 8.33 45 79.1 49.8 9αβ
202 -30 Gal1α 2F-EtOH  TfOH DCM 1 10 0.2 8.33 45 81.0 56.5 9αβ
203 -10 Gal1α 2F-EtOH  TfOH DCM 1 10 0.2 8.33 45 84.7 62.8 9αβ
204 10 Gal1α 2F-EtOH  TfOH DCM 1 10 0.2 8.33 45 87.4 63.9 9αβ
205 20 Gal1α 2F-EtOH  TfOH DCM 1 10 0.2 8.33 45 92.1 66.4 9αβ
206 30 Gal1α 2F-EtOH  TfOH DCM 1 10 0.2 8.33 45 87.4 68.5 9αβ

207 -50 Gal1α 2F-EtOH  TfOH DCM 1 5 0.2 8.33 45 83.1 57.7 9αβ
208 -30 Gal1α 2F-EtOH  TfOH DCM 1 5 0.2 8.33 45 78.7 61.8 9αβ
209 -10 Gal1α 2F-EtOH  TfOH DCM 1 5 0.2 8.33 45 84.0 66.7 9αβ
210 10 Gal1α 2F-EtOH  TfOH DCM 1 5 0.2 8.33 45 89.1 67.9 9αβ
211 20 Gal1α 2F-EtOH  TfOH DCM 1 5 0.2 8.33 45 90.1 69.6 9αβ
212 30 Gal1α 2F-EtOH  TfOH DCM 1 5 0.2 8.33 45 91.7 69.6 9αβ

213 -50 Gal1α 2F-EtOH  TfOH DCM 1 1 0.2 8.33 45 76.2 70.3 9αβ
214 -10 Gal1α 2F-EtOH  TfOH DCM 1 1 0.2 8.33 45 75.6 73.1 9αβ
215 10 Gal1α 2F-EtOH  TfOH DCM 1 1 0.2 8.33 45 79.7 73.5 9αβ
216 20 Gal1α 2F-EtOH  TfOH DCM 1 1 0.2 8.33 45 79.6 73.4 9αβ
217 30 Gal1α 2F-EtOH  TfOH DCM 1 1 0.2 8.33 45 76.1 72.5 9αβ

218 -50 Gal1α 2F-EtOH  TfOH DCM 1 2.5 0.2 8.33 45 78.4 63.3 9αβ
219 -50 Gal1α 2F-EtOH  TfOH DCM 1 7.5 0.2 8.33 45 79.6 54.5 9αβ

220 -50 Man1α MeOH  TfOH DCM 1.2 1 0.2 10 45 96.8 50.6 10αβ
221 -30 Man1α MeOH  TfOH DCM 1.2 1 0.2 10 45 96.0 54.1 10αβ
222 -10 Man1α MeOH  TfOH DCM 1.2 1 0.2 10 45 97.5 57.4 10αβ
223 10 Man1α MeOH  TfOH DCM 1.2 1 0.2 10 45 92.1 59.6 10αβ
224 20 Man1α MeOH  TfOH DCM 1.2 1 0.2 10 45 75.5 64.1 10αβ
225 30 Man1α MeOH  TfOH DCM 1.2 1 0.2 10 45 86.7 64.7 10αβ

226 -50 Man1α EtOH  TfOH DCM 1.2 1 0.2 10 45 99.8 47.9 11αβ
227 -30 Man1α EtOH  TfOH DCM 1.2 1 0.2 10 45 97.3 53.1 11αβ
228 -10 Man1α EtOH  TfOH DCM 1.2 1 0.2 10 45 93.8 56.5 11αβ
229 10 Man1α EtOH  TfOH DCM 1.2 1 0.2 10 45 91.9 59.4 11αβ
230 20 Man1α EtOH  TfOH DCM 1.2 1 0.2 10 45 92.1 59.5 11αβ
231 30 Man1α EtOH  TfOH DCM 1.2 1 0.2 10 45 90.0 59.3 11αβ
232 -50 Man1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 98.1 49.9 12αβ
233 -30 Man1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 95.8 53.1 12αβ
234 -10 Man1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 99.1 56.5 12αβ
235 10 Man1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 99.0 59.4 12αβ
236 20 Man1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 98.7 59.5 12αβ
237 30 Man1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 93.9 64.9 12αβ
238 -50 Man1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 99.4 55.3 13αβ
239 -30 Man1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 92.7 57.6 13αβ
240 -10 Man1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 81.0 61.5 13αβ
241 10 Man1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 78.6 66.1 13αβ
242 20 Man1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 78.3 74.9 13αβ
243 30 Man1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 74.9 94.6 13αβ
244 -50 Man1α tBuOH FSO3H DCM 1.2 1 0.2 10 45 96.4 55.0 13αβ
245 -30 Man1α tBuOH FSO3H DCM 1.2 1 0.2 10 45 96.5 57.4 13αβ
246 -10 Man1α tBuOH FSO3H DCM 1.2 1 0.2 10 45 94.6 57.8 13αβ
247 10 Man1α tBuOH FSO3H DCM 1.2 1 0.2 10 45 90.7 59.2 13αβ
248 30 Man1α tBuOH FSO3H DCM 1.2 1 0.2 10 45 100.0 61.3 13αβ
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249 -50 Man1α tBuOH MsOH DCM 1.2 1 0.2 10 45 50.2 57.5 13αβ
250 -30 Man1α tBuOH MsOH DCM 1.2 1 0.2 10 45 50.4 60.2 13αβ
251 -10 Man1α tBuOH MsOH DCM 1.2 1 0.2 10 45 50.1 61.2 13αβ
252 10 Man1α tBuOH MsOH DCM 1.2 1 0.2 10 45 51.6 63.3 13αβ
253 30 Man1α tBuOH MsOH DCM 1.2 1 0.2 10 45 49.7 63.6 13αβ
254 -40 Man1α tBuOH Tf2NH DCM 1.2 1 0.2 10 45 67.7 55.5 13αβ
255 -30 Man1α tBuOH Tf2NH DCM 1.2 1 0.2 10 45 81.4 55.1 13αβ
256 -10 Man1α tBuOH Tf2NH DCM 1.2 1 0.2 10 45 65.3 62.3 13αβ
257 -5 Man1α tBuOH Tf2NH DCM 1.2 1 0.2 10 45 65.4 71.4 13αβ

258 5 Man1α tBuOH Tf2NH DCM 1.2 1 0.2 10 45 61.8 93.7 13αβ
259 10 Man1α tBuOH Tf2NH DCM 1.2 1 0.2 10 45 61.3 97.7 13αβ
260 20 Man1α tBuOH Tf2NH DCM 1.2 1 0.2 10 45 56.8 97.3 13αβ
261 30 Man1α tBuOH Tf2NH DCM 1.2 1 0.2 10 45 45.9 97.6 13αβ

262 -50 Man1α EtOH Tf2NH DCM 1.2 1 0.2 10 45 74.3 54.8 11αβ
263 -30 Man1α EtOH Tf2NH DCM 1.2 1 0.2 10 45 70.5 57.0 11αβ
264 -10 Man1α EtOH Tf2NH DCM 1.2 1 0.2 10 45 69.1 57.0 11αβ
265 10 Man1α EtOH Tf2NH DCM 1.2 1 0.2 10 45 66.7 61.7 11αβ
266 30 Man1α EtOH Tf2NH DCM 1.2 1 0.2 10 45 45.4 62.3 11αβ

267 -10 Man2α iPrOH  TfOHd DCM 1.2 1 0.2 10 45 21.7 53.8 12αβ
268 10 Man2α iPrOH  TfOHd DCM 1.2 1 0.2 10 45 67.9 57.0 12αβ
269 20 Man2α iPrOH  TfOHd DCM 1.2 1 0.2 10 45 73.6 57.5 12αβ
270 30 Man2α iPrOH  TfOHd DCM 1.2 1 0.2 10 45 76.0 58.0 12αβ
271 -50 Man1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 67.8 61.2 12αβ
272 -30 Man1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 98.1 63.8 12αβ
273 -10 Man1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 100.0 66.7 12αβ
274 10 Man1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 95.2 70.2 12αβ
275 30 Man1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 94.7 74.4 12αβ
276 50 Man1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 90.5 78.5 12αβ
277 70 Man1α iPrOH  TfOH Toluene 1.2 1 0.2 10 45 77.7 87.1 12αβ
278 -30 Man1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 70.8 64.9 12αβ
279 -10 Man1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 70.5 65.9 12αβ
280 10 Man1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 69.4 74.4 12αβ
281 20 Man1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 68.5 91.3 12αβ
282 30 Man1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 79.1 97.1 12αβ
283 50 Man1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 75.5 98.6 12αβ
284 70 Man1α iPrOH  TfOH ACN 1.2 1 0.2 10 45 70.7 98.2 12αβ
285 -50 Man1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 44.6 72.0 12αβ
286 -30 Man1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 46.7 75.1 12αβ
287 -10 Man1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 65.9 76.4 12αβ
288 10 Man1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 55.2 79.6 12αβ
289 30 Man1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 54.6 81.6 12αβ
290 50 Man1α iPrOH  TfOH MTBE 1.2 1 0.2 10 45 51.7 83.9 12αβ
291 -50 Man1α 3F-EtOH  TfOH DCM 1.2 1 0.2 10 45 95.5 100.0 14α
292 -30 Man1α 3F-EtOH  TfOH DCM 1.2 1 0.2 10 45 99.4 100.0 14α
293 -10 Man1α 3F-EtOH  TfOH DCM 1.2 1 0.2 10 45 91.1 100.0 14α
294 10 Man1α 3F-EtOH  TfOH DCM 1.2 1 0.2 10 45 91.8 100.0 14α
295 20 Man1α 3F-EtOH  TfOH DCM 1.2 1 0.2 10 45 93.1 100.0 14α
296 30 Man1α 3F-EtOH  TfOH DCM 1.2 1 0.2 10 45 92.7 100.0 14α
297 -30 Man1α iPrOH  TfOH Anisole 1.2 1 0.2 10 45 94.5 57.8 12αβ
298 -10 Man1α iPrOH  TfOH Anisole 1.2 1 0.2 10 45 85.3 61.3 12αβ
299 10 Man1α iPrOH  TfOH Anisole 1.2 1 0.2 10 45 71.9 64.5 12αβ
300 30 Man1α iPrOH  TfOH Anisole 1.2 1 0.2 10 45 54.4 66.3 12αβ
301 50 Man1α iPrOH  TfOH Anisole 1.2 1 0.2 10 45 51.0 66.2 12αβ
302 70 Man1α iPrOH  TfOH Anisole 1.2 1 0.2 10 45 60.3 49.1 12αβ
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303c -50 Man1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 77.4 56.0 13αβ
304c -30 Man1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 93.0 58.1 13αβ
305c -10 Man1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 96.1 60.3 13αβ
306c 10 Man1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 97.0 61.7 13αβ
307c 20 Man1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 95.1 63.3 13αβ
308c 30 Man1α tBuOH  TfOH DCM 1.2 1 0.2 10 45 89.6 64.9 13αβ
309 20 Man1α MeOH  TfOH DCM 1 10 0.2 10 45 81.1 60.9 10αβ
310 -50 Man1α iPrOH  TfOH Toluene 1 5 0.2 10 45 68.2 61.7 12αβ
311 10 Man1α iPrOH  TfOH Toluene 1 5 0.2 10 45 94.3 71.3 12αβ
312 70 Man1α iPrOH  TfOH Toluene 1 5 0.2 10 45 69.6 82.7 12αβ
313 -30 Glc3α iPrOH TMSOTf DCM 1.2 1 1.2 10 45 29.5 31.3 3αβ
314 -10 Glc3α iPrOH TMSOTf DCM 1.2 1 1.2 10 45 60.1 44.7 3αβ
315 10 Glc3α iPrOH TMSOTf DCM 1.2 1 1.2 10 45 79.1 53.2 3αβ
316 20 Glc3α iPrOH TMSOTf DCM 1.2 1 1.2 10 45 90.4 57.9 3αβ
317 30 Glc3α iPrOH TMSOTf DCM 1.2 1 1.2 10 45 98.6 61.5 3αβ
318 -30 Gal3α iPrOH TMSOTf DCM 1.2 1 1.2 10 45 33.9 34.3 7αβ
319 -10 Gal3α iPrOH TMSOTf DCM 1.2 1 1.2 10 45 49.2 41.5 7αβ
320 10 Gal3α iPrOH TMSOTf DCM 1.2 1 1.2 10 45 79.2 47.3 7αβ
321 20 Gal3α iPrOH TMSOTf DCM 1.2 1 1.2 10 45 93.1 50.1 7αβ
322 30 Gal3α iPrOH TMSOTf DCM 1.2 1 1.2 10 45 98.1 52.7 7αβ
323 20 Man3α iPrOH TMSOTf DCM 1.2 1 1.2 10 45 37.5 63.9 12αβ
324 30 Man3α iPrOH TMSOTf DCM 1.2 1 1.2 10 45 81.1 62.1 12αβ
325 -50 Fuc1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 71.7 19.9 15αβ
326 -30 Fuc1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 69.4 30.0 15αβ
327 -10 Fuc1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 71.8 33.6 15αβ
328 10 Fuc1α iPrOH  TfOH DCM 1.2 1 0.2 10 45 56.3 39.7 15αβ
329 -50 Gal1α ManOH  TfOH DCM 1.2 1 0.2 10 45 95.4 48.9 16αβ
330 -30 Gal1α ManOH  TfOH DCM 1.2 1 0.2 10 45 92.0 56.5 16αβ
331 -10 Gal1α ManOH  TfOH DCM 1.2 1 0.2 10 45 84.1 61.5 16αβ
332 10 Gal1α ManOH  TfOH DCM 1.2 1 0.2 10 45 82.9 65.7 16αβ
333 30 Gal1α ManOH  TfOH DCM 1.2 1 0.2 10 45 76.2 69.7 16αβ
334 -50 Gal1α GlcOH  TfOH DCM 1.2 1 0.2 10 45 98.1 42.4 17αβ
335 -30 Gal1α GlcOH  TfOH DCM 1.2 1 0.2 10 45 93.6 51.9 17αβ
336 -10 Gal1α GlcOH  TfOH DCM 1.2 1 0.2 10 45 94.1 62.6 17αβ
337 10 Gal1α GlcOH  TfOH DCM 1.2 1 0.2 10 45 93.2 67.1 17αβ
338 20 Gal1α GlcOH  TfOH DCM 1.2 1 0.2 10 45 88.1 69.2 17αβ
339 30 Gal1α GlcOH  TfOH DCM 1.2 1 0.2 10 45 93.2 71.9 17αβ
340 -50 Gal1α iPrOH C3F6S2O4NH DCM 1.2 1 0.2 10 45 33.0 18.5 7αβ
341 -30 Gal1α iPrOH C3F6S2O4NH DCM 1.2 1 0.2 10 45 37.4 26.2 7αβ
342 -10 Gal1α iPrOH C3F6S2O4NH DCM 1.2 1 0.2 10 45 36.0 32.6 7αβ
343 10 Gal1α iPrOH C3F6S2O4NH DCM 1.2 1 0.2 10 45 45.0 41.0 7αβ
344 30 Gal1α iPrOH C3F6S2O4NH DCM 1.2 1 0.2 10 45 59.6 47.1 7αβ
345 -50 Man1α tBuOH C3F6S2O4NH DCM 1.2 1 0.2 10 45 71.9 36.7 13αβ
346 -30 Man1α tBuOH C3F6S2O4NH DCM 1.2 1 0.2 10 45 69.6 42.8 13αβ
347 -10 Man1α tBuOH C3F6S2O4NH DCM 1.2 1 0.2 10 45 86.3 48.2 13αβ
348 10 Man1α tBuOH C3F6S2O4NH DCM 1.2 1 0.2 10 45 87.5 64.4 13αβ
349 30 Man1α tBuOH C3F6S2O4NH DCM 1.2 1 0.2 10 45 91.7 98.0 13αβ
350 -20 Glc1α iPrOH  TfOH 3F-Toluene 1.2 1 0.2 10 45 85.5 31.7 3αβ
351 10 Glc1α iPrOH  TfOH 3F-Toluene 1.2 1 0.2 10 45 96.8 51.8 3αβ
352 30 Glc1α iPrOH  TfOH 3F-Toluene 1.2 1 0.2 10 45 97.5 60.3 3αβ
353 50 Glc1α iPrOH  TfOH 3F-Toluene 1.2 1 0.2 10 45 85.5 61.9 3αβ
354 70 Glc1α iPrOH  TfOH 3F-Toluene 1.2 1 0.2 10 45 82.2 64.4 3αβ
355 90 Glc1α iPrOH  TfOH 3F-Toluene 1.2 1 0.2 10 45 60.2 63.3 3αβ

ProductEntry Donor Acceptor Activator Solvent
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aAll experiments were carried out following by the procedure of general automation platform and all the 
reactions were quenched with pyridine using twice of the activator equivalents. bα/β ratio determined by 
HPLC. c0.25 equiv. of water added. d1.44 equiv. of NIS was used with TfOH. 

  

Temp. Donor Acceptor Activator Donor Tres Yield α ratio

(°C) Equiv. Equiv. Equiv. Conc. (sec) (%) (%)

356 20 Gal1α iPrOH  TfOH 1,4-Dioxane 1.2 1 0.2 10 45 99.2 67.9 7αβ
357 40 Gal1α iPrOH  TfOH 1,4-Dioxane 1.2 1 0.2 10 45 96.0 71.3 7αβ
358 60 Gal1α iPrOH  TfOH 1,4-Dioxane 1.2 1 0.2 10 45 89.6 73.1 7αβ
359 80 Gal1α iPrOH  TfOH 1,4-Dioxane 1.2 1 0.2 10 45 82.3 73.9 7αβ
360 100 Gal1α iPrOH  TfOH 1,4-Dioxane 1.2 1 0.2 10 45 80.3 74.2 7αβ
361 -50 Glc1β EtOH  TfOH Toluene 1.2 1 0.2 10 45 83.2 31.4 2αβ
362 -30 Glc1β EtOH  TfOH Toluene 1.2 1 0.2 10 45 86.6 37.1 2αβ
363 -10 Glc1β EtOH  TfOH Toluene 1.2 1 0.2 10 45 85.5 46.7 2αβ
364 10 Glc1β EtOH  TfOH Toluene 1.2 1 0.2 10 45 82.7 54.7 2αβ
365 30 Glc1β EtOH  TfOH Toluene 1.2 1 0.2 10 45 78.2 60.8 2αβ
366 50 Glc1β EtOH  TfOH Toluene 1.2 1 0.2 10 45 76.0 60.6 2αβ
367 70 Glc1β EtOH  TfOH Toluene 1.2 1 0.2 10 45 73.8 63.2 2αβ
368 -50 Glc1β tBuOH  TfOH Toluene 1.2 1 0.2 10 45 68.6 79.6 4αβ
369 -30 Glc1β tBuOH  TfOH Toluene 1.2 1 0.2 10 45 89.1 78.6 4αβ
370 -10 Glc1β tBuOH  TfOH Toluene 1.2 1 0.2 10 45 99.1 76.6 4αβ
371 10 Glc1β tBuOH  TfOH Toluene 1.2 1 0.2 10 45 95.0 74.1 4αβ
372 30 Glc1β tBuOH  TfOH Toluene 1.2 1 0.2 10 45 90.1 71.2 4αβ
373 50 Glc1β tBuOH  TfOH Toluene 1.2 1 0.2 10 45 84.6 68.5 4αβ
374 70 Glc1β tBuOH  TfOH Toluene 1.2 1 0.2 10 45 74.3 65.1 4αβ
375 -50 Gal1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 99.4 23.4 7αβ
376 -30 Gal1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 99.9 32.4 7αβ
377 -10 Gal1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 93.8 39.7 7αβ
378 10 Gal1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 81.6 47.2 7αβ
379 30 Gal1β iPrOH  TfOH DCM 1.2 1 0.2 10 45 75.6 55.0 7αβ
380 -50 Gal1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 80.6 33.0 7αβ
381 -30 Gal1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 96.4 34.3 7αβ
382 -10 Gal1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 96.8 39.9 7αβ
383 10 Gal1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 93.2 47.3 7αβ
384 30 Gal1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 94.1 56.3 7αβ
385 50 Gal1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 90.8 62.7 7αβ
386 70 Gal1β iPrOH  TfOH Toluene 1.2 1 0.2 10 45 87.3 68.6 7αβ

ProductEntry Donor Acceptor Activator Solvent
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6.2 Calibration curve for products 
 

For calculating the product yield, an external method of calibration was chosen and 

calibration curve for all the products were prepared which are shown below. 

 

 
Figure 6.1: HPLC calibration curve of Glc_OBn_OMe (1α).
 

 
Figure 6.2: HPLC calibration curve of 2β.
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Figure 6.3: HPLC calibration curve of 3αβ.
 

 
Figure 6.4: HPLC calibration curve of 4αβ.

 

 
Figure 6.5: HPLC calibration curve of Gal_OBn_OCH2CF2H (9αβ).
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Figure 6.6: HPLC calibration curve of 13αβ.

 

 
Figure 6.7: HPLC calibration curve of 14α.

 

 
Figure 6.8: HPLC calibration curve of 15αβ.
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Figure 6.9: HPLC calibration curve of 16αβ.

 

6.3 General procedure for performing glycosylations in the automated flow platform 

 

The requisite benzyl protected donors were prepared following or adapting literature 

procedures, described in later sections. Donors were stored at -20 °C, azeotroped three times 

with 1 mL of toluene and dried under high vacuum overnight prior to use. All solvents, 

activators, and acceptors were dried to less than 3 ppm water using 3 Å molecular sieves 

(see section below for drying procedure). The donor, acceptor, and the activator were loaded 

into airtight Hamilton glass syringes at the desired high concentration, in the ranges of 50-

110 mM, 60-110 mM, and 22.6-120 mM respectively. The reactants were brought into 

appropriate concentrations and stoichiometries with the help of respective dilution pumps. 

The reaction temperature, concentration of reagents, stoichiometry, and residence time were 

all set with the aid of the graphical user interface. After reaction completion and inline 

quenching with pyridine (two equivalents with respect to activator), the outcome of the 

reaction was monitored by an automated injection of 1 μL reactor solution into inline HPLC. 

After the completion of HPLC, the HPLC sends feedback to the software and the next 

reaction is run automatically. The automation system terminated after completion of all the 

runs given in the data input VI. 
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Table 6.2: HPLC Methods A, B and C. 

 

 

6.4 Procedure for drying solvents 

 

Solvents used in this study such as toluene, dichloromethane (DCM), Acetonitrile 

(ACN), and Methyl tert-butyl ether (MTBE) were dried using 3 Å molecular sieves, 

activated by heating under microware radiation of 500 W for nine mins and subsequent 

cooling to ambient temperature under high vacuum. This procedure was repeated five times. 

The activated molecular sieves were added to the solvents and the solvents were kept under 

argon atmosphere for two days. The water content of the solvents was determined using 

Karl Fischer titration.  

 

6.5 General experimental details for preparing building blocks 
 

Commercial grade solvents and reagents were used unless stated otherwise. 

Anhydrous solvents were obtained from a dry solvent system (Waters, Milford, USA). 

Unless otherwise noted, all other reagents and solvents were purchased from commercial 

suppliers and used without further purification. All reactions were carried out under an argon 
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atmosphere. Analytical thin layer chromatography (TLC) was performed on Macherey-

Nagel Pre-coated TLC-sheets, ALUGRAM Xtra SIL G/UV254 sheets and visualized with 

254 nm light, 2,5-dinitrophenylhydrazine (DNPH) staining solutions followed by heating. 

Purification of the reaction products was carried out by flash chromatography using 

Macherey-Nagel Silica 60 M (0.04-0.063 mm) silica gel.  Proton (1H) NMR spectra were 

recorded using Agilent 400 (400 MHz) or Agilent 600 (600 MHz) in CDCl3 and are reported 

in ppm relative to the residual solvent peaks (CDCl3 at 7.26 ppm) Peaks are reported as: s = 

singlet, d = doublet, t = triplet, q = quartet, quint = quintet, m =  multiplet. Carbon (13C) 

NMR spectra were recorded with 1H-decoupling on Agilent 400 (101 MHz) or Agilent 600 

(151 MHz) in CDCl3 and reported in ppm relative to the residual solvent peak (CDCl3 at 

77.16 ppm). Phosphorous (31P) NMR spectra were recorded on Agilent 600 (243 MHz). 

Fluorine (19F) NMR spectra were recorded on Agilent 400 (376 MHz) or Agilent 600 (564 

MHz). High-resolution mass spectral data were obtained using a Waters XEVO G2-XS 4K 

spectrometer (#186008532) with the XEVO G2-XS QTOF capability kit (#1860083535). 

Samples were prepared in LC-MS CHROMASOLV water and acetonitrile, and analyzed in 

the respective mixtures.  

 

 

Figure 6.10: A Chart of all glycosyl donor building blocks.
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Preparation of Ethyl 2,3,4,6-tetra-O-benzyl-1-thio-β-D-glucopyranoside (Glc2β)111-112  

 

To a gently refluxed Ac2O (9.4 mL, 100 mmol) containing NaOAc (1.0 g, 13 mmol) 

was slowly added D-glucose (1.8g, 10 mmol) over a period of 15 min. After the mixture 

was heated to 90 °C for 4h, the mixture was cooled to room temperature. When TLC showed 

complete disappearance of the starting material and the formation of S1 (Rf: 0.38 in n-

Hexane/ EtOAc = 3/2), the reaction was quenched by addition of ice under sonication. The 

precipitation was filtered and washed with H2O until the acetic acid disappeared and 

recrystallized using EtOH (0.5 mL) by adding n-hexane (50 mL) to get S1 (89%, 3.5 g, 8.9 

mmol) as white solid. A mixture of S1 (1.95 g, 5 mmol), EtSH (0.4 mL, 5.6 mmol) and 

BF3OEt2 (0.7 mL, 5.6 mmol) in anhydrous CH2Cl2 (20 mL) was cooled to 0 °C. The mixture 

was warmed to room temperature and stirred during 5 h. When TLC showed complete 

disappearance of S1 and the formation of S2 (Rf: 0.50 in n-Hexane/ EtOAc = 3/2), the 

reaction mixture was quenched with sat. aq. NaHCO3 solution (10 mL), diluted with CH2Cl2 

(20 mL) was extracted with CH2Cl2 (2x20 mL) and the combined organic layer was washed 

with brine (2x15 mL). The organic layer was dried over anhydrous Na2SO4, filtered and 

evaporated under reduced pressure to get S2 as yellow oil.111 Without further purification, 

the reaction mixture of S2 was used for next step. To the stirred solution of S2 in methanol 

(50 mL) was added NaOMe (30% in MeOH, 3 mL) dropwise at room temperature. The 

reaction mixture was allowed to stir for 17 h at room temperature until all starting material 

was consumed as monitored by TLC (S2 Rf: 0.96, S3 Rf: 0.21 in CH2Cl2/ MeOH = 9/1). 

The reaction mixture was neutralized by the addition of Amberlite 120 (pH paper used for 

checking neutralization) and stirred for 2 h before filtration. Evaporation of the filtrate 

yielded brown colored gummy residue which was dried under vacuum to obtain S3.112 The 

obtained S3 was used in the next step without further purification. S3 was dissolved in dry 

DMF (50 mL) and cooled to –10 ºC. Sodium hydride (60% in mineral oil, 1.00 g, 25 mmol) 
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was added slowly and the mixture was stirred for 5 h while warming up to room temperature. 

Benzyl bromide (2.97 mL, 25 mmol) was added and the mixture was stirred for 15 h. The 

reaction was cooled down to 0 ºC and water (2 mL) was added slowly. The solution was 

extracted with CH2Cl2 (3 × 100 mL) and the combined organic layers were washed with 

brine (3 × 200 mL). After silica gel column chromatography (Elution: n-Hexane/ EtOAc  = 

10/1), Glc2β (1.17 g, 2 mmol)  was obtained with 40% yield over 3 steps as a white solid 

(Glc2β Rf: 0.82 in n-Hexane/ EtOAc = 5/1); 1H NMR (400 MHz, Chloroform-d) δ 7.40 – 

7.22 (m, 18H), 7.19 – 7.12 (m, 2H), 4.91 (d, J = 10.8, 1H), 4.92 (d, J = 10.0 Hz, 2H), 4.87 

– 4.79 (m, 2H), 4.74 (d, J = 10.1 Hz, 1H), 4.63 – 4.52 (m, 3H), 4.46 (d, J = 9.7 Hz, 1H), 

3.77–3.72 (m, 1H), 3.71–3.64 (m, 2H), 3.61 (t, J = 9.4 Hz, 1H), 3.50–3.41 (m, 2H), 2.84–

2.69 (m, 2H), 1.33 (t, J = 7.4 Hz, 3H). This data is in accordance with those previously 

published.112 

 

Preparation of 2,3,4,6-tetra-O-benzyl-glucopyranose (S4)  

 

To a solution Glc2β (596 mg, 1.02 mmol) in Acetone (7.2 mL) and water (0.8 mL) 

was added N-Bromosuccinimide (548 mg, 3.08 mmol) and stirred for 4 h at room 

temperature. Then, the reaction mixture was cooled in an ice-bath and then quenched with 

triethylamine (0.7 mL, 5.0 mmol). The mixture was concentrated to remove acetone, diluted 

with sat. aq. NaHCO3 solution (10 mL) and EtOAc (10 mL). The organic layer was extracted 

with CH2Cl2 (2 × 10 mL) and washed with brine (10 mL). The organic layer was dried over 

anhydrous Na2SO4, filtered and evaporated under reduced pressure for column 

chromatography purification (Elution: n-hexane/EtOAc = 5/1 to 2/1) and obtained as an 

inseparable α/β mixture as a white solid S4 (510 mg, 0.938 mmol) with 92% yield; 1H NMR 

(400 MHz, Chloroform-d) δ 7.39 – 7.24 (m, 18H), 7.16 – 7.10 (m, 2H), 5.23 (d, J = 3.5 Hz, 

1H), 4.97 – 4.91 (m, 2H), 4.86 – 4.77 (m, 2H), 4.62 – 4.45 (m, 4H), 4.03 (ddd, J = 10.2, 4.0, 

2.1 Hz, 1H, H5), 3.96 (t, J = 9.3 Hz, 1H), 3.74–3.69 (m, 1H), 3.68 – 3.62 (m, 2H), 3.62 – 

3.56 (m, 1H). This data is in accordance with those previously published.112 
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Preparation of 2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl trichloroacetimidate (Glc1α)86  

 

To a solution S4 (556 mg, 1.03 mmol) in CH2Cl2 (10 mL) was added CCl3CN (1.0 

mL, 9.97 mmol) and DBU (0.08 mL, 0.52 mmol) at 0 °C. The solution was stirred at room 

temperature for 1 h, and then the reaction mixture was concentrated. The residue was 

purified by silica gel column chromatography (Elution: n-hexane/EtOAc = 4/1 containing 

1% Et3N) to give Glc1α (564 mg, 0.82 mmol) as a colorless oil with 80% yield; 1H NMR 

(400 MHz, Chloroform-d) δ 8.60 (s, 1H), 7.40 – 7.23 (m, 18H), 7.17 (d, J = 6.4 Hz, 2H), 

6.55 (d, J = 3.4 Hz, 1H), 4.98 (d, J = 11.0 Hz, 1H), 4.86 (t, J = 10.6 Hz, 2H), 4.80 – 4.67 

(m, 2H), 4.63 (d, J = 12.1 Hz, 1H), 4.51 (dd, J = 21.1, 11.4 Hz, 2H), 4.07 (t, J = 9.3 Hz, 

1H), 4.01 (d, J = 10.2 Hz, 1H), 3.81 (m, 3H), 3.69 (d, J = 11.0 Hz, 1H). This data is in 

accordance with those previously published.86 

 

Preparation of 2,3,4,6-tetra-O-benzyl-β-D-glucopyranosyl trichloroacetimidate (Glc1β)113 

 

To a solution S4 (641 mg, 1.19 mmol) in CH2Cl2 (10 mL) was added CCl3CN (1.0 

mL, 9.97 mmol) and K2CO3 (713 mg, 5.16 mmol) at room temperature. The solution was 

stirred at room temperature for 20 h, and then the reaction mixture was concentrated. The 

residue was purified by silica gel column chromatography (Elution: n-hexane/EtOAc = 4/1 

containing 1% Et3N) to give Glc1β (560 mg, 0.82 mmol) as a colorless oil with 69% yield; 
1H NMR (400 MHz, Chloroform-d) δ 8.71 (s, 1H), 7.37 – 7.25 (m, 18H), 7.19 – 7.13 (m, 

2H), 5.80 (m, 1H), 4.95 (d, J = 10.8 Hz, 1H), 4.91 (d, J = 10.9 Hz, 1H), 4.82 (d, J = 10.8 

Hz, 2H), 4.76 (d, J = 10.8 Hz, 1H), 4.63 (d, J = 12.2 Hz, 1H), 4.60 – 4.52 (m, 2H), 3.75 (m, 

5H), 3.64 (m, 1H). This data is in accordance with those previously published.113  
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Preparation of 2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl di-n-butyl phosphate (Glc3α) 

 

5.1 g of dry powder 3 Å molecular sieves were added to 60 ml dry DCM. Dibutyl 

hydrogen phosphate (1.43 ml, 7.21 mmol) were added and left stirring for 1.5 h. After 

stirring, the molecular sieves were allowed to settle and the supernantant (51 mL, 5.97 

mmol) was added to a solution of Glc2β (1.40 g, 2.39 mmol) in CH2Cl2 (10 mL), cooled to 

0 °C when N-Iodosuccinimide (0.70 g, 3.11 mmol) and TfOH (0.063 ml, 0.718 mmol) were 

added. After stirred for 2 h at room temperature, the reaction mixture was diluted with sat. 

aq. NaHCO3 solution (50 mL), sat. aq. Na2S2O3 solution (50 mL) and EtOAc (100 mL). The 

organic layer was extracted with EtOAc (2 × 100 mL) and washed with brine (100 mL). The 

organic layer was dried over anhydrous Na2SO4, filtered and evaporated under reduced 

pressure for silica gel column chromatography purification (Elution: n-hexane/EtOAc = 5/1 

to 1/1) and obtained as a white solid Glc3α (1.42 g, 1.94 mmol) with 81% yield. (Glc2β Rf: 

0.82,  Glc3α Rf: 0.35 in n-Hexane/ EtOAc = 5/1); 1H NMR (600 MHz, Chloroform-d) δ 

7.36 (d, J = 7.3 Hz, 2H), 7.33 – 7.23 (m, 19H), 7.14 (d, J = 7.0 Hz, 2H), 5.88 (dd, J = 7.2, 

3.1 Hz, 1H), 4.94 (d, J = 10.9 Hz, 1H), 4.80 (dt, J = 20.5, 10.6 Hz, 3H), 4.66 (d, J = 11.4 

Hz, 1H), 4.58 (d, J = 12.1 Hz, 1H), 4.47 (dd, J = 18.7, 11.3 Hz, 2H), 3.98 (ddq, J = 38.2, 

18.7, 9.6 Hz, 7H), 3.77 – 3.68 (m, 2H), 3.68 – 3.59 (m, 2H), 1.65 – 1.49 (m, 4H), 1.31 (dq, 

J = 28.9, 7.5 Hz, 4H), 0.86 (dt, J = 19.0, 7.4 Hz, 6H); 13C NMR (151 MHz, Chloroform-d) 

δ 138.7, 138.2, 138.0, 137.8, 128.52, 128.50, 128.47, 128.2, 128.1, 128.01, 127.99, 127.92, 

127.88, 127.85, 127.78, 95.2 (d, J = 5.9 Hz), 81.3 (d, J = 7.0 Hz), 79.5, 77.0, 75.8, 75.3, 

73.6, 73.0, 72.5, 68.2, 67.9 (d, J = 5.9 Hz), 67.6 (d, J = 5.8 Hz), 32.4 (d, J = 7.0 Hz), 32.2 

(d, J = 6.9 Hz), 18.8, 18.7, 13.72, 13.70; 31P NMR (243 MHz, Chloroform-d) δ -2.04; HRMS 

(ESI): [M+Na]+ calcd for C42H53O9PNa+ 755.3319, found 755.3326.  
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Preparation of Ethyl 2,3,4,6-tetra-O-benzyl-1-thio-β-D-galactopyranoside (Gal2β)112, 114 

 

A mixture of S5 (1.95 g, 5 mmol), EtSH (0.4 mL, 5.6 mmol) and BF3OEt2 (0.7 mL, 

5.6 mmol) in anhydrous CH2Cl2 (20 mL) was cooled to 0 °C. The mixture was warmed to 

room temperature and stirred during 5 h. When TLC showed complete disappearance of S5 

(Rf: 0.32 in n-Hexane/ EtOAc = 3/2) and the formation of S6 (Rf: 0.5 in n-Hexane/ EtOAc 

= 3/2), the reaction mixture was quenched with sat. aq. NaHCO3 solution (10 mL), diluted 

with CH2Cl2 (20 mL) was extracted with CH2Cl2 (2 × 20 mL) and the combined organic 

layer was washed with brine (2 × 15 mL). The organic layer was dried over anhydrous 

Na2SO4, filtered and evaporated under reduced pressure to get S6 as yellow oil.114 Without 

further purification, the reaction mixture of S2 was used for next step. To the stirred solution 

of S6 in methanol (50 mL) was added NaOMe (30% in MeOH, 3 mL) dropwise at room 

temperature. The reaction mixture was allowed to stir for 17 h at room temperature until all 

starting material was consumed as monitored by TLC (S7 Rf: 0.00 in n-Hexane/ EtOAc = 

3/2). The reaction mixture was neutralized by the addition of Amberlite 120 (pH paper used 

for checking neutralization) and stirred for 2 h before filtration. Evaporation of the filtrate 

yielded brown colored gummy residue which was dried under vacuum to obtain S7. The 

obtained S7 was used in the next step without further purification. S7 was dissolved in dry 

DMF (50 mL) and cooled to –10 ºC. Sodium hydride (60% in mineral oil, 1.00 g, 25 mmol) 

was added slowly and the mixture was stirred for 5 h while warming up to room temperature. 

Benzyl bromide (2.97 mL, 25 mmol) was added and the mixture was stirred for 17 h. The 

reaction was cooled down to 0 ºC and water (2 mL) was added slowly. The solution was 

extracted with CH2Cl2 (3 × 100 mL) and the combined organic layers were washed with 

brine (3 × 200 mL). After silica gel column chromatography (Elution: n-Hexane/ EtOAc  = 

10/1), Gal2β (1.02 g, 1.75 mmol)  was obtained with 35% yield over 3 steps as a white 

solid. (Gal2β Rf: 0.28 in n-Hexane/ EtOAc = 10/1). 1H NMR (400 MHz, Chloroform-d) δ 
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7.42 – 7.24 (m, 20H), 4.95 (d, J = 11.6 Hz, 1H), 4.88 (d, J = 10.2 Hz, 1H), 4.80 (d, J = 10.2 

Hz, 1H), 4.73 (s, 2H), 4.62 (d, J = 11.6 Hz, 1H), 4.42 (t, J = 10.6 Hz, 3H), 3.96 (s, 1H), 3.83 

(t, J = 9.4 Hz, 1H), 3.64  – 3.52 (m,, 4H), 2.83 – 2.65 (m, 2H), 1.30 (t, J = 7.1 Hz, 3H). This 

data is in accordance with those previously published.112 

Preparation of 2,3,4,6-tetra-O-benzyl-galactopyranose (S8) 

 

To a solution Gal2β (605 mg, 1.03 mmol) in Acetone (7.2 mL) and water (0.8 mL) 

was added N-Bromosuccinimide (548 mg, 3.08 mmol) and stirred for 4 h at room 

temperature. Then, the reaction mixture was cooled in an ice-bath and then quenched with 

triethylamine (0.7 mL, 5.0 mmol). The mixture was concentrated to remove acetone, diluted 

with sat. aq.NaHCO3 solution (10 mL) and EtOAc (10 mL). The organic layer was extracted 

with CH2Cl2 (2 × 10 mL) and washed with brine (10 mL). The organic layer was dried over 

anhydrous Na2SO4, filtered and evaporated under reduced pressure for column 

chromatography purification (Elution: n-hexane/EtOAc = 4/1 to 2/1) and obtained as an 

inseparable α/β mixture as a colorless oil S8 (479 mg, 0.886 mmol) with 86% yield. (Gal2β 

Rf: 0.75, S8 Rf: 0.26 in n-Hexane/ EtOAc = 3/1); 1H NMR (400 MHz, Chloroform-d) δ 

7.40 – 7.22 (m, 20H), 5.28 (d, J = 3.6 Hz, 1H), 4.96 – 4.39 (m, 10H), 4.16 (t, J = 6.5 Hz, 

1H), 4.04 (dd, J = 9.8, 3.7 Hz, 1H), 3.92 – 3.88 (m, 1H), 3.58 – 3.47 (m, 3H). This data is 

in accordance with those previously published.115 

Preparation of 2,3,4,6-tetra-O-benzyl-a-D-galactopyranosyl trichloroacetimidate 

(Gal1α)116 

 

To a solution of S8 (479 mg, 0.886 mmol) in CH2Cl2 (10 mL) were added CCl3CN 

(1.0 mL, 9.97 mmol) and DBU (0.08 mL, 0.52 mmol) at 0 °C. The dark solution was stirred 

at room temperature for 2 h, and then the reaction mixture was concentrated. The residue 
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was purified by silica gel column chromatography (Elution: n-hexane–EtOAc, 4:1 

containing 1% Et3N) to give Gal1α (516 mg, 0.753 mmol) as a colorless oil with 85% yield; 
1H NMR (600 MHz, Chloroform-d) δ 8.51 (s, 1H), 7.38 – 7.23 (m, 20H), 6.52 (d, J = 3.5 

Hz, 1H), 4.97 (d, J = 11.3 Hz, 1H), 4.82 (d, J = 11.9 Hz, 1H), 4.78 – 4.71 (m, 3H), 4.60 (d, 

J = 11.3 Hz, 1H), 4.46 (d, J = 11.7 Hz, 1H), 4.40 (d, J = 11.6 Hz, 1H), 4.24 (dd, J = 10.0, 

3.5 Hz, 1H), 4.16 (t, J = 6.6 Hz, 1H), 4.06 (s, 1H), 4.02 (dd, J = 10.1, 2.8 Hz, 1H), 3.61 (dd, 

J = 9.4, 7.6 Hz, 1H), 3.55 (dd, J = 9.3, 5.5 Hz, 1H). This data is in accordance with those 

previously published.116  

 

Preparation of 2,3,4,6-tetra-O-benzyl-β-D-galactopyranosyl trichloroacetimidate (Gal1β) 

 

To compound S8 in dry DCM (10 mL) were added CCl3CN (0.1 mL, 1 mmol) and 

K2CO3 (138 mg, 1 mmol) at room temperature. The solution was stirred for 17 h at room 

temperature, and then the reaction mixture was concentrated. The residue was purified by 

silica gel column chromatography (Elution: n-hexane/EtOAc = 10/1 containing 1% Et3N) 

to give Gal1β (67.1 mg, 0.11 mmol) as white solid (Rf: 0.49 in n-Hexane/ EtOAc = 3/1). 

with 57% yield; 1H NMR (600 MHz, Chloroform-d) δ 8.62 (s, 1H), 7.36 – 7.26 (m, 20H), 

5.75 (d, H-1β, J = 8.0 Hz, 1H), 4.95 (d, J = 11.5 Hz, 1H), 4.91 (d, J = 10.8 Hz, 1H), 4.81 (d, 

J = 10.8 Hz, 1H), 4.73 (d, J = 2.0 Hz, 2H), 4.64 (d, J = 11.5 Hz, 1H), 4.47 (d, J = 11.7 Hz, 

1H), 4.43 (d, J = 11.8 Hz, 1H), 4.09 (dd, J = 9.7, 8.0 Hz, 1H), 3.99 (d, J = 3.1 Hz, 1H), 3.75 

(t, J = 6.5 Hz, 1H), 3.68 – 3.59 (m, 3H). This data is in accordance with those previously 

published.83 

 

Preparation of 2,3,4,6-tetra-O-benzyl-a-D-galactopyranosyl di-n-butyl phosphate (Gal3α) 
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5.1 g of dry powder 3 Å molecular sieves were added to 60 ml dry DCM. Dibutyl 

hydrogen phosphate (1.43 ml, 7.21 mmol) were added and left stirring for 1.5 h. After 

stirring, the molecular sieves were allowed to settle and the supernantant (51 mL, 5.97 mmol) 

was added to a solution of Gal2β (1.00 g, 1.71 mmol) in CH2Cl2 (10 mL), cooled to 0 °C 

when N-Iodosuccinimide (0.70 g, 3.11 mmol) and TfOH (0.063 ml, 0.718 mmol) were 

added. After stirred for 2 h at room temperature, the reaction mixture was diluted with sat. 

aq. NaHCO3 solution (50 mL), sat. aq. Na2S2O3 solution (50 mL) and EtOAc (100 mL). The 

organic layer was extracted with EtOAc (2 × 100 mL) and washed with brine (100 mL). The 

organic layer was dried over anhydrous Na2SO4, filtered and evaporated under reduced 

pressure for silica gel column chromatography purification (Elution: n-hexane/EtOAc = 5/1 

to 1/1) and obtained as a white solid Gal3α (1.10 g, 1.50 mmol) with 88% yield. (Gal2β Rf: 

0.58,  Gal3α Rf: 0.25 in n-Hexane/ EtOAc = 5/1); 1H NMR (600 MHz, Chloroform-d) δ 

7.41 – 7.24 (m, 20H), 5.88 (dd, J = 6.8, 3.4 Hz, 1H), 4.96 (d, J = 11.4 Hz, 1H), 4.83 – 4.73 

(m, 4H), 4.58 (d, J = 11.4 Hz, 1H), 4.43 (q, J = 11.7 Hz, 2H), 4.15 – 4.09 (m, 2H), 4.05 – 

3.95 (m, 5H), 3.91 (dd, J = 10.0, 2.8 Hz, 1H), 3.59 – 3.50 (m, 2H), 1.59 – 1.49 (m, 4H), 1.29 

(ddq, J = 32.4, 14.8, 7.4 Hz, 4H), 0.86 (dt, J = 16.0, 7.4 Hz, 6H); 13C NMR (151 MHz, 

Chloroform-d) δ 138.7, 138.6, 138.3, 138.0, 128.52, 128.50, 128.40, 128.36, 128.3, 128.1, 

127.94, 127.89, 127.78, 127.71, 127.69, 127.6, 96.2 (d, J = 6.3 Hz), 78.2, 76.0 (d, J = 7.3 

Hz), 75.0, 74.8, 73.6, 73.3, 73.1, 71.5, 68.7, 67.8 (d, J = 5.8 Hz), 67.5 (d, J = 5.7 Hz), 32.3 

(d, J = 7.0 Hz), 32.2 (d, J = 7.0 Hz), 18.75, 18.69, 13.7; 31P NMR (243 MHz, Chloroform-

d) δ -1.87; HRMS (ESI): [M+Na]+ calcd for C42H53O9PNa+ 755.3319, found 755.3325. 

 Preparation of ethyl 2,3,4,6-tetra-O-benzyl-1-thio-α-D-mannopyranoside (Man2α)117-118

 

To a gently refluxed Ac2O (9.4 mL, 100 mmol) containing NaOAc (1.0 g, 13 mmol) 

was slowly added D-mannose (1.8g, 10 mmol) over a period of 15 min. After the mixture 

was heated to 80 °C for 4h, the mixture was cooled to room temperature. When TLC showed 
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complete disappearance of the starting material and the formation of S16 (Rf: 0.30 in n-

Hexane/ EtOAc = 3/2), the reaction was quenched by addition of ice under sonication. The 

precipitation was filtered and washed with H2O until the acetic acid disappeared and 

recrystallized using EtOH (0.5 mL) by adding n-hexane (50 mL) to get S16 (81%, 3.1 g, 8.1 

mmol) as white solid.117 A mixture of S16 (1.95 g, 5 mmol), EtSH (0.4 mL, 5.6 mmol) and 

BF3OEt2 (0.7 mL, 5.6 mmol) in anhydrous CH2Cl2 (20 mL) was cooled to 0 °C. The mixture 

was warmed to room temperature and stirred during 6 h. When TLC showed complete 

disappearance of S16 and the formation of S17 (Rf: 0.42 in n-Hexane/ EtOAc = 3/2), the 

reaction mixture was quenched with sat. aq. NaHCO3 solution (10 mL), diluted with CH2Cl2 

(20 mL) was extracted with CH2Cl2 (2 × 20 mL) and the combined organic layer was washed 

with brine (2 × 15 mL). The organic layer was dried over anhydrous Na2SO4, filtered and 

evaporated under reduced pressure to get S17 as yellow oil. Without further purification, 

the reaction mixture of S17 was used for next step. To the stirred solution of S17 in methanol 

(50 mL) was added NaOMe (30% in MeOH, 3 mL) dropwise at room temperature. The 

reaction mixture was allowed to stir for 17 h at room temperature until all starting material 

was consumed as monitored by TLC (S18 Rf: 0.00 in n-Hexane/ EtOAc = 3/2). The reaction 

mixture was neutralized by the addition of Amberlite 120 (pH paper used for checking 

neutralization) and stirred for 2 h before filtration. Evaporation of the filtrate yielded brown 

colored gummy residue which was dried under vacuum to obtain S18. The obtained S18 

was used in the next step without further purification. S18 was dissolved in dry DMF (50 

mL) and cooled to –10 ºC. Sodium hydride (60% in mineral oil, 1.00 g, 25 mmol) was added 

slowly and the mixture was stirred for 5 h while warming up to room temperature. Benzyl 

bromide (2.97 mL, 25 mmol) was added and the mixture was stirred for 15 h. The reaction 

was cooled down to 0 ºC and water (2 mL) was added slowly. The solution was extracted 

with CH2Cl2 (3 × 100 mL) and the combined organic layers were washed with brine (3 × 

200 mL). After silica gel column chromatography (Elution: n-Hexane/ EtOAc  = 10/1), 

Man2α (884 mg, 1.51 mmol)  was obtained with 30% yield over 3 steps as a pale yellow 

oil (Man2α Rf: 0.35 in n-Hexane/ EtOAc = 3/1); 1H NMR (400 MHz, Chloroform-d) δ 7.43 

– 7.14 (m, 20H), 5.40 (s, 1H), 4.88 (d, J = 10.8 Hz, 1H), 4.76 – 4.63 (m, 3H), 4.57 (d, J = 

2.1 Hz, 2H), 4.54 – 4.48 (m, 2H), 4.13 (ddd, J = 9.8, 4.8, 1.9 Hz, 1H), 4.03 (t, J = 9.6 Hz, 

1H), 3.87 – 3.79 (m, 3H), 3.71 (dd, J = 10.8, 2.0 Hz, 1H), 2.70 – 2.49 (m, 2H), 1.25 (t, J = 

7.4 Hz, 3H). This data is in accordance with those previously published.118 
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Preparation of 2,3,4,6-tetra-O-benzyl-D-mannopyranoside (S19) 

 

To a solution Man2α (621 mg, 1.06 mmol) in Acetone (7.2 mL) and water (0.8 mL) 

was added N-Bromosuccinimide (548 mg, 3.08 mmol) and stirred for 4 h at room 

temperature. Then, the reaction mixture was cooled in an ice-bath and then quenched with 

triethylamine (0.7 mL, 5.0 mmol). The mixture was concentrated to remove acetone, diluted 

with sat. aq. NaHCO3 solution (10 mL) and EtOAc (10 mL). The organic layer was extracted 

with CH2Cl2 (2 × 10 mL) and washed with brine (10 mL). The organic layer was dried over 

anhydrous Na2SO4, filtered and evaporated under reduced pressure for column 

chromatography purification (Elution: n-hexane/EtOAc = 4/1 to 2/1) and obtained as an 

inseparable α/β mixture as a colorless oil S19 (470 mg, 0.862 mmol) with 82% yield. (S19 

Rf: 0.17 in n-Hexane/ EtOAc = 4/1); 1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.25 (m, 

18H), 7.20 – 7.09 (m, 2H), 5.26 (s, 1H), 4.88 (d, J = 11.0 Hz, 1H), 4.74 (d, J = 4.0 Hz, 2H), 

4.62 (s, 2H), 4.56 (d, J = 7.7 Hz, 2H), 4.49 (d, J = 10.9 Hz, 1H), 4.03 (dd, J = 8.9, 6.1 Hz, 

1H), 3.99 – 3.93 (m, 1H), 3.91 – 3.83 (m, 1H), 3.81 (dd, J = 3.0, 1.9 Hz, 1H), 3.76 – 3.67 

(m, 2H), 3.08 (s, 1H). This data is in accordance with those previously published.115 

 

Preparation of 2,3,4,6-tetra-O-benzyl-a-D-mannopyranosyl trichloroacetimidate 

(Man1α)119 

 
To a solution of S19 (470 mg, 0.862 mmol) in CH2Cl2 (10 mL) were added CCl3CN 

(1.0 mL, 9.97 mmol) and DBU (0.06 mL, 0.40 mmol) at 0 °C. The dark solution was stirred 

at room temperature for 3 h, and then the reaction mixture was concentrated. The residue 

was purified by silica gel column chromatography (Elution: n-hexane/EtOAc = 4/1 

containing 1% Et3N) to give Man1α (516 mg, 0.753 mmol) as colorless oil with 85% yield; 
1H NMR (400 MHz, Chloroform-d) δ 8.54 (s, 1H), 7.46 – 7.19 (m, 20H), 6.39 (d, J = 2.0 

Hz, 1H), 4.92 (d, J = 10.7 Hz, 1H), 4.79 (d, J = 2.2 Hz, 2H), 4.72 – 4.52 (m, 5H), 4.17 (t, J 
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= 9.7 Hz, 1H), 4.01 – 3.92 (m, 2H), 3.89 (t, J = 2.6 Hz, 1H), 3.84 (dd, J = 11.2, 4.4 Hz, 1H), 

3.75 (dd, J = 11.2, 1.9 Hz, 1H). This data is in accordance with those previously 

published.119 

 

Preparation of 2,3,4,6-Tetra-O-benzyl-a-D-mannopyranosyl diphenyl phosphate 

(Man3α)120 

 

To a solution of S19 (500 mg, 0.925 mmol) in CH2Cl2 (10 mL) were added 

diphenylphosphoryl chloride (0.25 mL, 1.20 mmol)  and DMAP (283 mg, 2.31 mmol) at 0 

°C. After stirred for 30 min at 0 °C, and then the reaction mixture was quenched with 

crushed ice, followed by stirring at room temperature for 15 min. The reaction mixture was 

diluted with sat. aq. NaHCO3 solution (15 mL) and Et2O (10 mL), and then the organic layer 

was extracted with EtOAc (2 × 30 mL) and washed with brine (20 mL). The organic layer 

was dried over anhydrous Na2SO4, filtered and evaporated under reduced pressure for silica 

gel column chromatography purification (Elution: n-hexane/EtOAc = 8/1 to 3/1) and 

obtained as a colorless oil Man3α (515 mg, 0.666 mmol) with 72% yield. (Rf: 0.19 in n-

Hexane/EtOAc = 3/1) 1H NMR (600 MHz, Chloroform-d) δ 7.39 – 7.07 (m, 30H), 5.99 (d, 

J = 6.2 Hz, 1H), 4.85 (d, J = 10.6 Hz, 1H), 4.69 (s, 2H), 4.63 (d, J = 12.0 Hz, 1H), 4.46 (td, 

J = 27.9, 26.6, 11.2 Hz, 4H), 4.09 (t, J = 9.8 Hz, 1H), 3.91 – 3.78 (m, 2H), 3.77 – 3.68 (m, 

2H), 3.52 (d, J = 11.2 Hz, 1H). This data is in accordance with those previously published.120 

 

Preparation of 2,3,4-tri-O-benzyl-α-L-fucopyranosyl trichloroacetimidate (Fuc1α)121

 

To a solution S20122 (279 mg, 0.52 mmol) in THF (20 mL) and water (2 mL) were 

added N-Iodosuccinimide (232 mg 1.03 mmol), and then stirred for 1 h at room temperature. 

The reaction mixture was quenched with sat. aq. NaHCO3 solution (10 mL) and DCM (10 
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mL). The organic layer was extracted with DCM (2 × 10 mL) and washed with brine (10 

mL). The organic layer was dried over anhydrous Na2SO4, filtered and evaporated under 

reduced pressure for column chromatography purification (Elution: n-hexane/EtOAc = 6/1 

to 2/1) and obtained as an inseparable α/β mixture S21 (Rf: 0.1 in n-Hexane/ EtOAc = 3/1). 

To compound S21 in dry DCM (15 mL) were added CCl3CN (0.2 mL, 1.99 mmol) and DBU 

(0.05 mL, 0.33 mmol) at 0 °C. The dark solution was stirred at room temperature for 2 h, 

and then the reaction mixture was concentrated. The residue was purified by silica gel 

column chromatography (Elution: Toluene/EtOAc = 20/1 containing 1%to give Fuc1α (153 

mg, 0.26 mmol) as a white solid (Rf: 0.21 in Toluene/EtOAc = 3/1) with 51% yield; 1H 

NMR (400 MHz, Chloroform-d) δ 8.50 (s, 1H), 7.53 – 7.11 (m, 15H), 6.52 (d, J = 3.5 Hz, 

1H), 5.01 (d, J = 11.5 Hz, 1H), 4.95 – 4.61 (m, 5H), 4.24 (dd, J = 10.2, 3.4 Hz, 1H), 4.09 

(d, J = 6.6 Hz, 1H), 4.06 – 3.96 (m, 1H), 3.71 (s, 1H), 1.16 (d, J = 6.5 Hz, 3H).This data is 

in accordance with those previously published.123 

 

Methyl 2,3,4-tri-O-benzyl-α-D-mannopyranoside (ManOH) 

 
 

ManOH was synthesized as described in ref 7. 1H NMR (400 MHz, Chloroform-d) 

δ 7.35 – 7.25 (m, 15H), 4.93 (d, J = 10.9 Hz, 1H), 4.77 (d, J = 12.3 Hz, 1H), 4.71 – 4.68 (m, 

2H), 4.66 (d, J = 6.0 Hz, 1H), 4.62 (s, 2H), 3.95 (t, J = 9.4 Hz, 1H), 3.89 (dd, J = 9.4, 2.9 

Hz, 1H), 3.84 (dd, J = 11.7, 2.9 Hz, 1H), 3.80 – 3.72 (m, 2H), 3.61 (ddd, J = 9.4, 4.7, 3.0 

Hz, 1H), 3.29 (s, 3H), 1.79 (bs, 1H). This data is in accordance with those previously 

published.124 

 

 

Methyl 2,3,4-tri-O-benzyl-α-D-glucopyranoside (GlcOH) 
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GlcOH was synthesized as described in ref 7. 1H NMR (400 MHz, Chloroform-d) δ 

7.40 – 7.25 (m, 15H), 4.99 (d, J = 10.9 Hz, 1H), 4.92 – 4.77 (m, 3H), 4.65 (dd, J = 11.6, 9.5 

Hz, 2H), 4.57 (d, J = 3.6 Hz, 1H), 4.01 (t, J = 9.3 Hz, 1H), 3.77 (d, J = 11.4 Hz, 1H), 3.73 

– 3.62 (m, 2H), 3.56 – 3.47 (m, 2H), 3.37 (s, 3H), 1.60 (s, 1H). This data is in accordance 

with those previously published.124 

 
6.6 Characterization of Products 
 

 
Figure 6.11: A Chart of all the Products obtained.
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Figure 6.12: a HPLC spectrum of 1α, 1β (Method A)

Methyl 2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranoside (1α) 1H NMR (400 MHz, 

Chloroform-d) δ 7.32 – 7.22 (m, 18H), 7.13 (dd, J = 7.1, 2.4 Hz, 2H), 4.98 (d, J = 10.9 Hz, 

1H), 4.87 – 4.77 (m, 3H), 4.70 – 4.57 (m, 3H), 4.47 (dd, J = 11.4, 4.4 Hz, 2H), 3.98 (t, J = 

9.3 Hz, 1H), 3.79 – 3.69 (m, 2H), 3.67 – 3.59 (m, 2H), 3.56 (dd, J = 9.6, 3.6 Hz, 1H), 3.38 

(s, 3H).

(1β) 1H NMR (400 MHz, Chloroform-d) δ 7.37 – 7.19 (m, 18H), 7.12 (dd, J = 6.8, 2.7 Hz, 

2H), 4.89 (dd, J = 11.0, 2.1 Hz, 2H), 4.77 (t, J = 11.1 Hz, 2H), 4.67 (d, J = 11.0 Hz, 1H), 

4.63 – 4.46 (m, 3H), 4.28 (d, J = 7.7 Hz, 1H), 3.72 (dd, J = 10.7, 2.0 Hz, 1H), 3.69 – 3.56 

(m, 3H), 3.56 (s, 3H), 3.47 – 3.37 (m, 2H). These data are in accordance with those 

previously published.125

 

 

 
Figure 6.13: a HPLC spectrum of 2α, 2β (Method B)
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Ethyl 2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranoside (2α) 1H NMR (400 MHz, Chloroform-

d) δ 7.40 – 7.26 (m, 18H), 7.15 – 7.09 (m, 2H), 5.00 (d, J = 10.8 Hz, 1H), 4.86 – 4.77 (m, 

3H), 4.75 (d, J = 3.6 Hz, 1H), 4.68 – 4.58 (m, 2H), 4.46 (dd, J = 11.4, 4.0 Hz, 2H), 4.00 (t, 

J = 9.3 Hz, 1H), 3.78 (ddd, J = 10.0, 3.6, 2.0 Hz, 1H), 3.74 – 3.59 (m, 4H), 3.58 – 3.46 (m, 

2H), 1.23 (d, J = 7.1 Hz, 3H).  

(2β) 1H NMR (400 MHz, Chloroform-d) δ 7.37 – 7.26 (m, 18H), 7.15 (dd, J = 7.1, 2.5 Hz, 

2H), 4.95 (t, J = 10.9 Hz, 2H), 4.80 (dd, J = 12.3, 10.8 Hz, 2H), 4.72 (d, J = 10.9 Hz, 1H), 

4.58 (q, J = 12.2 Hz, 2H), 4.52 (d, J = 10.8 Hz, 1H), 4.41 (d, J = 7.8 Hz, 1H), 4.02 (dq, J = 

9.6, 7.1 Hz, 1H), 3.75 (dd, J = 10.7, 2.0 Hz, 1H), 3.71 – 3.53 (m, 4H), 3.49 – 3.42 (m, 2H), 

1.30 (t, J = 7.0 Hz, 3H). These data are in accordance with those previously published.126 

 

 

 
Figure 6.14: a HPLC spectrum of 3α, 3β (Method B)

Isopropyl 2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranoside (3α) 1H NMR (400 MHz, 

Chloroform-d) δ 7.41 – 7.08 (m, 20H), 5.00 (d, J = 10.9, 1H),  4.90 – 4.74 (m, 4H),  4.63 (t, 

J = 12.8, 2H), 4.46 (d, J =11.5, 2H), 3.99 (t, J = 9.3, 1H), 3.94 – 3.79 (m, 2H), 3.74 (d, J = 

11.0, 1H), 3.68 – 3.58 (m, 2H), 3.55 (d, J = 9.3, 1H), 1.22 (d, J = 6.3, 3H), 1.18 (d, J = 6.0, 

3H).

(3β) 1H NMR (400 MHz, Chloroform-d) δ 7.39 – 7.06 (m, 20H), 4.97 – 4.85 (m, 2H),  4.83 

– 4.71 (m, 2H), 4.67 (d, J = 10.9, 1H), 4.61 – 4.47 (m, 3H), 4.43 (d, J = 7.9, 1H),  3.99 (q, J 

= 6.3, 1H), 3.74 – 3.66 (m, 1H), 3.65 – 3.56 (m, 2H), 3.51 (t, J = 9.0, 1H), 3.46 – 3.35 (m, 

2H), 1.28 (d, J = 5.8, 3H), 1.21 (d, J = 5.9, 3H). These data are in accordance with those 

previously published.90
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Figure 6.15: a HPLC spectrum of 4α, 4β (Method A)

tert-Butyl 2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranoside (4α) 1H NMR (400 MHz, 

Chloroform-d) δ 7.34 (d, J = 7.6 Hz, 18H), 7.16 – 7.10 (m, 2H), 5.14 (d, J = 3.6 Hz, 1H), 

4.99 (d, J = 10.8 Hz, 1H), 4.83 (dd, J = 10.7, 7.1 Hz, 2H), 4.76 – 4.61 (m, 3H), 4.46 (d, J = 

10.4 Hz, 1H), 4.45 (d, J = 12.1 Hz, 1H), 4.04 – 3.92 (m, 2H), 3.77 (dd, J = 10.4, 3.4 Hz, 

1H), 3.68 (dd, J = 10.0, 8.9 Hz, 1H), 3.59 (dd, J = 10.4, 2.1 Hz, 1H), 3.54 (dd, J = 9.7, 3.7 

Hz, 1H), 1.27 (s, 9H).

(4β) 1H NMR (400 MHz, Chloroform-d) δ 7.35 – 7.19 (m, 18H), 7.18 – 7.12 (m, 2H), 4.95 

(d, J = 10.9 Hz, 1H), 4.89 (d, J = 10.9 Hz, 1H), 4.79 (d, J = 10.9 Hz, 1H), 4.75 (d, J = 10.9 

Hz, 1H), 4.69 (d, J = 10.9 Hz, 1H), 4.59 – 4.48 (m, 4H), 3.68 (dd, J = 10.7, 1.9 Hz, 1H), 

3.66 – 3.57 (m, 2H), 3.50 (t, J = 9.2 Hz, 1H), 3.46 – 3.36 (m, 2H), 1.30 (s, 9H). These data 

are in accordance with those previously published.126

 

 

 
Figure 6.16: a HPLC spectrum of 5α, 5β (Method A)
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Methyl 2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranoside (5α) 1H NMR (400 MHz, 

Chloroform-d) δ 7.41 – 7.26 (m, 20H), 4.95 (d, J = 11.5 Hz, 1H), 4.85 (dd, J = 11.9, 4.7 Hz, 

2H), 4.78 – 4.66 (m, 3H), 4.58 (d, J = 11.5 Hz, 1H), 4.48 (d, J = 11.8 Hz, 1H), 4.39 (d, J = 

11.8 Hz, 1H), 4.04 (ddd, J = 11.0, 3.6, 1.4 Hz, 1H), 3.98 – 3.86 (m, 3H), 3.52 (d, J = 6.5 Hz, 

2H), 3.37 (s, 3H).  

(5β) 1H NMR (400 MHz, Chloroform-d) δ 7.39 – 7.25 (m, 20H), 4.94 (d, J = 11.7 Hz, 1H), 

4.90 (d, J = 10.9 Hz, 1H), 4.78 – 4.69 (m, 3H), 4.62 (d, J = 11.7 Hz, 1H), 4.45 (d, J = 11.7 

Hz, 1H), 4.40 (d, J = 11.7 Hz, 1H), 4.27 (d, J = 7.6 Hz, 1H), 3.89 (d, J = 2.8 Hz, 1H), 3.80 

(dd, J = 9.8, 7.7 Hz, 1H), 3.59 (dd, J = 6.3, 2.8 Hz, 2H), 3.55 (s, 3H), 3.54 – 3.49 (m, 2H). 

These data are in accordance with those previously published.125 

 

 

 
Figure 6.17: a HPLC spectrum of 6α, 6β (Method A)

Ethyl 2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranoside (6α) 1H NMR (600 MHz, 

Chloroform-d) δ 7.45 – 7.15 (m, 20H), 4.93 (d, J = 11.4 Hz, 1H), 4.84 (d, J = 11.7 Hz, 1H), 

4.81 (dd, J = 7.9, 4.2 Hz, 2H), 4.72 (d, J = 11.7 Hz, 1H), 4.66 (d, J = 12.1 Hz, 1H), 4.55 (d, 

J = 11.4 Hz, 1H), 4.46 (d, J = 11.8 Hz, 1H), 4.38 (d, J = 11.8 Hz, 1H), 4.01 (dd, J = 9.4, 3.7 

Hz, 1H), 3.97 – 3.92 (m, 3H), 3.68 (dq, J = 10.1, 7.1 Hz, 1H), 3.55 – 3.47 (m, 3H), 1.22 (t, 

J = 7.1 Hz, 3H); 13C NMR (151 MHz, Chloroform-d) δ 139.1, 138.9, 138.8, 138.2, 128.52, 

128.47, 128.43, 128.36, 128.3, 128.2, 127.9, 127.8, 127.75, 127.66, 127.59, 127.57, 97.3, 

79.3, 76.7, 75.4, 74.9, 73.6, 73.5, 73.4, 69.4, 69.2, 63.5, 15.1; HRMS (ESI): [M+Na]+ calcd 

for C36H40O6Na+ 591.2717, found 591.2733.

(6β) 1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.26 (m, 20H), 4.93 (dd, J = 11.3, 2.5 Hz, 

2H), 4.78 – 4.67 (m, 3H), 4.61 (d, J = 11.7 Hz, 1H), 4.48 – 4.32 (m, 3H), 4.03 – 3.93 (m,
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1H), 3.88 (d, J = 2.8 Hz, 1H), 3.81 (dd, J = 9.8, 7.7 Hz, 1H), 3.63 – 3.55 (m, 3H), 3.55 – 

3.48 (m, 2H), 1.25 (d, J = 7.0 Hz, 3H). These data are in accordance with those previously 

published.75 

 

 

 
Figure 6.18: a HPLC spectrum of 7α, 7β (Method B)

Isopropyl 2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranoside (7α) 1H NMR (400 MHz, 

Chloroform-d) δ 7.42 – 7.22 (m, 20H), 5.01 – 4.90 (m, 2H), 4.83 (dd, J = 18.0, 11.8 Hz, 

2H), 4.73 (d, J = 11.6 Hz, 1H), 4.67 (d, J = 12.0 Hz, 1H), 4.57 (d, J = 11.5 Hz, 1H), 4.51 – 

4.36 (m, 2H), 4.08 – 3.82 (m, 5H), 3.52 (m, 2H), 1.23 (d, J = 6.3 Hz, 3H), 1.18 (d, J = 6.1 

Hz, 3H). These data are in accordance with those previously published.127

 (7β) 1H NMR (400 MHz, Chloroform-d) δ 7.31 (m, 20H), 4.94 (dd, J = 11.2, 4.0 Hz, 2H), 

4.80 – 4.68 (m, 3H), 4.63 (d, J = 11.7 Hz, 1H), 4.47 – 4.38 (m, 3H), 3.99 (hept, J = 6.2 Hz, 

1H), 3.88 (d, J = 2.9 Hz, 1H), 3.79 (dd, J = 9.8, 7.7 Hz, 1H), 3.61 – 3.47 (m, 4H), 1.28 (d, J 

= 6.2 Hz, 3H), 1.22 (d, J = 6.1 Hz, 3H). These data are in accordance with those previously 

published.90
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Figure 6.19: a HPLC spectrum of 8α, 8β (Method A)

tert-Butyl 2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranoside (8α) 1H NMR (600 MHz, 

Chloroform-d) δ 7.42 – 7.20 (m, 20H), 5.16 (d, J = 3.7 Hz, 1H), 4.95 (d, J = 11.4 Hz, 1H), 

4.82 (d, J = 11.6 Hz, 1H), 4.77 (d, J = 11.9 Hz, 1H), 4.73 (d, J = 11.6 Hz, 1H), 4.68 (d, J = 

11.9 Hz, 1H), 4.55 (d, J = 11.4 Hz, 1H), 4.46 (d, J = 11.7 Hz, 1H), 4.40 (d, J = 11.7 Hz, 

1H), 4.13 (t, J = 6.6 Hz, 1H), 4.03 – 3.99 (m, 2H), 3.95 (dd, J = 10.2, 2.8 Hz, 1H), 3.57 (dd, 

J = 9.2, 7.7 Hz, 1H), 3.47 (dd, J = 9.1, 5.7 Hz, 1H), 1.25 (s, 9H); 13C NMR (151 MHz, 

Chloroform-d) δ 139.1, 139.0, 138.9, 138.2, 128.5, 128.42, 128.40, 128.3, 128.2, 128.1, 

127.85, 127.79, 127.6, 127.54, 127.50, 127.47, 92.3, 79.4, 76.7, 75.2, 75.1, 74.9, 73.6, 73.4, 

73.0, 69.1, 68.7, 28.8; HRMS (ESI): [M+Na]+ calcd for C38H44O6Na+ 619.3030, found 

619.3040.

(8β) 1H NMR (600 MHz, Chloroform-d) δ 7.40 – 7.23 (m, 20H), 4.93 (dd, J = 11.2, 9.3 Hz, 

2H), 4.75 (d, J = 9.3 Hz, 2H), 4.70 (d, J = 11.8 Hz, 1H), 4.61 (d, J = 11.7 Hz, 1H), 4.52 (d, 

J = 7.7 Hz, 1H), 4.44 (d, J = 11.7 Hz, 1H), 4.40 (d, J = 11.7 Hz, 1H), 3.87 (d, J = 2.9 Hz, 

1H), 3.80 – 3.75 (m, 1H), 3.60 – 3.48 (m, 4H), 1.29 (s, 9H); 13C NMR (151 MHz, 

Chloroform-d) δ 139.0, 138.9, 138.8, 138.2, 128.6, 128.57, 128.52, 128.4, 128.38, 128.33, 

127.9, 127.8, 127.7, 127.63, 127.59, 98.3, 82.9, 79.8, 75.9, 75.4, 74.6, 73.8, 73.7, 73.4, 73.3, 

69.4, 29.0; HRMS (ESI): [M+Na]+ calcd for C38H44O6Na+ 619.3030, found 619.3042.

 

 



 Chapter 6 Experimental Part 

135 
 

 
Figure 6.20: a HPLC spectrum of 9α, 9β (Method A)

2,2-Difluoroethyl 2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranoside (9α) 1H NMR (600 

MHz, Chloroform-d) δ 7.42 – 7.20 (m, 20H), 5.98 (tt, J = 55.7, 4.4 Hz, 1H), 4.95 (d, J = 

11.4 Hz, 1H), 4.88 – 4.80 (m, 3H), 4.74 (d, J = 11.6 Hz, 1H), 4.66 (d, J = 11.9 Hz, 1H), 4.57 

(d, J = 11.4 Hz, 1H), 4.47 (d, J = 11.9 Hz, 1H), 4.41 (d, J = 11.9 Hz, 1H), 4.06 (dd, J = 10.0, 

3.7 Hz, 1H), 3.99 – 3.90 (m, 3H), 3.79 – 3.68 (m, 2H), 3.51 (qd, J = 9.5, 6.3 Hz, 2H). 13C 

NMR (151 MHz,  Chloroform-d) δ 138.8, 138.6, 138.5, 138.0, 128.535, 128.528, 128.518, 

128.378, 128.372, 128.2, 127.93, 127.86, 127.83, 127.77, 127.7, 127.6, 114.3 (t, J = 241.3 

Hz), 98.9, 78.9, 76.5, 75.1, 74.9, 73.8, 73.6, 73.4, 69.9, 69.1, 67.5 (t, J = 28.9 Hz); 19F NMR 

(376 MHz, Chloroform-d) δ -124.8 (ddt, J = 55.5, 40.4, 13.5 Hz). HRMS (ESI): [M+Na]+ 

calcd for C36H38F2O6Na+ 627.2528, found 627.2538;

(9β) 1H NMR (600 MHz, Chloroform-d) δ 7.40 – 7.20 (m, 20H), 6.04 – 5.80 (m, 1H), 4.94 

(d, J = 11.7 Hz, 1H), 4.88 (d, J = 10.7 Hz, 1H), 4.76 (q, J = 5.7, 5.2 Hz, 2H), 4.71 (d, J = 

11.8 Hz, 1H), 4.62 (d, J = 11.6 Hz, 1H), 4.42 (d, J = 5.5 Hz, 2H), 4.40 (d, J = 7.6 

Hz, 1H), 4.06 – 3.97 (m, 1H), 3.88 (d, J = 2.9 Hz, 1H), 3.84 (dd, J = 9.8, 7.6 Hz, 1H), 

3.77 (dtd, J = 13.1, 11.3, 5.3 Hz, 1H), 3.59 – 3.49 (m, 4H); 13C NMR (151 MHz, 

Chloroform-d) δ 138.60, 138.59, 138.5, 137.9, 128.6, 128.54, 128.53, 128.46, 128.44, 

128.37, 128.03, 128.00, 127.82, 127.79, 127.7, 114.4 (dd, J = 242.3, 239.5 Hz), 104.4, 82.1, 

79.4, 75.5, 74.7, 73.8, 73.7, 73.5, 73.3, 68.9, 68.7 (dd, J = 30.7, 26.6 Hz); 19F NMR (564 

MHz, Chloroform-d) δ -124.5 (dddd, J = 294.1, 56.3, 21.5, 13.1 Hz), -125.8 (dddd, J = 

294.1, 54.8, 11.0, 9.4 Hz); HRMS (ESI): [M+Na]+ calcd for C36H38F2O6Na+ 627.2528, 

found 627.2534.
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Figure 6.21: a HPLC spectrum of 10α, 10β (Method A)

Methyl 2,3,4,6-tetra-O-benzyl-α/β-D- mannopyranoside (10α) 1H NMR (400 MHz, 

Chloroform-d) δ 7.40 – 7.25 (m, 18H), 7.16 (m, 2H), 4.89 (d, J = 10.7 Hz, 1H), 4.81 – 4.72 

(m, 3H), 4.67 (d, J = 12.1 Hz, 1H), 4.61 (s, 2H), 4.56 (d, J = 12.1 Hz, 1H), 4.50 (d, J = 10.8 

Hz, 1H), 3.98 (t, J = 9.2 Hz, 1H), 3.88 (dd, J = 9.3, 3.1 Hz, 1H), 3.83 – 3.71 (m, 4H), 3.33 

(s, 3H).

(10β) 1H NMR (400 MHz, Chloroform-d) δ 7.49 – 7.41 (m, 2H), 7.37 – 7.24 (m, 16H), 7.20 

– 7.15 (m, 2H), 4.97 (d, J = 12.4 Hz, 1H), 4.90 (d, J = 10.7 Hz, 1H), 4.84 (d, J = 12.4 Hz, 

1H), 4.64 (d, J = 12.1 Hz, 1H), 4.59 (d, J = 12.1 Hz, 1H), 4.55 – 4.42 (m, 3H), 4.30 (s, 1H), 

3.90 (d, J = 3.1 Hz, 1H), 3.87 (d, J = 9.5 Hz, 1H), 3.82 (dd, J = 10.8, 2.0 Hz, 1H), 3.76 (dd, 

J = 10.8, 5.8 Hz, 1H), 3.54 (s, 3H), 3.51 (dd, J = 9.3, 3.0 Hz, 1H), 3.49 – 3.44 (m, 1H). 

These data are in accordance with those previously published.125

 

 

 
Figure 6.22: a HPLC spectrum of 11α, 11β (Method A)

Ethyl 2,3,4,6-tetra-O-benzyl-α/β-D-mannopyranoside (11α) 1H NMR (400 MHz, 

Chloroform-d) δ 7.40 – 7.22 (m, 18H), 7.18 – 7.11 (m, 2H), , 4.87 (d, J = 11.3 Hz, 2H), 4.78
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– 4.44 (m, 7H), 4.03 – 3.87 (m, 2H), 3.83 – 3.64  (m, 5H), 3.42 (dq, J = 9.8, 7.1 Hz, 1H), 

1.14 (t, J = 7.0 Hz, 3H). These data are in accordance with those previously published.128 

(11β) 1H NMR (600 MHz, Chloroform-d) δ 7.49 – 7.46 (m, 2H), 7.37 – 7.23 (m, 18H), 7.18 

(dd, J = 7.4, 2.0 Hz, 2H), 4.99 (d, J = 12.5 Hz, 1H), 4.90 (dd, J = 11.6, 9.7 Hz, 2H), 4.64 – 

4.57 (m, 2H), 4.55 – 4.49 (m, 2H), 4.44 (d, J = 11.8 Hz, 1H), 4.39 (s, 1H), 4.02 (dq, J = 9.3, 

7.1 Hz, 1H), 3.89 (d, J = 3.0 Hz, 1H), 3.86 (t, J = 9.5 Hz, 1H), 3.81 (dd, J = 10.7, 1.8 Hz, 

1H), 3.74 (dd, J = 10.7, 6.1 Hz, 1H), 3.53 – 3.49 (m, 2H), 3.48 – 3.44 (m, 1H), 1.27 (t, J = 

7.0 Hz, 3H); 13C NMR (151 MHz, Chloroform-d) δ 138.9, 138.6, 138.5, 138.3, 128.6, 128.5, 

128.4, 128.21, 128.19, 128.0, 127.8, 127.71, 127.70, 127.6, 127.5, 101.6, 82.5, 76.0, 75.3, 

75.1, 73.9, 73.7, 73.6, 71.5, 69.9, 65.5, 15.4; HRMS (ESI): [M+Na]+ calcd for C36H40O6Na+ 

591.2717, found 591.2725. 

 

 

 
Figure 6.23: a HPLC spectrum of 12α, 12β (Method B)

Isopropyl 2,3,4,6-tetra-O-benzyl-α/β-D-mannopyranoside (12α) 1H NMR (400 MHz, 

Chloroform-d) δ 7.42 – 7.13 (m, 20H), 4.96 (s, 1H), 4.87 (d, J = 10.7 Hz, 1H), 4.81 – 4.61 

(m, 5H), 4.56 – 4.47 (m, 2H), 4.02 – 3.68 (m, 7H), 1.16 (d, J = 6.3 Hz, 3H), 1.06 (d, J = 5.9 

Hz, 3H).

(12β) 1H NMR (400 MHz, Chloroform-d) δ 7.50 – 7.16 (m, 20H), 4.98 (d, J = 12.5 Hz, 1H), 

4.92 – 4.85 (m, 2H), 4.64 – 4.39 (m, 6H), 3.99 (septet, J = 6.3 Hz, 1H), 3.86 – 3.68 (m, 4H), 

3.48 (d, J = 12.5 Hz, 1H), 3.43 (dd, J = 8.8, 6.2 Hz, 1H), 1.28 (d, J = 6.0 Hz, 3H), 1.14 (d, 

J = 6.0 Hz, 3H). These data are in accordance with those previously published.129
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Figure 6.24: a HPLC spectrum of 13α, 13β (Method A)

tert-Butyl 2,3,4,6-tetra-O-benzyl-α/β-D-mannopyranoside (13α) 1H NMR (400 MHz, 

Chloroform-d) δ 7.44 – 7.21 (m, 18H), 7.21 – 7.12 (m, 2H), 5.12 (s, 1H), 4.89 (d, J = 10.6 

Hz, 1H), 4.79 (d, J = 12.5 Hz, 1H), 4.75 – 4.67 (m, 2H), 4.64 (d, J = 2.3 Hz, 2H), 4.52 (d, J 

= 4.3 Hz, 1H), 4.49 (d, J = 2.8 Hz, 1H), 4.06 – 3.90 (m, 3H), 3.81 (dd, J = 10.5, 4.2 Hz, 1H), 

3.70 (d, J = 10.4 Hz, 1H), 3.59 (s, 1H), 1.16 (s, 9H); 13C NMR (101 MHz, Chloroform-d) δ 

138.6, 138.52, 138.50, 138.48, 128.28, 128.27, 128.19, 128.1, 127.9, 127.71, 127.67, 

127.54, 127.52, 127.46, 127.3, 92.5, 80.2, 75.8, 75.23, 75.17, 75.1, 73.3, 72.4, 72.1, 71.2, 

69.3, 28.4; HRMS (ESI): [M+Na]+ calcd for C38H44O6Na+ 619.3030, found 619.3035.

(13β) 1H NMR (400 MHz, Chloroform-d) δ 7.53 – 7.46 (m, 2H), 7.30 (d, J = 13.0 Hz, 16H), 

7.22 – 7.16 (m, 2H), 5.02 (d, J = 12.7 Hz, 1H), 4.97 – 4.89 (m, 2H), 4.65 – 4.52 (m, 4H), 

4.50 (d, J = 11.8 Hz, 1H), 4.43 (d, J = 11.8 Hz, 1H), 3.86 – 3.75 (m, 3H), 3.71 (dd, J = 10.7, 

6.4 Hz, 1H), 3.51 (dd, J = 9.4, 3.1 Hz, 1H), 3.43 (ddd, J = 9.8, 6.4, 2.0 Hz, 1H), 1.29 (s, 

9H); 13C NMR (101 MHz, Chloroform-d) δ 139.0, 138.7, 138.6, 138.4, 128.7, 128.5, 128.45, 

128.44, 128.2, 128.1, 127.9, 127.7, 127.6, 127.50, 127.47, 96.2, 83.1, 75.9, 75.7, 75.2, 75.1, 

74.7, 73.8, 73.5, 71.5, 70.1, 28.8; HRMS (ESI): [M+Na]+ calcd for C38H44O6Na+ 619.3030, 

found 619.3040.
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Figure 6.25: a HPLC spectrum of 14α (Method A)

2,2,2-Trifluoro 2,3,4,6-tetra-O-benzyl-α-D-mannopyranoside (14α) 1H NMR (600 MHz, 

Chloroform-d) δ 7.40 – 7.24 (m, 18H), 7.19 – 7.12 (m, 2H), 4.94 (d, J = 1.9 Hz, 1H), 4.86 

(d, J = 10.7 Hz, 1H), 4.76 (d, J = 12.3 Hz, 1H), 4.69 (d, J = 12.3 Hz, 1H), 4.67 – 4.61 (m, 

3H), 4.53 (d, J = 12.1 Hz, 1H), 4.50 (d, J = 10.7 Hz, 1H), 3.98 (s, 1H), 3.96 – 3.80 (m, 4H), 

3.78 – 3.69 (m, 3H); 13C NMR (101 MHz, Chloroform-d) δ 138.3, 138.2, 138.1, 138.0, 

128.35, 128.34, 128.32, 128.30, 128.0, 127.8, 127.72, 127.69, 127.66, 127.63, 127.61, 

127.5, 123.7 (q, J = 278.2 Hz), 98.5, 79.7, 75.1, 74.4, 74.2, 73.3, 72.9, 72.5, 72.4, 68.9, 63.9 

(q, J = 34.9 Hz); 19F NMR (564 MHz, Chloroform-d) δ -74.1 (t, J = 8.6 Hz); HRMS (ESI): 

[M+Na]+ calcd for C36H37F3O6Na+ 645.2434, found 645.2446.

 

 
 

 
Figure 6.26: a HPLC spectrum of 15α, 15β (Method A)

Isopropyl 2,3,4-tri-O-benzyl-α-L-fucopyranoside (15αβ) 1H NMR (600 MHz, Chloroform-

d) δ 7.52 – 7.11 (m, 57H), 5.01 – 4.94 (m, 7H), 4.90 (d, H-1α, J1,2 = 3.8 Hz, 1H), 4.88 (d, J 

= 11.7 Hz, 1H), 4.80 (dd, J = 11.9, 2.8 Hz, 4H), 4.77 – 4.63 (m, 13H), 4.38 (d, H-1β, J1,2  = 

7.7 Hz, 3H), 4.03 – 3.91 (m, 6H), 3.87 (hept, J = 6.2 Hz, 1H), 3.78 (dd, J = 9.7, 7.7 Hz, 3H), 

3.67 (dd, J = 2.9, 1.2 Hz, 1H), 3.54 (dd, J = 3.1, 1.1 Hz, 3H), 3.50 (dd, J = 9.7, 3.0 Hz, 3H),
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3.43 (q, J = 6.5, 1.1 Hz, 3H), 1.27 (d, Me-β,  J = 6.2 Hz, 9H), 1.21 (d, Me-β, J = 6.1, 9H), 

1.21 (d, Me-α, J = 6.2, 3H), 1.18 (d, Me-α, J = 6.1 Hz, 3H), 1.16 (d, Me-β, J = 6.4 Hz, 9H), 

1.09 (d, Me-α, J = 6.6 Hz, 3H). This data is in accordance with those previously published.130 

 

Figure 6.27: a HPLC spectrum of 16α, 16β (Method C)

 

Methyl 2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranosyl-(1→6)-2,3,4-tri-O-benzyl-α-D-

mannopyranoside (16α) 1H NMR (600 MHz, Chloroform-d) δ 7.50 – 7.08 (m, 35H), 5.11 

(d, J = 3.5 Hz, 1H), 4.96 (d, J = 11.5 Hz, 1H), 4.87 (d, J = 11.0 Hz, 1H), 4.80 (d, J = 11.9 

Hz, 1H), 4.74 – 4.65 (m, 6H), 4.63 – 4.57 (m, 4H), 4.46 (d, J = 11.8 Hz, 1H), 4.40 (d, J = 

11.8 Hz, 1H), 4.09 – 4.03 (m, 2H), 3.99 – 3.95 (m, 2H), 3.94 (d, J = 9.6 Hz, 1H), 3.89 (dd, 

J = 9.3, 3.1 Hz, 1H), 3.85 (d, J = 4.0 Hz, 2H), 3.80 – 3.76 (m, 2H), 3.59 (dd, J = 9.3, 7.4 Hz, 

1H), 3.54 (dd, J = 9.3, 5.7 Hz, 1H), 3.22 (s, 3H). (16β) 1H NMR (600 MHz, Chloroform-d) 

δ 7.29 (m, 35H), 5.00 (d, J = 10.8 Hz, 1H), 4.94 (d, J = 11.6 Hz, 1H), 4.81 – 4.74 (m, 2H), 

4.74 – 4.52 (m, 8H), 4.49 (d, J = 11.2 Hz, 1H), 4.41 (dt, J = 22.2, 10.2 Hz, 3H), 4.23 (d, J = 

10.6 Hz, 1H), 3.93 – 3.75 (m, 6H), 3.70 (dd, J = 10.7, 6.3 Hz, 1H), 3.59 (dt, J = 24.2, 8.6 

Hz, 2H), 3.54 – 3.46 (m, 2H), 3.21 (s, 3H). This data is in accordance with those previously 

published.131 
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Figure 6.28: a HPLC spectrum of 17α, 17β (Method A)

 

Methyl 2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranosyl-(1→6)-2,3,4-tri-O-benzyl-α-D-

glucopyranoside (17α) 1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.11 (m, 35H), 4.99 (s, 

1H), 4.94 (t, J = 9.3 Hz, 2H), 4.84 (d, J = 10.9 Hz, 1H), 4.82 – 4.76 (m, 2H), 4.76 – 4.65 (m, 

4H), 4.61 – 4.55 (m, 2H), 4.55 – 4.49 (m, 2H), 4.43 (d, J = 11.8 Hz, 1H), 4.36 (d, J = 11.9 

Hz, 1H), 4.03 (d, J = 9.8 Hz, 1H), 3.99 – 3.87 (m, 4H), 3.83 – 3.74 (m, 2H), 3.72 (d, J = 

12.3 Hz, 1H), 3.58 (t, J = 9.4 Hz, 1H), 3.54 – 3.46 (m, 2H), 3.41 (d, J = 8.8 Hz, 1H), 3.29 

(s, 3H). (17β) 1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.09 (m, 35H), 5.01 – 4.87 (m, 

3H), 4.86 – 4.33 (m, 12H), 4.30 (d, J = 7.7 Hz, 1H), 4.13 (d, J = 10.8 Hz, 1H), 3.97 (t, J = 

9.2 Hz, 1H), 3.92 – 3.73 (m, 3H), 3.65 – 3.42 (m, 7H), 3.29 (s, 3H). This data is in 

accordance with those previously published.132-133   
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6.6 XYZ Coordinates  
 

Donor 

Glc1α 
N        0.797797     -3.866059      2.237765 
C        0.823887     -2.617078      2.423338 
C        0.650994     -2.027420      3.836995 
Cl       2.114927     -1.055263      4.250686 
Cl      -0.800808     -0.941707      3.824682 
Cl       0.419698     -3.293013      5.063734 
O        0.984897     -1.599334      1.540935 
C        1.306992     -1.925777      0.179156 
C        1.762229     -0.633913     -0.505343 
O        2.844804     -0.090498      0.216032 
C        3.910689      0.416971     -0.584008 
C        4.893168      1.164952      0.288847 
C        5.949816      1.857404     -0.318041 
C        6.880987      2.549863      0.453895 
C        6.764487      2.562993      1.846602 
C        5.712775      1.878489      2.455136 
C        4.780343      1.181498      1.682219 
C        0.595871      0.357434     -0.625772 
O        1.056814      1.428506     -1.430102 
C        0.466031      2.714025     -1.181367 
C        1.392489      3.776930     -1.714100 
C        2.613119      4.027329     -1.072305 
C        3.487691      4.993597     -1.565176 
C        3.147794      5.727730     -2.705438 
C        1.932896      5.488362     -3.348663 
C        1.061749      4.514457     -2.854766 
C       -0.625170     -0.338960     -1.261208 
O       -1.757409      0.522563     -1.358826 
C       -2.475699      0.813880     -0.156963 
C       -3.357065      2.022678     -0.379460 
C       -3.697267      2.837107      0.706808 
C       -4.548666      3.929359      0.537626 
C       -5.064662      4.223733     -0.725668 
C       -4.725431      3.418101     -1.814251 
C       -3.879441      2.321135     -1.643347 
C       -0.962265     -1.680702     -0.575502 
C       -2.022998     -2.468828     -1.351457 
O       -2.853128     -3.278097     -0.544412 
C       -2.223891     -4.440235     -0.009113 
C       -3.264106     -5.340839      0.612507 
C       -2.980052     -6.016255      1.804342 
C       -3.913713     -6.891524      2.362472 
C       -5.146457     -7.089306      1.739234 
C       -5.439668     -6.409365      0.554559 

C       -4.502762     -5.543181     -0.007591 
O        0.225797     -2.507411     -0.490705 
H        0.878464     -4.113107      1.250217 
H        2.111546     -2.668049      0.176329 
H        2.074330     -0.924606     -1.518934 
H        3.513004      1.082235     -1.359038 
H        4.420414     -0.420120     -1.092418 
H        6.041686      1.856439     -1.402578 
H        7.695671      3.080924     -0.031813 
H        7.487608      3.105089      2.450232 
H        5.613883      1.884121      3.537795 
H        3.959587      0.651637      2.152720 
H        0.357561      0.719077      0.384155 
H        0.328196      2.840007     -0.096239 
H       -0.519168      2.776611     -1.656035 
H        2.879030      3.459258     -0.184021 
H        4.432124      5.172465     -1.057970 
H        3.827095      6.484878     -3.088509 
H        1.662898      6.055501     -4.235943 
H        0.116365      4.324906     -3.358328 
H       -0.360686     -0.543321     -2.306358 
H       -1.791545      1.007213      0.679929 
H       -3.093668     -0.052380      0.124162 
H       -3.291496      2.617090      1.692381 
H       -4.800436      4.554347      1.390411 
H       -5.723463      5.077378     -0.861537 
H       -5.121124      3.642760     -2.801493 
H       -3.610278      1.697365     -2.489529 
H       -1.334854     -1.503680      0.439914 
H       -1.516997     -3.062768     -2.130107 
H       -2.692581     -1.755044     -1.838894 
H       -1.475965     -4.168869      0.747020 
H       -1.689452     -4.966144     -0.820161 
H       -2.025565     -5.851668      2.300378 
H       -3.680640     -7.409147      3.289350 
H       -5.877829     -7.764188      2.176359 
H       -6.401030     -6.554011      0.068046 
H       -4.730767     -5.006530     -0.923476 
 
 
Glc1β 
N        0.671274     -4.452114      1.121546 
C        1.761251     -3.922271      0.778582 
C        3.099255     -4.648156      1.010921 
Cl       4.021134     -3.728197      2.273197 
Cl       2.852383     -6.320257      1.568852 
Cl       4.054081     -4.668494     -0.522032 
O        2.008917     -2.708089      0.202578 
C        0.996591     -1.724283      0.286816 
C        1.537876     -0.428185     -0.315953 
O        2.542198      0.128716      0.503964 
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C        3.876764      0.051631     -0.025220 
C        4.785315      0.866141      0.857362 
C        4.811751      2.262893      0.747957 
C        5.646076      3.019979      1.569750 
C        6.461653      2.386832      2.511509 
C        6.436154      0.996717      2.630617 
C        5.598685      0.241755      1.807925 
C        0.416342      0.616795     -0.457485 
O        0.930909      1.637562     -1.293531 
C        0.657352      2.973618     -0.893032 
C        1.471676      3.937293     -1.727456 
C        1.549984      5.280031     -1.335898 
C        2.268771      6.200365     -2.096581 
C        2.925140      5.787333     -3.258378 
C        2.853687      4.451427     -3.651414 
C        2.129303      3.530174     -2.892143 
C       -0.887322      0.032940     -1.039743 
O       -1.953673      0.979369     -1.052151 
C       -2.549381      1.330035      0.194730 
C       -3.381435      2.582561      0.020749 
C       -3.713396      3.347132      1.145967 
C       -4.517278      4.479995      1.022493 
C       -4.993868      4.865606     -0.231954 
C       -4.662789      4.110161     -1.357233 
C       -3.863137      2.972017     -1.233401 
C       -1.242691     -1.294136     -0.342212 
C       -2.428645     -2.027755     -0.941570 
O       -2.748100     -3.085568     -0.060578 
C       -3.746188     -3.967627     -0.568629 
C       -3.946079     -5.106759      0.400553 
C       -2.854821     -5.885282      0.810159 
C       -3.036679     -6.945740      1.695992 
C       -4.313739     -7.249465      2.175351 
C       -5.405615     -6.481625      1.769895 
C       -5.219252     -5.411769      0.891302 
O       -0.117365     -2.173091     -0.455886 
H       -0.134314     -3.875564      0.868598 
H        0.720576     -1.586388      1.345356 
H        1.916637     -0.666952     -1.318704 
H        3.876088      0.451011     -1.048928 
H        4.206577     -0.994604     -0.061705 
H        4.178011      2.753049      0.011782 
H        5.665487      4.102061      1.471019 
H        7.117257      2.976171      3.147910 
H        7.070368      0.499875      3.360255 
H        5.577897     -0.841680      1.898633 
H        0.229428      1.014590      0.551100 
H        0.910234      3.101950      0.170390 
H       -0.415671      3.189612     -1.005875 
H        1.044145      5.606428     -0.428878 
H        2.321328      7.238371     -1.779342 

H        3.489766      6.502150     -3.850511 
H        3.363501      4.121529     -4.553274 
H        2.071721      2.490571     -3.194852 
H       -0.704945     -0.176417     -2.099524 
H       -1.789938      1.500216      0.971188 
H       -3.188276      0.505748      0.551322 
H       -3.338760      3.056333      2.125762 
H       -4.762788      5.065748      1.904283 
H       -5.615387      5.750997     -0.331403 
H       -5.026488      4.406429     -2.337710 
H       -3.599780      2.386599     -2.107561 
H       -1.453352     -1.121328      0.725217 
H       -2.154729     -2.407677     -1.939240 
H       -3.274563     -1.333834     -1.063339 
H       -3.425073     -4.345516     -1.554016 
H       -4.692445     -3.425008     -0.721457 
H       -1.858208     -5.655376      0.444253 
H       -2.179531     -7.534803      2.011121 
H       -4.455136     -8.078625      2.863656 
H       -6.401557     -6.708359      2.141701 
H       -6.071154     -4.807526      0.586487 
 
Glc2β 
C       -6.716277     -1.204385      1.468287 
C       -5.255131     -0.854908      1.187057 
S       -4.568764     -2.044924     -0.039960 
C       -2.795581     -1.614615     -0.030699 
C       -2.472787     -0.116792     -0.221270 
O       -3.113566      0.502264     -1.328357 
C       -2.984104     -0.118090     -2.607816 
C       -3.426294      0.857132     -3.675981 
C       -4.422366      1.806243     -3.418441 
C       -4.842458      2.678283     -4.423162 
C       -4.279029      2.607392     -5.698820 
C       -3.288375      1.660338     -5.963620 
C       -2.862665      0.794263     -4.955360 
C       -0.941699      0.084659     -0.226149 
O       -0.592687      1.459213     -0.150297 
C       -0.467590      2.150805     -1.389074 
C        0.168291      3.502169     -1.155127 
C        0.897613      4.110630     -2.183851 
C        1.450691      5.379556     -2.011307 
C        1.287151      6.053700     -0.800525 
C        0.564871      5.452071      0.231369 
C        0.005346      4.186129      0.055377 
C       -0.260740     -0.595418      0.975114 
O        1.137552     -0.624467      0.729511 
C        1.925762      0.215844      1.589321 
C        3.297797      0.371513      0.984824 
C        4.384436     -0.373895      1.453290 
C        5.645929     -0.229295      0.871450 
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C        5.829934      0.661598     -0.186466 
C        4.748812      1.409308     -0.661150 
C        3.491315      1.263912     -0.078150 
C       -0.780232     -2.026277      1.185384 
C       -0.410211     -2.648178      2.543856 
O        0.964797     -2.667756      2.860897 
C        1.747574     -3.553437      2.070648 
C        3.059229     -3.841949      2.766551 
C        4.176079     -4.216526      2.009733 
C        5.380657     -4.542999      2.633272 
C        5.485788     -4.485578      4.024314 
C        4.379696     -4.101142      4.784000 
C        3.171619     -3.785621      4.160117 
O       -2.212052     -2.041516      1.194010 
H       -7.137787     -0.492081      2.185751 
H       -7.318502     -1.157587      0.555156 
H       -6.812456     -2.210204      1.888936 
H       -4.655968     -0.921707      2.099950 
H       -5.174911      0.158047      0.781645 
H       -2.378210     -2.203203     -0.863043 
H       -2.860050      0.423628      0.647989 
H       -3.609473     -1.022364     -2.639932 
H       -1.946693     -0.425366     -2.800749 
H       -4.852445      1.863656     -2.424321 
H       -5.611321      3.415891     -4.208038 
H       -4.605259      3.288769     -6.479687 
H       -2.838962      1.601350     -6.952052 
H       -2.082819      0.064597     -5.164042 
H       -0.504308     -0.359946     -1.134087 
H       -1.455362      2.270150     -1.852050 
H        0.153207      1.565226     -2.084209 
H        1.033174      3.586785     -3.128164 
H        2.015428      5.836424     -2.819726 
H        1.722183      7.039015     -0.660553 
H        0.435832      5.969750      1.178592 
H       -0.553113      3.716145      0.857509 
H       -0.490997     -0.005625      1.873708 
H        1.984032     -0.239813      2.585168 
H        1.440680      1.195325      1.670512 
H        4.244235     -1.070909      2.275186 
H        6.482475     -0.813027      1.246572 
H        6.812259      0.777320     -0.637592 
H        4.888037      2.110012     -1.480429 
H        2.649141      1.850405     -0.437611 
H       -0.410537     -2.655449      0.358850 
H       -0.835134     -3.663878      2.576638 
H       -0.892693     -2.056325      3.328968 
H        1.935943     -3.114469      1.081515 
H        1.189843     -4.494931      1.918905 
H        4.102537     -4.247818      0.924718 
H        6.238607     -4.833031      2.032385 

H        6.424860     -4.733189      4.512198 
H        4.456048     -4.048294      5.867128 
H        2.310152     -3.482532      4.745504 
 
Glc3α 
O        3.685392      0.618087     -0.961597 
P        2.801164     -0.562625     -0.811993 
O        3.090601     -1.782985     -1.823177 
C        3.193204     -1.490206     -3.239817 
C        3.503871     -2.787784     -3.969886 
C        3.647263     -2.583044     -5.485055 
C        3.969214     -3.882808     -6.228861 
O        2.771955     -1.321439      0.588807 
C        3.958416     -1.391039      1.422457 
C        3.514665     -1.465019      2.874241 
C        4.706777     -1.531822      3.837292 
C        4.275178     -1.558899      5.307161 
O        1.229776     -0.284245     -1.062355 
C        0.682599      1.050979     -1.135717 
C        0.101476      1.457216      0.221863 
O        1.138272      1.438364      1.185064 
C        1.158527      2.553484      2.080285 
C        2.453296      2.548111      2.855579 
C        2.444804      2.701873      4.245444 
C        3.642116      2.751291      4.963479 
C        4.861211      2.642254      4.294548 
C        4.876942      2.478147      2.905819 
C        3.682022      2.431590      2.188245 
C       -1.054007      0.533342      0.618681 
O       -1.665896      1.094905      1.775080 
C       -2.001125      0.165676      2.803241 
C       -2.591149      0.915770      3.974594 
C       -2.282778      0.536522      5.284059 
C       -2.859040      1.194902      6.371730 
C       -3.745145      2.250712      6.159044 
C       -4.054490      2.641525      4.853122 
C       -3.484524      1.976471      3.767901 
C       -2.070337      0.432541     -0.532958 
O       -3.122390     -0.498663     -0.265676 
C       -2.802268     -1.883573     -0.262855 
C       -3.846827     -2.658284      0.514839 
C       -3.643478     -4.024874      0.751695 
C       -4.590204     -4.774000      1.447905 
C       -5.755507     -4.163953      1.920452 
C       -5.962506     -2.804824      1.688300 
C       -5.015206     -2.054803      0.986725 
C       -1.400203      0.171569     -1.899966 
C       -2.356979      0.364378     -3.066350 
O       -2.914789      1.664842     -2.993367 
C       -3.716631      2.012048     -4.109774 
C       -2.922328      2.320606     -5.367747 
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C       -1.623304      2.836324     -5.278829 
C       -0.914987      3.167056     -6.434743 
C       -1.497581      2.993681     -7.691555 
C       -2.791277      2.477185     -7.787154 
C       -3.495381      2.137658     -6.630582 
O       -0.298136      1.071462     -2.121755 
H        3.983379     -0.746469     -3.391708 
H        2.241585     -1.060806     -3.581543 
H        2.705886     -3.512479     -3.761341 
H        4.430063     -3.210719     -3.557149 
H        4.436644     -1.844800     -5.679886 
H        2.718962     -2.151307     -5.886725 
H        4.912029     -4.316493     -5.874703 
H        3.183146     -4.631866     -6.077224 
H        4.063771     -3.711663     -7.306690 
H        4.574139     -0.504607      1.244102 
H        4.524946     -2.281880      1.126237 
H        2.871065     -2.344112      3.009281 
H        2.904018     -0.580323      3.088114 
H        5.356508     -0.663303      3.665978 
H        5.312164     -2.422109      3.615671 
H        3.730907     -0.644602      5.569563 
H        3.616450     -2.412494      5.513140 
H        5.141548     -1.637427      5.974239 
H        1.470592      1.738648     -1.446452 
H       -0.293229      2.476463      0.101805 
H        0.294808      2.514679      2.754211 
H        1.077885      3.484168      1.493943 
H        1.494923      2.784820      4.769694 
H        3.620036      2.875110      6.043303 
H        5.794386      2.684542      4.849879 
H        5.823761      2.392280      2.378217 
H        3.697482      2.283448      1.111955 
H       -0.622160     -0.445806      0.858734 
H       -1.103149     -0.384436      3.121611 
H       -2.724969     -0.569463      2.421870 
H       -1.583341     -0.279263      5.454037 
H       -2.604466      0.889027      7.384664 
H       -4.188796      2.768879      7.004825 
H       -4.740860      3.466190      4.680619 
H       -3.718492      2.279923      2.751546 
H       -2.583535      1.395564     -0.593410 
H       -1.812709     -2.062918      0.179330 
H       -2.760430     -2.266786     -1.296128 
H       -2.736161     -4.505686      0.390611 
H       -4.416876     -5.832233      1.625709 
H       -6.493008     -4.745323      2.467351 
H       -6.864763     -2.320505      2.053738 
H       -5.173282     -0.997668      0.804173 
H       -1.017986     -0.855909     -1.940248 
H       -3.152046     -0.396258     -3.013327 

H       -1.802748      0.225013     -4.005172 
H       -4.269906      2.903828     -3.789431 
H       -4.459139      1.223485     -4.316153 
H       -1.168698      2.956704     -4.299486 
H        0.094985      3.560886     -6.353003 
H       -0.945458      3.254458     -8.590967 
H       -3.249541      2.329186     -8.761827 
H       -4.500589      1.726729     -6.711460 
 
Gal1α 
N       -1.290125     -1.382621      4.670030 
C       -0.789584     -0.239439      4.489237 
C       -0.567927      0.719863      5.674156 
Cl       1.203024      1.052536      5.832645 
Cl      -1.433532      2.275464      5.333906 
Cl      -1.175141      0.038964      7.200671 
O       -0.369799      0.367550      3.344992 
C       -0.165832     -0.466095      2.190113 
C        0.493679      0.404151      1.110453 
O        1.670088      0.997718      1.625630 
C        2.840990      0.778917      0.840967 
C        4.016157      1.475454      1.486317 
C        5.087243      1.906877      0.694291 
C        6.202227      2.511527      1.276597 
C        6.252984      2.699773      2.658849 
C        5.184383      2.278495      3.452551 
C        4.072823      1.666451      2.871839 
C       -0.499185      1.460180      0.605607 
O        0.080500      2.224967     -0.442590 
C        0.576031      3.512136     -0.037680 
C        1.286259      4.141431     -1.209192 
C        2.657433      4.411118     -1.150453 
C        3.314082      4.990666     -2.238835 
C        2.605146      5.297419     -3.400001 
C        1.235247      5.026869     -3.468878 
C        0.580942      4.456143     -2.378923 
C       -1.768812      0.743310      0.103585 
O       -1.508809     -0.121307     -0.989638 
C       -1.517574      0.466850     -2.302385 
C       -1.531611     -0.661994     -3.301383 
C       -2.733906     -1.108903     -3.861917 
C       -2.751849     -2.196812     -4.735990 
C       -1.561383     -2.852522     -5.057071 
C       -0.355307     -2.412539     -4.505475 
C       -0.342324     -1.322108     -3.635811 
C       -2.339831     -0.105862      1.252484 
C       -3.624484     -0.917531      0.886517 
O       -3.484652     -2.314718      0.918433 
C       -2.867772     -2.895761     -0.223384 
C       -2.821687     -4.400193     -0.077086 
C       -2.341717     -5.168754     -1.146515 
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C       -2.256740     -6.555996     -1.041599 
C       -2.652710     -7.196011      0.136100 
C       -3.134416     -6.436314      1.201157 
C       -3.217832     -5.045384      1.097272 
O       -1.358187     -1.038825      1.736179 
H       -1.434296     -1.881027      3.788896 
H        0.479474     -1.301945      2.479089 
H        0.722887     -0.264960      0.272669 
H        2.689246      1.155101     -0.179617 
H        3.034308     -0.304904      0.766017 
H        5.047017      1.771551     -0.384685 
H        7.026559      2.841982      0.649654 
H        7.117629      3.176073      3.113599 
H        5.214453      2.427727      4.528692 
H        3.235539      1.349020      3.484567 
H       -0.775749      2.114497      1.443727 
H        1.254460      3.400450      0.814537 
H       -0.273664      4.136671      0.282784 
H        3.214440      4.163503     -0.250431 
H        4.378853      5.198466     -2.178332 
H        3.114812      5.746717     -4.248312 
H        0.677464      5.265716     -4.370965 
H       -0.485047      4.246182     -2.432519 
H       -2.520028      1.498956     -0.181387 
H       -0.638998      1.105790     -2.429421 
H       -2.415203      1.094344     -2.414455 
H       -3.662792     -0.602000     -3.609339 
H       -3.692631     -2.532368     -5.164839 
H       -1.572380     -3.699543     -5.737930 
H        0.574246     -2.916283     -4.756721 
H        0.596728     -0.980109     -3.206047 
H       -2.591895      0.586650      2.067363 
H       -3.989530     -0.581836     -0.096587 
H       -4.396897     -0.691257      1.627983 
H       -1.855517     -2.498396     -0.354076 
H       -3.432362     -2.620951     -1.129558 
H       -2.033543     -4.674660     -2.066762 
H       -1.880281     -7.138258     -1.878575 
H       -2.586779     -8.277755      0.220111 
H       -3.445864     -6.925715      2.120862 
H       -3.591170     -4.452573      1.924238 
 
Gal1β 
N        0.240212     -3.656398      2.456076 
C        1.266674     -3.093909      1.990583 
C        2.669910     -3.691766      2.205480 
Cl       3.670431     -2.500792      3.133271 
Cl       2.604418     -5.225465      3.104934 
Cl       3.436944     -3.978183      0.593491 
O        1.386971     -1.943281      1.265085 
C        0.294702     -1.042318      1.279821 

C        0.720068      0.238222      0.549605 
O        1.721130      0.920675      1.283517 
C        3.046792      0.799426      0.759948 
C        3.989431      1.616924      1.609927 
C        5.063977      2.291586      1.018791 
C        5.965674      3.017140      1.799729 
C        5.794208      3.086004      3.182853 
C        4.719971      2.421279      3.778945 
C        3.825613      1.688352      2.999135 
C       -0.492478      1.172190      0.391270 
O       -0.152109      2.281828     -0.425022 
C        0.203010      3.480927      0.285125 
C        0.657895      4.509308     -0.718894 
C        1.998112      4.906408     -0.775109 
C        2.420330      5.849527     -1.714814 
C        1.505538      6.397066     -2.614635 
C        0.165228      6.003783     -2.567945 
C       -0.254431      5.069271     -1.623312 
C       -1.684361      0.422463     -0.242694 
O       -1.396111      0.036532     -1.576182 
C       -1.855679      0.940546     -2.595503 
C       -1.071787      0.678942     -3.855337 
C       -1.627240     -0.029961     -4.923816 
C       -0.880981     -0.274407     -6.078907 
C        0.432357      0.186962     -6.169725 
C        0.996376      0.894133     -5.104066 
C        0.248749      1.138809     -3.953954 
C       -1.960238     -0.844280      0.577320 
C       -3.061884     -1.724279      0.012201 
O       -3.347016     -2.715991      0.978910 
C       -4.219917     -3.733613      0.499840 
C       -4.357708     -4.807321      1.551052 
C       -3.217505     -5.436495      2.069973 
C       -3.339305     -6.431555      3.038397 
C       -4.603102     -6.817751      3.493598 
C       -5.742533     -6.200959      2.977683 
C       -5.617371     -5.196534      2.014823 
O       -0.785531     -1.660530      0.625032 
H       -0.618986     -3.177562      2.174347 
H        0.034595     -0.820252      2.329612 
H        1.070620     -0.041085     -0.450186 
H        3.068671      1.157989     -0.279162 
H        3.344870     -0.257459      0.755626 
H        5.198487      2.246876     -0.060293 
H        6.795901      3.534733      1.325840 
H        6.490773      3.655876      3.792440 
H        4.577904      2.473648      4.855452 
H        2.987412      1.175248      3.459440 
H       -0.796827      1.518795      1.391689 
H        0.995954      3.266486      1.006954 
H       -0.678913      3.843494      0.838113 
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H        2.713556      4.475293     -0.078356 
H        3.463433      6.152809     -1.744345 
H        1.832737      7.129017     -3.348212 
H       -0.551587      6.429627     -3.265461 
H       -1.299055      4.769304     -1.584010 
H       -2.572128      1.071855     -0.206127 
H       -1.702130      1.971158     -2.263362 
H       -2.931694      0.781905     -2.767244 
H       -2.650622     -0.392169     -4.852750 
H       -1.324792     -0.824813     -6.904318 
H        1.015317     -0.001252     -7.067731 
H        2.018287      1.257975     -5.173157 
H        0.678202      1.691749     -3.122335 
H       -2.241893     -0.548891      1.602099 
H       -2.716385     -2.168892     -0.931802 
H       -3.954632     -1.112254     -0.201441 
H       -3.806537     -4.153817     -0.433010 
H       -5.206382     -3.307728      0.255446 
H       -2.231972     -5.139542      1.722060 
H       -2.446244     -6.904747      3.437264 
H       -4.696637     -7.593492      4.248240 
H       -6.728991     -6.493328      3.328453 
H       -6.507743     -4.709066      1.623727 
 
Gal2β 
C       -5.704275     -1.636518      0.803668 
C       -4.200284     -1.394355      0.667215 
S       -3.545007     -2.423567     -0.712821 
C       -1.767648     -1.986296     -0.688163 
C       -1.454692     -0.553544     -1.160065 
O       -1.775698     -0.466700     -2.537024 
C       -2.417550      0.749339     -2.927949 
C       -2.648358      0.734813     -4.419030 
C       -2.400582      1.882840     -5.178729 
C       -2.652700      1.895358     -6.552189 
C       -3.146060      0.752786     -7.181553 
C       -3.387738     -0.401189     -6.430984 
C       -3.144171     -0.408851     -5.057779 
C        0.039979     -0.213531     -0.976543 
O        0.138886      1.193478     -1.126010 
C        1.459748      1.697551     -1.343517 
C        1.371459      3.199671     -1.411800 
C        1.317112      3.865661     -2.641053 
C        1.195374      5.255324     -2.691249 
C        1.122478      5.990652     -1.507594 
C        1.171950      5.333308     -0.274917 
C        1.296775      3.944771     -0.229032 
C        0.691754     -0.715367      0.341050 
O        0.624042      0.205222      1.418270 
C       -0.644339      0.676985      1.863734 
C       -0.460351      1.416669      3.172272 

C        0.667600      1.214736      3.974956 
C        0.789499      1.876212      5.198558 
C       -0.213192      2.741581      5.636411 
C       -1.340549      2.948916      4.838562 
C       -1.458901      2.293677      3.613515 
C        0.176514     -2.129395      0.663987 
C        0.597744     -2.627697      2.050645 
O        2.006862     -2.715050      2.167103 
C        2.566512     -3.944229      1.727976 
C        4.040968     -3.979531      2.064061 
C        4.544638     -3.286743      3.170969 
C        5.899353     -3.365633      3.493022 
C        6.763935     -4.144287      2.722541 
C        6.267025     -4.838132      1.617556 
C        4.914224     -4.750083      1.287889 
O       -1.250943     -2.204865      0.617202 
H       -6.105424     -1.037249      1.629275 
H       -6.238239     -1.355353     -0.110156 
H       -5.920079     -2.689015      1.013736 
H       -3.674625     -1.671113      1.584556 
H       -4.005515     -0.336205      0.463522 
H       -1.314843     -2.691303     -1.403808 
H       -2.055358      0.154127     -0.577060 
H       -1.801642      1.609909     -2.643727 
H       -3.379488      0.831417     -2.393515 
H       -2.003952      2.771578     -4.692159 
H       -2.453431      2.795118     -7.130086 
H       -3.337755      0.758021     -8.251887 
H       -3.768218     -1.295982     -6.915518 
H       -3.326260     -1.304821     -4.471419 
H        0.562310     -0.718982     -1.806826 
H        1.866085      1.283595     -2.279773 
H        2.117033      1.394568     -0.518588 
H        1.374100      3.290971     -3.563416 
H        1.158648      5.761854     -3.652638 
H        1.029125      7.073485     -1.543493 
H        1.117497      5.902369      0.648650 
H        1.332787      3.429038      0.727914 
H        1.770523     -0.810945      0.179879 
H       -1.338695     -0.162601      2.006351 
H       -1.078655      1.348772      1.111875 
H        1.449131      0.546510      3.629059 
H        1.674286      1.714033      5.810449 
H       -0.115918      3.254709      6.589233 
H       -2.124515      3.626248      5.166056 
H       -2.336274      2.466534      2.992113 
H        0.588109     -2.811088     -0.101271 
H        0.115503     -3.597085      2.240409 
H        0.265781     -1.919344      2.812902 
H        2.428552     -4.086237      0.643234 
H        2.043053     -4.779787      2.225427 
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H        3.868273     -2.679567      3.763310 
H        6.279723     -2.817502      4.351732 
H        7.818409     -4.206816      2.977071 
H        6.933446     -5.440781      1.005526 
H        4.535121     -5.285070      0.419900 
 
Gal3α 
O        3.370989      0.037613     -0.893012 
P        2.536444     -1.168174     -0.672434 
O        2.552939     -2.276864     -1.833744 
C        2.194521     -1.898975     -3.189475 
C        2.428065     -3.105830     -4.084736 
C        2.045183     -2.832832     -5.544597 
C        2.302894     -4.034691     -6.457395 
O        2.835681     -2.061460      0.613398 
C        4.199950     -2.281875      1.055733 
C        4.158533     -2.672831      2.523895 
C        5.561401     -2.886390      3.105203 
C        5.535281     -3.237977      4.596019 
O        0.957364     -0.867829     -0.490219 
C        0.448211      0.471954     -0.407146 
C       -0.075914      0.728299      1.011579 
O        0.983626      0.436105      1.898355 
C        1.068782      1.233452      3.079245 
C        2.473211      1.152031      3.631521 
C        2.681170      1.020763      5.008357 
C        3.974406      0.994015      5.535479 
C        5.076044      1.092451      4.684626 
C        4.876244      1.215315      3.306265 
C        3.584622      1.245476      2.780586 
C       -1.329897     -0.108599      1.310247 
O       -1.883765      0.410469      2.507607 
C       -2.863366     -0.424963      3.132315 
C       -3.370356      0.280834      4.363597 
C       -2.994186     -0.138484      5.642756 
C       -3.457220      0.533855      6.775610 
C       -4.296086      1.639349      6.635309 
C       -4.673611      2.068146      5.359773 
C       -4.214124      1.391833      4.231217 
C       -2.366824     -0.147692      0.144956 
O       -3.346188      0.883333      0.183573 
C       -2.925088      2.244264      0.198729 
C       -4.128604      3.147212      0.021975 
C       -5.428816      2.645212     -0.083075 
C       -6.510939      3.517448     -0.230165 
C       -6.305547      4.896177     -0.273968 
C       -5.007415      5.403537     -0.170400 
C       -3.928611      4.534124     -0.024203 
C       -1.651818     -0.298164     -1.209453 
C       -2.581601     -0.118367     -2.406575 
O       -1.937354     -0.433999     -3.629957 

C       -1.398211      0.687148     -4.325057 
C       -0.899850      0.251372     -5.683686 
C        0.196871      0.897596     -6.265448 
C        0.637227      0.544334     -7.542072 
C       -0.008952     -0.471574     -8.248553 
C       -1.098447     -1.127323     -7.670631 
C       -1.543692     -0.766405     -6.398596 
O       -0.565992      0.639646     -1.354835 
H        2.812922     -1.046789     -3.495603 
H        1.141431     -1.591352     -3.201426 
H        1.843860     -3.950133     -3.694485 
H        3.485624     -3.394829     -4.015565 
H        2.606160     -1.965598     -5.917519 
H        0.986025     -2.554385     -5.601087 
H        3.364056     -4.310481     -6.465549 
H        1.735790     -4.912479     -6.125684 
H        2.005830     -3.815213     -7.489490 
H        4.776106     -1.363240      0.904960 
H        4.636416     -3.076470      0.438679 
H        3.560880     -3.587342      2.633104 
H        3.639461     -1.880954      3.075893 
H        6.154206     -1.972833      2.960570 
H        6.077415     -3.681549      2.548299 
H        5.070971     -2.432494      5.178130 
H        4.964494     -4.156806      4.779521 
H        6.548968     -3.392414      4.985074 
H        1.242963      1.175516     -0.659264 
H       -0.328976      1.795208      1.070727 
H        0.334333      0.901463      3.822267 
H        0.823185      2.279458      2.828346 
H        1.824615      0.936626      5.673329 
H        4.119045      0.890994      6.607732 
H        6.084244      1.071160      5.090476 
H        5.730044      1.290368      2.637011 
H        3.436502      1.318122      1.706573 
H       -0.981990     -1.142097      1.467011 
H       -2.412179     -1.394915      3.393287 
H       -3.693444     -0.609364      2.436657 
H       -2.335165     -0.997723      5.753529 
H       -3.160245      0.195281      7.764683 
H       -4.657253      2.164217      7.515262 
H       -5.328829      2.928478      5.244629 
H       -4.506763      1.723194      3.237909 
H       -2.973142     -1.052250      0.273178 
H       -2.197191      2.435117     -0.600781 
H       -2.440893      2.468481      1.158817 
H       -5.583518      1.572001     -0.054335 
H       -7.517270      3.114425     -0.312117 
H       -7.148704      5.572226     -0.387984 
H       -4.836617      6.476920     -0.202833 
H       -2.919670      4.935136      0.056540 
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H       -1.232253     -1.309991     -1.259252 
H       -2.993905      0.897965     -2.426638 
H       -3.420867     -0.815133     -2.295202 
H       -0.585231      1.146316     -3.750771 
H       -2.187589      1.450224     -4.443120 
H        0.712744      1.682748     -5.715646 
H        1.490703      1.056781     -7.979177 
H        0.335908     -0.751973     -9.240084 
H       -1.605114     -1.921643     -8.212871 
H       -2.385275     -1.280040     -5.944205 
 
Man1α 
N        1.151120     -3.401222      3.256559 
C        1.235435     -2.151795      3.416428 
C        1.114833     -1.526777      4.820796 
Cl       2.608717     -0.568122      5.168103 
Cl      -0.315501     -0.413492      4.824017 
Cl       0.899080     -2.758078      6.082293 
O        1.423173     -1.157589      2.511696 
C        1.686500     -1.519578      1.139054 
C        2.150737     -0.235642      0.443194 
O        2.596169     -0.645775     -0.837236 
C        3.735390      0.055988     -1.341266 
C        4.055656     -0.442029     -2.730998 
C        3.718640     -1.736777     -3.141198 
C        4.058316     -2.180765     -4.419697 
C        4.745100     -1.341161     -5.298470 
C        5.084480     -0.048680     -4.894616 
C        4.735414      0.398398     -3.620371 
C        0.987671      0.767333      0.334798 
O        1.457277      1.857066     -0.441485 
C        0.905828      3.138674     -0.130331 
C        1.522698      4.169829     -1.045019 
C        1.900919      5.421999     -0.550343 
C        2.423345      6.396172     -1.403646 
C        2.584883      6.121415     -2.761698 
C        2.216912      4.869756     -3.262176 
C        1.684750      3.901908     -2.411225 
C       -0.220533      0.075590     -0.322977 
O       -1.351100      0.936470     -0.452114 
C       -2.104710      1.225068      0.726346 
C       -2.975507      2.438737      0.484390 
C       -3.443527      3.175620      1.579236 
C       -4.282043      4.273791      1.390517 
C       -4.657293      4.653063      0.099928 
C       -4.190437      3.925459     -0.995398 
C       -3.356961      2.821360     -0.806214 
C       -0.582276     -1.245734      0.394995 
C       -1.653964     -2.036667     -0.364381 
O       -2.538357     -2.755582      0.472765 
C       -1.969291     -3.905585      1.092837 

C       -3.051846     -4.704504      1.778485 
C       -2.782668     -5.343134      2.994012 
C       -3.756956     -6.127923      3.613694 
C       -5.015948     -6.270593      3.028902 
C       -5.294113     -5.625906      1.821265 
C       -4.316834     -4.850963      1.197199 
O        0.580740     -2.098338      0.524086 
H        1.200000     -3.671208      2.272673 
H        2.479415     -2.272840      1.109714 
H        2.969571      0.209735      1.023285 
H        4.590893     -0.119908     -0.665764 
H        3.538338      1.132281     -1.356248 
H        3.175307     -2.384375     -2.460597 
H        3.785209     -3.186157     -4.730337 
H        5.008477     -1.689789     -6.293594 
H        5.611426      0.615564     -5.574544 
H        4.987229      1.411636     -3.314241 
H        0.730547      1.103246      1.349688 
H        1.111767      3.393003      0.921483 
H       -0.182602      3.115465     -0.264743 
H        1.787381      5.637429      0.509996 
H        2.711895      7.365178     -1.004308 
H        2.996892      6.876220     -3.426464 
H        2.340786      4.647927     -4.319176 
H        1.400688      2.927630     -2.797725 
H        0.070823     -0.150765     -1.353564 
H       -1.446164      1.413435      1.586022 
H       -2.733485      0.360406      0.987820 
H       -3.147994      2.889737      2.587118 
H       -4.634100      4.837796      2.250040 
H       -5.304959      5.512726     -0.050465 
H       -4.474136      4.217310     -2.003403 
H       -2.988291      2.258585     -1.656971 
H       -0.961431     -1.030000      1.400990 
H       -1.151251     -2.701032     -1.085226 
H       -2.280182     -1.331843     -0.917577 
H       -1.204837     -3.619807      1.827695 
H       -1.464049     -4.516834      0.324163 
H       -1.807122     -5.220901      3.460585 
H       -3.534549     -6.617763      4.558373 
H       -5.778138     -6.874954      3.513894 
H       -6.275138     -5.726916      1.363859 
H       -4.532133     -4.341495      0.262812 
 
Man2α 
C       -3.205153     -4.860745     -3.295568 
C       -3.379859     -3.820021     -2.190885 
S       -2.624626     -2.219702     -2.700509 
C       -2.873959     -1.280971     -1.113691 
C       -2.455595      0.192701     -1.300507 
O       -3.247202      1.073509     -0.516516 
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C       -3.113130      1.042651      0.906122 
C       -4.108525      2.008774      1.506445 
C       -4.774062      1.687504      2.693782 
C       -5.655632      2.594852      3.284206 
C       -5.888581      3.833033      2.685060 
C       -5.232806      4.158806      1.495570 
C       -4.346645      3.254340      0.911831 
C       -0.918726      0.361939     -1.139459 
O       -0.542729      1.707340     -0.893518 
C       -0.767014      2.608034     -1.977326 
C       -0.181582      3.952628     -1.619406 
C        0.679737      4.617550     -2.497545 
C        1.199843      5.872280     -2.170051 
C        0.869458      6.469987     -0.954269 
C        0.012925      5.809732     -0.068844 
C       -0.511030      4.561787     -0.400786 
C       -0.259136     -0.478676     -0.031488 
O        1.132547     -0.556658     -0.313421 
C        1.975478      0.199493      0.571745 
C        3.334344      0.343942     -0.064968 
C        4.420601     -0.425935      0.362574 
C        5.670036     -0.289224     -0.247568 
C        5.841647      0.617321     -1.293824 
C        4.760237      1.389552     -1.728413 
C        3.515641      1.252509     -1.116633 
C       -0.827029     -1.904679      0.010125 
C       -0.494153     -2.677730      1.299230 
O        0.872040     -2.744435      1.642530 
C        1.665208     -3.563157      0.792952 
C        2.973615     -3.896648      1.474943 
C        4.076054     -4.280408      0.700703 
C        5.279104     -4.641512      1.306991 
C        5.398346     -4.610388      2.698556 
C        4.307047     -4.217602      3.475255 
C        3.099500     -3.867136      2.868357 
O       -2.262049     -1.888262      0.004987 
H       -3.662617     -5.808969     -2.990827 
H       -3.684162     -4.538327     -4.226461 
H       -2.146150     -5.045893     -3.504429 
H       -2.896171     -4.141087     -1.263863 
H       -4.442345     -3.652817     -1.980199 
H       -3.944309     -1.304068     -0.892657 
H       -2.724281      0.483860     -2.321103 
H       -2.092999      1.342401      1.181578 
H       -3.284021      0.031435      1.295680 
H       -4.603604      0.719236      3.159607 
H       -6.166432      2.329762      4.206240 
H       -6.579364      4.538473      3.139367 
H       -5.412484      5.119796      1.020626 
H       -3.845317      3.502525     -0.018296 
H       -0.464793      0.014797     -2.082424 

H       -1.847146      2.699462     -2.162790 
H       -0.300177      2.218052     -2.895259 
H        0.946414      4.152173     -3.443979 
H        1.868552      6.376754     -2.862443 
H        1.277296      7.443614     -0.695794 
H       -0.249162      6.269437      0.880375 
H       -1.174743      4.047720      0.288288 
H       -0.426195      0.001192      0.940801 
H        2.047894     -0.321258      1.535496 
H        1.530553      1.188850      0.733355 
H        4.289597     -1.137126      1.174184 
H        6.506137     -0.892976      0.095558 
H        6.813959      0.725902     -1.768012 
H        4.890381      2.101248     -2.539993 
H        2.672258      1.855132     -1.444929 
H       -0.464511     -2.442444     -0.875398 
H       -0.926179     -3.688007      1.210190 
H       -0.989820     -2.173978      2.136113 
H        1.857846     -3.050333     -0.158597 
H        1.114177     -4.493440      0.565802 
H        3.992859     -4.290886     -0.384494 
H        6.125335     -4.937905      0.692300 
H        6.336530     -4.885209      3.173127 
H        4.393576     -4.184973      4.558822 
H        2.249436     -3.558498      3.467671 
 
Man3α 
O        4.229743      0.144155     -0.464573 
P        3.699425     -1.124110     -1.014955 
O        4.310050     -1.624067     -2.415859 
C        5.688854     -1.715848     -2.668101 
C        6.161354     -2.938294     -3.138586 
C        7.511978     -3.058722     -3.466879 
C        8.371731     -1.967826     -3.324429 
C        7.875787     -0.750535     -2.853797 
C        6.526012     -0.611050     -2.526210 
O        3.906432     -2.458217     -0.120260 
C        3.379318     -2.590750      1.167835 
C        3.597155     -1.629080      2.154906 
C        3.073682     -1.848328      3.431375 
C        2.362747     -3.015136      3.720575 
C        2.170650     -3.973408      2.721662 
C        2.673896     -3.762831      1.437019 
O        2.129481     -1.158847     -1.312000 
C        1.371568      0.064332     -1.638143 
C        0.967379      0.757397     -0.332629 
O        0.297713      1.948802     -0.720809 
C        0.589135      3.113932      0.068461 
C       -0.564617      4.074955     -0.063980 
C       -0.472405      5.214041     -0.868998 
C       -1.560518      6.081065     -0.999073 
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C       -2.753139      5.809264     -0.327372 
C       -2.854558      4.669677      0.476556 
C       -1.766934      3.807952      0.606801 
C        0.030659     -0.151203      0.477316 
O       -0.357131      0.580407      1.632383 
C       -0.771359     -0.193997      2.761608 
C       -0.713791      0.670991      3.997720 
C       -1.785563      0.703215      4.894968 
C       -1.717875      1.474445      6.057747 
C       -0.578826      2.233182      6.327094 
C        0.493399      2.214525      5.430621 
C        0.427250      1.435052      4.277465 
C       -1.167310     -0.528151     -0.409369 
O       -2.104166     -1.398299      0.234372 
C       -1.715453     -2.749746      0.495588 
C       -2.658081     -3.331626      1.523642 
C       -2.167329     -4.106924      2.579295 
C       -3.040289     -4.677389      3.508152 
C       -4.414800     -4.470103      3.392941 
C       -4.911963     -3.690097      2.345409 
C       -4.039966     -3.126702      1.415281 
C       -0.713370     -1.097554     -1.779150 
C       -1.860664     -1.252855     -2.803342 
O       -2.088463     -0.145502     -3.643323 
C       -2.597879      1.031989     -3.026343 
C       -3.164971      1.950271     -4.085476 
C       -3.102464      3.336958     -3.908862 
C       -3.664405      4.197836     -4.852666 
C       -4.286220      3.680296     -5.989979 
C       -4.342358      2.297363     -6.176398 
C       -3.788693      1.437178     -5.228227 
O        0.294287     -0.293405     -2.412580 
H        5.472507     -3.770206     -3.243061 
H        7.890248     -4.009169     -3.832980 
H        9.422879     -2.065840     -3.579839  
H        8.539363      0.102550     -2.742504 
H        6.126470      0.325831     -2.155530 
H        4.163916     -0.734759      1.921013 
H        3.231495     -1.102423      4.205391 
H        1.968075     -3.179557      4.718924 
H        1.632286     -4.891492      2.940447 
H        2.536830     -4.492065      0.645100 
H        1.993381      0.721342     -2.248052 
H        1.868985      0.983477      0.246869 
H        1.523292      3.572509     -0.287627 
H        0.720207      2.819967      1.114607 
H        0.454963      5.423487     -1.397587 
H       -1.475614      6.966366     -1.624129 
H       -3.600637      6.482518     -0.427866 
H       -3.780749      4.455995      1.003672 
H       -1.835923      2.918600      1.228119 

H        0.592756     -1.047112      0.777099 
H       -0.091452     -1.055535      2.873015 
H       -1.782365     -0.587223      2.609962 
H       -2.679859      0.121466      4.681921 
H       -2.558382      1.487690      6.746915 
H       -0.526881      2.839889      7.227235 
H        1.381202      2.809264      5.631539 
H        1.256775      1.423655      3.576212 
H       -1.734039      0.391105     -0.559217 
H       -0.681630     -2.813921      0.858702 
H       -1.768266     -3.340554     -0.432003 
H       -1.094802     -4.259023      2.679418 
H       -2.645004     -5.275839      4.325082 
H       -5.095424     -4.910227      4.116787 
H       -5.981483     -3.521189      2.252650 
H       -4.423258     -2.511252      0.606707 
H       -0.287973     -2.095090     -1.606370 
H       -2.771012     -1.532018     -2.247678 
H       -1.611080     -2.068934     -3.488120 
H       -1.807819      1.553523     -2.470442 
H       -3.389727      0.757904     -2.305504 
H       -2.606929      3.745652     -3.031069 
H       -3.606307      5.272905     -4.702828 
H       -4.718061      4.349395     -6.729957 
H       -4.817197      1.887241     -7.064420 
H       -3.817878      0.362419     -5.375028 
    
Fuc1α  
C       -3.932972     -2.355837     -0.355763 
C       -2.426409     -2.232676     -0.513800 
C       -1.955226     -0.811231     -0.882622 
O       -2.678614      0.243337     -0.266256 
C       -2.472078      0.512369      1.128800 
C       -3.468087      1.562502      1.547142 
C       -4.622032      1.218482      2.257750 
C       -5.549730      2.194863      2.626507 
C       -5.329933      3.529433      2.283278 
C       -4.179244      3.882621      1.573481 
C       -3.255165      2.905052      1.208439 
C       -0.404692     -0.694847     -0.761371 
O        0.038138      0.651533     -0.761159 
C       -0.157306      1.349052     -1.995131 
C        0.546646      2.679776     -1.908828 
C       -0.181249      3.873616     -1.892147 
C        0.473265      5.104345     -1.797686 
C        1.865277      5.149839     -1.712816 
C        2.600648      3.961779     -1.727757 
C        1.945027      2.735829     -1.828538 
C        0.164328     -1.361128      0.500546 
O        1.576579     -1.512254      0.444383 
C        2.324885     -0.420208      0.999205 
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C        3.796471     -0.629600      0.738400 
C        4.739734     -0.121503      1.639782 
C        6.105931     -0.250957      1.386526 
C        6.544614     -0.902585      0.233043 
C        5.609457     -1.419396     -0.665383 
C        4.243288     -1.279292     -0.418948 
C       -0.443826     -2.757012      0.697796 
O       -0.038151     -3.643104     -0.372827 
C        0.930371     -4.573453     -0.152698 
C        0.583692     -5.861146     -0.922720 
Cl       1.862780     -7.090149     -0.780424 
Cl      -0.963807     -6.524178     -0.259454 
Cl       0.345811     -5.451167     -2.671495 
N        1.976325     -4.493509      0.544948 
O       -1.829923     -2.702946      0.723351 
H       -4.305983     -1.697220      0.432509 
H       -4.429062     -2.076201     -1.291012 
H       -4.197006     -3.389457     -0.113401 
H       -2.090879     -2.905420     -1.312915 
H       -2.210029     -0.683567     -1.942194 
H       -1.452403      0.887936      1.273981 
H       -2.602916     -0.398747      1.724966 
H       -4.792881      0.178449      2.527795 
H       -6.440817      1.912915      3.182619 
H       -6.047900      4.292540      2.571451 
H       -4.001865      4.921723      1.308926 
H       -2.356595      3.179279      0.660125 
H        0.029238     -1.232982     -1.620132 
H       -1.228044      1.497164     -2.179682 
H        0.254237      0.741735     -2.817824 
H       -1.266984      3.838528     -1.954256 
H       -0.104540      6.024203     -1.787518 
H        2.377234      6.105647     -1.636704 
H        3.685782      3.991685     -1.663716 
H        2.520837      1.813453     -1.838937 
H       -0.105478     -0.777188      1.388697 
H        2.136358     -0.353198      2.081476 
H        1.976836      0.513395      0.543187 
H        4.403484      0.376537      2.546451 
H        6.825789      0.147592      2.096581 
H        7.607487     -1.012497      0.040142 
H        5.943146     -1.936169     -1.561587 
H        3.516640     -1.691197     -1.111355 
H       -0.115255     -3.188827      1.647694 
H        2.086744     -3.546362      0.919081 
 
Acceptor 
 
MeOH 
C       -0.123460      0.000000      0.337185 
O       -0.192115      0.000000     -1.080034 

H       -1.150831      0.000000      0.702318 
H        0.380344     -0.892068      0.734004 
H        0.380344      0.892068      0.734004 
H        0.705719      0.000000     -1.427477 
 
EtOH 
C       -0.375357      0.000000     -0.947460 
C        0.431171      0.000000      0.336500 
O       -0.486171      0.000000      1.427114 
H        0.282413      0.000000     -1.821036 
H       -1.015279     -0.884228     -0.995047 
H       -1.015279      0.884228     -0.995047 
H        1.081535      0.886982      0.372524 
H        1.081535     -0.886982      0.372524 
H        0.015432      0.000000      2.249929 
 
iPrOH 
C        0.140269      1.210556     -0.419612 
C       -0.353549     -0.056033      0.278619 
C        0.141715     -1.327199     -0.393854 
O        0.111849     -0.111789      1.631087 
H       -0.220652      2.109123      0.093000 
H        1.233343      1.240333     -0.421319 
H       -0.211140      1.260817     -1.454716 
H       -1.455253     -0.058436      0.272799 
H        1.234927     -1.351022     -0.399691 
H       -0.213050     -2.205179      0.149759 
H       -0.213517     -1.390052     -1.425898 
H       -0.194942      0.678880      2.089827 
 
tBuOH 
C       -0.604577      1.263356      0.389498 
C        0.000103      0.000000     -0.236800 
C        1.522181      0.000000     -0.109663 
C       -0.604576     -1.263356      0.389498 
O       -0.247615      0.000000     -1.654556 
H       -1.692406      1.280271      0.258643 
H       -0.402605      1.320641      1.463094 
H       -0.194788      2.156206     -0.088378 
H        1.942472     -0.883441     -0.595806 
H        1.942472      0.883438     -0.595811 
H        1.831480      0.000003      0.938769 
H       -0.194792     -2.156205     -0.088384 
H       -0.402597     -1.320645      1.463092 
H       -1.692406     -1.280268      0.258650 
H       -1.202348     -0.000001     -1.791848 
 
2F-EtOH 
O       -1.391303      0.035174      0.788780 
C        0.016033      0.072237      0.724627 
C        0.527564      0.105730     -0.702846 
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F        0.001785     -0.976422     -1.379559 
F        0.110060      1.225760     -1.355415 
H       -1.696133     -0.697872      0.239942 
H        0.476832     -0.791923      1.226510 
H        0.338269      0.978443      1.241002 
H        1.616893      0.048873     -0.783042 
 
3F-EtOH 
O       -1.413620     -0.081686      0.798024 
C       -0.009797     -0.093973      0.712859 
C        0.475392     -0.091233     -0.727796 
F        1.820442     -0.012633     -0.780680 
F        0.099707     -1.185048     -1.408305 
F       -0.023976      0.983983     -1.390609 
H       -1.741103      0.727972      0.388082 
H        0.337100     -1.010035      1.191399 
H        0.455854      0.762654      1.217025 
 
ManOH 
O        1.492357      1.835701      3.143047 
C        0.593373      2.868216      2.751149 
C        0.277889      2.732761      1.273129 
H       -0.580895      3.381213      1.056443 
O        1.420493      3.196044      0.537701 
C        1.282847      3.146222     -0.862565 
H        2.263224      3.451671     -1.244117 
O        0.269453      3.998065     -1.345290 
C        0.556825      5.382008     -1.194745 
C        0.949036      1.734730     -1.363148 
H        0.762425      1.791480     -2.441741 
O        2.079731      0.920847     -1.094327 
C        2.412058     -0.005249     -2.117257 
C        3.594671     -0.843758     -1.695997 
C        4.349568     -0.541777     -0.561435 
C        5.443918     -1.334603     -0.215043 
C        5.795532     -2.431828     -0.996102 
C        5.042652     -2.738767     -2.129349 
C        3.949062     -1.950960     -2.473209 
C       -0.095247      1.295496      0.873528 
H        0.713492      0.624480      1.166605 
O       -1.306536      0.960501      1.544625 
C       -1.251392     -0.234382      2.313267 
C       -2.545724     -0.432406      3.066892 
C       -2.623019     -1.436940      4.037695 
C       -3.807893     -1.668304      4.729431 
C       -4.935826     -0.893108      4.463305 
C       -4.863768      0.112956      3.504012 
C       -3.676829      0.342132      2.808517 
C       -0.295606      1.202549     -0.635551 
H       -1.155571      1.824255     -0.908711 
O       -0.543552     -0.156832     -0.986279 

C       -1.658936     -0.356830     -1.837230 
C       -1.779477     -1.814917     -2.217102 
C       -0.913278     -2.783566     -1.708868 
C       -1.055554     -4.121182     -2.079780 
C       -2.062415     -4.505134     -2.960115 
C       -2.932652     -3.541435     -3.470342 
C       -2.789595     -2.207704     -3.101946 
H        1.770258      1.998446      4.049990 
H        1.034749      3.859914      2.910485 
H       -0.345964      2.806595      3.313330 
H       -0.284686      5.924867     -1.623568 
H        1.473449      5.651294     -1.735235 
H        0.672848      5.658759     -0.142672 
H        2.656618      0.542539     -3.041782 
H        1.555476     -0.651437     -2.334980 
H        4.069292      0.306503      0.050373 
H        6.020226     -1.092799      0.672947 
H        6.645850     -3.048027     -0.722317 
H        5.302506     -3.597498     -2.740490 
H        3.359184     -2.204205     -3.351210 
H       -0.410248     -0.181241      3.016879 
H       -1.074505     -1.090088      1.649178 
H       -1.748249     -2.045595      4.253014 
H       -3.851094     -2.453048      5.478369 
H       -5.861240     -1.072214      5.001572 
H       -5.735790      0.724605      3.291789 
H       -3.619385      1.125389      2.062877 
H       -1.559107      0.251713     -2.748916 
H       -2.575480     -0.025993     -1.327212 
H       -0.128883     -2.486970     -1.024259 
H       -0.373416     -4.863085     -1.676014 
H       -2.171717     -5.546282     -3.247472 
H       -3.723052     -3.829761     -4.157215 
H       -3.472484     -1.464030     -3.506555 
 
GlcOH 
C       -1.507409      1.651570     -3.686122 
O       -0.847635      1.099582     -2.549435 
C       -1.498969      1.374761     -1.342768 
C       -0.624336      0.876284     -0.178540 
O        0.700110      1.380453     -0.205571 
C        0.927381      2.624625      0.445667 
C        0.744134      3.843780     -0.438234 
C        0.344242      5.060654      0.119953 
C        0.235491      6.204664     -0.668767 
C        0.519403      6.141023     -2.031305 
C        0.913415      4.928847     -2.596426 
C        1.028650      3.787936     -1.805800 
C       -0.543897     -0.657140     -0.176233 
O        0.046277     -1.150811      1.020917 
C        1.470832     -1.211485      1.076466 
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C        2.048762     -0.323948      2.158727 
C        1.270989      0.115717      3.230648 
C        1.830702      0.902052      4.236787 
C        3.178528      1.250447      4.189086 
C        3.963273      0.810168      3.124485 
C        3.400046      0.031371      2.116551 
C       -1.941788     -1.286943     -0.266376 
O       -1.887982     -2.684938     -0.518356 
C       -1.689933     -3.552727      0.595837 
C       -0.383487     -4.313874      0.526206 
C        0.244545     -4.562978     -0.695501 
C        1.417110     -5.314802     -0.746919 
C        1.973353     -5.831698      0.421434 
C        1.350271     -5.589064      1.644578 
C        0.180803     -4.834072      1.694155 
C       -2.750094     -0.658168     -1.410446 
C       -4.187811     -1.129296     -1.454291 
O       -4.734985     -0.737359     -2.708833 
O       -2.775322      0.765860     -1.259559 
H       -1.576138      2.741783     -3.597007 
H       -0.897237      1.397782     -4.552055 
H       -2.510244      1.233953     -3.804444 
H       -1.702289      2.447687     -1.253465 
H       -1.120602      1.189592      0.749621 
H        1.962140      2.573181      0.796982 
H        0.292734      2.706274      1.337046 
H        0.113213      5.115685      1.181001 
H       -0.077802      7.142575     -0.220776 
H        0.429487      7.028269     -2.650230 
H        1.133568      4.871760     -3.658297 
H        1.314922      2.839321     -2.244004 
H        0.040292     -0.979154     -1.045030 
H        1.899714     -0.941922      0.109001 
H        1.735481     -2.255966      1.278587 
H        0.222374     -0.156023      3.262341 
H        1.211657      1.240050      5.062251 
H        3.614928      1.859847      4.974348 
H        5.014147      1.078446      3.076270 
H        4.016122     -0.299956      1.284491 
H       -2.462617     -1.099258      0.683892 
H       -2.522439     -4.269028      0.586795 
H       -1.745385     -2.993431      1.532495 
H       -0.188187     -4.156296     -1.602417 
H        1.895521     -5.498757     -1.704175 
H        2.886708     -6.416782      0.380639 
H        1.779778     -5.980245      2.561776 
H       -0.293411     -4.641743      2.653175 
H       -2.275756     -0.925378     -2.360062 
H       -4.735843     -0.670900     -0.619424 
H       -4.201505     -2.218445     -1.337718 
H       -5.668000     -0.973409     -2.723622  

 
Activator 
 
TfO- 
S        0.270379      0.882206      0.414833 
O        1.696679      0.975628      0.055299 
O       -0.011469      0.657497      1.843955 
O       -0.620780      1.838176     -0.266618 
C       -0.232525     -0.758053     -0.356693 
F       -0.061167     -0.759506     -1.696659 
F        0.490875     -1.788616      0.133131 
F       -1.531991     -1.047333     -0.127248 
 
FSO3

- 
S        0.000031      0.000000     -0.156998 
F        0.000161      0.000000      1.535338 
O       -1.434075      0.000000     -0.459598 
O        0.716941      1.242035     -0.459372 
O        0.716941     -1.242035     -0.459372 
 
MsO- 
O       -1.441269     -0.000000     -1.271187 
S        0.000144      0.000000     -0.909726 
O        0.720644      1.248188     -1.271986 
C        0.000095      0.000000      0.917589 
O        0.720644     -1.248188     -1.271986 
H        1.032367      0.000000      1.269581 
H       -0.516313      0.893960      1.268858 
H       -0.516313     -0.893960      1.268858 
 
Tf2N- 
S        0.825785      1.172321      0.099844 
O        1.791367      1.712995      1.051931 
O        1.246052      0.921706     -1.277113 
N       -0.000000     -0.000000      0.837770 
S       -0.825785     -1.172321      0.099843 
O       -1.791367     -1.712995      1.051930 
O       -1.246052     -0.921706     -1.277113 
C        0.456422     -2.545965     -0.044252 
F        1.506164     -2.168580     -0.780452 
F        0.900597     -2.920826      1.162207 
F       -0.102933     -3.619846     -0.631049 
C       -0.456422      2.545966     -0.044252 
F       -0.900597      2.920826      1.162207 
F        0.102933      3.619846     -0.631049 
F       -1.506164      2.168580     -0.780452 
 
C3F6S2O4N- 
O        1.670824      2.476758      0.912300 
S        1.256195      1.408058      0.011251 
N        1.700913      0.000000      0.672816 
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S        1.256195     -1.408058      0.011251 
C       -0.627469     -1.309374      0.188958 
F       -1.194968     -2.352831     -0.461704 
F       -0.946009     -1.409690      1.498884 
C       -1.246122      0.000000     -0.365166 
F       -1.151840      0.000000     -1.710899 
F       -2.577352      0.000000     -0.047949 
C       -0.627469      1.309374      0.188958 
F       -1.194968      2.352831     -0.461704 
F       -0.946009      1.409690      1.498884 
O        1.478627     -1.563956     -1.424090 
O        1.670824     -2.476758      0.912300 
O        1.478627      1.563956     -1.424090 
 
Solvent 
 
DCM 
Cl      -1.496181      0.000000     -0.834294 
C        0.000000      0.000000      0.151397 
H        0.000000      0.898069      0.758595 
H        0.000000     -0.898069      0.758595 
Cl       1.496181      0.000000     -0.834294 
 
CHCl3 
Cl         1.00141       -0.08214        0.04810 
C          2.77273       -0.07859        0.08300 
H          3.13708       -0.18292       -0.94223 
Cl         3.37971        1.45190        0.73720 
Cl         3.37970       -1.44594        1.03208 
 
Toluene 
C        0.000000      0.006865     -2.229297 
C        0.000000     -0.015533     -0.719333 
C       -1.200404     -0.012617     -0.000802 
C       -1.203309     -0.000020      1.392028 
C        0.000000      0.007441      2.094572 
C        1.203309     -0.000020      1.392028 
C        1.200404     -0.012617     -0.000802 
H        0.000000      1.034698     -2.608759 
H        0.882894     -0.489118     -2.639973 
H       -0.882894     -0.489118     -2.639973 
H       -2.144384     -0.022278     -0.539169 
H       -2.146761      0.000062      1.929350 
H        0.000000      0.014470      3.179948 
H        2.146761      0.000062      1.929350 
H        2.144384     -0.022278     -0.539169 
 
tert-butylbenzene 
C          1.03252       -0.03386       -0.01238 
C          2.57101        0.06688       -0.04893 
C          3.11550        0.01937        1.39693 

C          3.10889       -1.19200       -0.76695 
C          2.96358        1.38576       -0.73824 
C          2.73900        2.61951       -0.09606 
C          3.07427        3.83282       -0.70426 
C          3.63292        3.84322       -1.97696 
C          3.85294        2.64083       -2.63949 
C          3.52108        1.42675       -2.02805 
H          0.70800       -0.96825        0.45996 
H          0.61026       -0.00771       -1.02410 
H          0.58212        0.79085        0.55167 
H          2.89354       -0.94414        1.87106 
H          2.67326        0.79070        2.03621 
H          4.20302        0.15677        1.41386 
H          2.84698       -2.10355       -0.21632 
H          4.20137       -1.16603       -0.85537 
H          2.68710       -1.29952       -1.77277 
H          2.28849        2.65585        0.89306 
H          2.89327        4.76853       -0.18214 
H          3.89114        4.78488       -2.45299 
H          4.28212        2.64268       -3.63826 
H          3.70769        0.51820       -2.59331 
 
Anisole 
C          1.14586       -0.25066       -0.12817 
O          2.51036        0.16600       -0.12800 
C          3.10318       -0.03979       -1.34414 
C          3.64814        1.07045       -1.98543 
C          4.28725        0.91897       -3.21619 
C          4.39849       -0.34745       -3.79176 
C          3.87873       -1.46208       -3.13317 
C          3.23489       -1.31113       -1.90371 
H          0.69037        0.10010        0.80287 
H          1.06070       -1.34156       -0.15110 
H          0.59435        0.19702       -0.96285 
H          3.56804        2.05337       -1.52957 
H          4.70223        1.78600       -3.72243 
H          4.90086       -0.46635       -4.74835 
H          3.98401       -2.45069       -3.57284 
H          2.86079       -2.18737       -1.38448 
 
MTBE 
C         -6.60414       -0.33061        0.05437 
O         -5.19935       -0.47809       -0.08379 
C         -4.73707       -1.47012       -1.01284 
C         -5.18351       -2.87839       -0.60218 
C         -5.18352       -1.15255       -2.44498 
C         -3.20475       -1.39809       -0.94539 
H         -6.78679        0.45666        0.79164 
H         -7.06692       -1.24802        0.42589 
H         -7.06696       -0.02002       -0.88540 
H         -6.26487       -3.00736       -0.71760 
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H         -4.95143       -3.06928        0.45155 
H         -4.69515       -3.64647       -1.21164 
H         -6.26487       -1.27618       -2.56612 
H         -4.69516       -1.81100       -3.17150 
H         -4.95145       -0.11359       -2.70447 
H         -2.85013       -1.59460        0.07321 
H         -2.85014       -0.39456       -1.20824 
H         -2.73237       -2.11922       -1.62071 
 
ACN 
C         -2.75374       -0.05943        0.04743 
C         -1.22173       -0.05943        0.04743 
N         -0.06173       -0.05943        0.04743 
H         -3.11040        0.82272        0.53683 
H         -3.11040       -0.92433        0.56669 
H         -3.11040       -0.07667       -0.96123 
 
α,α,α-trifluorotoluene 
F        0.000000     -1.274939      2.657439 
C        0.000000     -0.004958      2.185998 
C        0.000000      0.030057      0.682890 
C        1.209335      0.019966     -0.012490 
C        1.206430     -0.002686     -1.404661 
C        0.000000     -0.015252     -2.102057 
C       -1.206430     -0.002686     -1.404661 
C       -1.209335      0.019966     -0.012490 
F       -1.087602      0.601128      2.710624 
F        1.087602      0.601128      2.710624 
H        2.146403      0.037469      0.531451 
H        2.147810     -0.007540     -1.943578 
H        0.000000     -0.031584     -3.186962 
H       -2.147810     -0.007540     -1.943578 
H       -2.146403      0.037469      0.531451 
 
1,4-dioxane 
O       -1.381564      0.000000      0.295914 
C       -0.736678     -1.172467     -0.192174 
C        0.736678     -1.172467      0.192174 
O        1.381564      0.000000     -0.295914 
C        0.736678      1.172467      0.192174 
C       -0.736678      1.172467     -0.192174 
H       -0.833016     -1.224953     -1.287302 
H       -1.262200     -2.023135      0.248095 
H        1.262200     -2.023135     -0.248095 
H        0.833016     -1.224953      1.287302 
H        1.262200      2.023135     -0.248095 
H        0.833016      1.224953      1.287302 
H       -0.833016      1.224953     -1.287302 
H       -1.262200      2.023135      0.248095
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