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Abstract 

In the search for potential new applications for our group’s catalysts, we explored the 

idea of combining two catalytic motifs, that we have extensively studied before, in a 

multicatalytic reaction. The initial step involves performing a site-selective acetylation 

of partially protected pyranosides using a π-methyl-histidine (PMH)-containing 

oligopeptide catalyst. The resulting mono-alcohols could then be utilized in a selective, 

thiourea-catalyzed glycosylation reaction to generate 2-deoxy disaccharides. This 

thesis focuses on the first reaction of the proposed sequence. 

In the first part, we present the site-selective acylation of various methyl 4,6-O-

protected pyranosides. We screened several tetrapeptide catalysts containing PMH 

and an adamantane moiety as the backbone. We identified catalysts capable of 

overcoming the intrinsic reactivity, which we determined using N-methylimidazole 

(NMI), for most of the pyranosides studied. To optimize the reaction conditions, we 

employed design of experiments (DOE) studies. We also investigated the impact of 

the 4,6-O-protecting group and the acylation reagent. Furthermore, we demonstrated 

that the selectivity of the reaction increased with the length of the applied peptide 

catalyst, suggesting that hydrogen-bonding interactions play a crucial role in selectivity. 

Finally, we showed that the observed reactivity could be maintained in more complex 

systems, as we successfully combined a benzylidene protection and the site-selective 

acetylation in a one-pot reaction. 

In the second part, we investigated the same pyranosides using peptide catalysts 

immobilized onto Wang-resin. We developed this approach to enhance the 

sustainability of our reaction, but also after initial studies concerning multicatalysis with 

thiourea and oligopeptide catalysts showed interference between the two, indicating 

that they must be separated locally. During the study, we demonstrated that we could 

easily synthesize the immobilized catalysts via solid-phase peptide synthesis (SPPS) 

and that they were still able to overcome the intrinsic reactivity of the substrates. We 

found that the catalysts could be reused for several reaction cycles with consistent 

results. Additionally, we showed that we could apply the catalyst in a continuous flow 

reaction without a significant loss in reactivity and selectivity. We used the long-term 

activity of the catalyst to convert large quantities of substrate and observed that the 

catalyst’s selectivity remained intact even after a temporary change in substrate. 
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Zusammenfassung 

Auf der Suche nach potenziellen neuen Anwendungen für die Katalysatoren unserer 

Gruppe haben wir die Idee verfolgt, zwei katalytische Motive, die wir zuvor ausgiebig 

untersucht haben, in einer multikatalytischen Reaktion zu kombinieren. In einem ersten 

Schritt planten wir eine ortsselektive Acetylierung von teilweise geschützten 

Pyranosiden mit einem π-Methyl-Histidin (PMH) enthaltenden Oligopeptidkatalysator 

durchzuführen. Die resultierenden Monoalkohole könnten dann in einer selektiven, 

Thioharnstoff-katalysierten Glykosylierungsreaktion zur Erzeugung von 2-Desoxy 

Disacchariden verwendet werden. Diese Arbeit konzentriert sich auf die erste Reaktion 

der vorgeschlagenen Sequenz. 

Im ersten Teil wird die ortsselektive Acylierung verschiedener 4,6-O-geschützter 

Pyranoside vorgestellt. Wir untersuchten mehrere Tetrapeptid-Katalysatoren, die PMH 

und eine Adamantan-Einheit als Rückgrat enthalten. Wir identifizierten Katalysatoren, 

die in der Lage sind, die intrinsische Reaktivität, die wir mit N-Methylimidazol (NMI) 

bestimmten, für die meisten der untersuchten Pyranoside umzukehren. Um die 

Reaktionsbedingungen zu optimieren, haben wir DOE-Studien (Design of 

Experiments) durchgeführt. Wir untersuchten auch den Einfluss der 4,6-O-

Schutzgruppe und des Acylierungsreagenzes. Darüber hinaus konnten wir zeigen, 

dass die Selektivität der Reaktion mit der Länge des verwendeten Peptidkatalysators 

zunahm, was darauf hindeutet, dass Wasserstoffbrückenbindungen eine 

entscheidende Rolle bei der Selektivität spielen. Außerdem konnten wir zeigen, dass 

die beobachtete Reaktivität auch in komplexeren Systemen aufrechterhalten werden 

kann, da wir erfolgreich eine Benzylidene Schützung und die ortselektive Acetylierung 

in einer Eintopfreaktion kombiniert haben. 

Im zweiten Teil untersuchten wir dieselben Pyranoside mit Peptidkatalysatoren, die auf 

Wang-Harz immobilisiert waren. Wir haben diesen Ansatz entwickelt, um die 

Nachhaltigkeit unserer Reaktion zu verbessern, aber auch, nachdem erste Studien zur 

Multikatalyse mit Thioharnstoff- und Oligopeptid-Katalysatoren Interferenzen zwischen 

den beiden Katalysatoren zeigten, was darauf hindeutet, dass sie lokal getrennt 

werden müssen. Während der Studie haben wir gezeigt, dass wir die immobilisierten 

Katalysatoren leicht über Festphasen-Peptidsynthese (SPPS) synthetisieren können 

und dass sie weiterhin in der Lage sind, die intrinsische Reaktivität der Substrate zu 

überwinden. Wir fanden heraus, dass die Katalysatoren für mehrere Reaktionszyklen 

mit konsistenten Ergebnissen wiederverwendet werden konnten. Darüber hinaus 

haben wir gezeigt, dass wir den Katalysator in einer kontinuierlichen Flussreaktion 

ohne signifikanten Verlust an Reaktivität und Selektivität einsetzen können. Wir 

nutzten die Langzeitaktivität des Katalysators, um große Mengen an Substrat 

umzuwandeln, und stellten fest, dass die Selektivität des Katalysators auch nach 

einem vorübergehenden Wechsel des Substrats erhalten blieb. 
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1 Introduction 

1.1 History and General Concepts of Organocatalysis 

The importance of organocatalysis as one of the three pillars of asymmetric synthesis1 

was emphasized in 2021, when two of the pioneers, Benjamin List and David W. C. 

MacMillan, where awarded the Nobel Prize in Chemistry “for the development of 

asymmetric organocatalysis”.2 The interest in organocatalysis, which is the usage of 

small organic molecules to catalyze reactions,3, 4 has seen a big increase since the 

beginning of this century, even though the first reaction using an organocatalyst was 

performed already in 1860 by Justus Liebig, who performed an oxamide synthesis 

catalyzed by acetaldehyde.3, 5 The first asymmetric organocatalytic reaction was 

published in 1912 by Bredig and Fiske, who were using the alkaloids quinine 5 and 

quinidine 6 to catalyze the hydrocyanation of benzaldehyde 1 (Figure 1, top).6-9 The 

first organocatalyzed reaction showing significant enantioselectivity was published by 

Pracejus in 1960.8-10 He was using O-acetyl protected quinine and quinidine to catalyze 

the reaction of phenyl methyl ketene 3 and methanol or ethanol to give α-phenyl 

propionates 4 in high yields (80-90%) and up to 74% enantiomeric excess (ee) (Figure 

1, bottom).10  

 

Figure 1  Top: First asymmetric reaction using an organocatalyst by Bredig and Fiske.7  Bottom: First 
organocatalyzed reaction showing significant enantioselectivity by Pracejus.10  

There are more sole publications on the topic, but only the publications of Ahrendt, 

Borths, and MacMillan as well as List, Lerner, and Barbas in 2000 mark the beginning 

of the modern age of “organocatalysis” as an own field of research .4, 11-13 Since then 

the field of organocatalysis grew rapidly and the number of publications and newly 

introduced catalytic motifs reached a remarkably broad variety.4, 13, 14 There are 

different approaches when trying to classify organocatalysts. A first classification was 

introduced by List in 2007, who described four types of organocatalysts: Lewis bases, 

Lewis acids, Brønsted bases, and Brønsted acids (Figure 2, A).3, 15 “These catalysts 

initiate their catalytic cycles by either providing or removing electrons or protons from 

a substrate or a transition state”.3, 13 A different approach to classify organocatalysts is 

by their mode of interaction with the substrate; either as covalent or as non-covalent 

(Figure 2, A).16 Some examples of catalytic activation modes assigned to their 
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corresponding properties are shown in Figure 3.13 Of course nowadays there are 

several further activation modes not mentioned in the given Figure, for example N-

Heterocyclic carbenes.17, 18  

 

Figure 2  A) Possible Classifications of organocatalysts. B) Some established catalytically relevant functional 
groups.13 

The broad variety of catalytic motifs (Figure 2, B) enables a just as huge variety of 

compound classes to act as organocatalysts.13, 16, 19 Amino acid based catalysts are a 

class of special interest since they demonstrated to be effective catalysts for an 

increasingly wide array of motifs possibly attached to them.20, 21  

  

Figure 3  Overview about some of the most classical organocatalytic activation modes.13 

1.2 Amino Acid based Organocatalysts  

In the early 1970s the amino acid proline was used for the first time as organocatalyst 

to catalyze the now called Hajos-Parrish-Eder-Sauer-Wiechert reaction by two 

independent industrial groups at Hoffmann La Roche and at Schering.22-24 The two 

aforementioned publications by List et al. and MacMillan et al., which herald the 

beginning of the modern age of organocatalysis, also used catalysts based on amino 

acids. List used proline to catalyze a direct asymmetric aldol reaction between acetone 

 classical covalent activation modes

 classical non covalent activation modes
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and p-nitrobenzaldehyde.12 MacMillan used an imidazolidinone, which derived from 

phenylalanine, to catalyze the first stereoselective Diels-Alder reaction between α,β-

unsaturated aldehydes and cyclopentadiene.11 Besides catalysts based on only a 

single amino acid, oligopeptides are of special interest. They can be used to mimic 

enzymes, which are known to be efficient and selective catalysts since ages.20, 25 It 

was also in the 1970s that Oku, Ito; and Inoue published the use of diketopiperazines 

(cyclic dipeptides) to catalyze an asymmetric cyanohydrin reaction.26 Another early 

example is the epoxidation of chalcones with hydrogen peroxide using poly-L-leucine 

as the catalyst (nowadays known as Juliá-Colonna epoxidation).27 This reaction was 

introduced by Juliá et al. in 1980; and further investigated by Juliá et al. and Colonna 

et al. in 1982.27, 28  

Since the late 1990s and early 2000s, the number of different oligopeptide catalysts 

grew as rapidly as the field of organocatalysis itself, and most of the above-mentioned 

catalytically relevant functional groups (see Figure 2) were at some point also 

investigated as catalytic motifs in oligopeptide catalysts. Consequently, those catalysts 

are nowadays investigated for a wide variety of reactions, including oxidations,27, 29-31 

aldol reactions,32-34 group transfers,35-37 and many others.20, 21 When it comes to group 

transfer reactions, one of the earliest catalytic motifs is π-methyl-histidine (PMH), 

which was first used by Miller et al. in a catalyst.37 Investigating the kinetic resolution 

of different secondary alcohols via an acetylation reaction, they applied various 

tetrapeptides and octapeptides.37, 38 Inspired by enzymatic models, they build-up the 

tetra peptide catalysts in a way that they can form a type II β-turn and strongly favor 

interactions with one of the two enantiomers of trans-1,2-acetamidocyclohexanol, 

which was designed itself to allow favorable interactions with the catalyst. During initial 

studies catalysts with the same amino acid sequence, differing only in L-proline 7 or D-

proline 8, not only showed a difference in the favored enantiomer (Table 1, entries 1-5 

vs. entries 6-10), but also in the overall reactivity.37 Those results suggested that the 

rigidity introduced by the type II β-turn has a big impact onto the selectivity of the 

reaction, which was further proven by subsequent experiments using octapeptide 10, 

for which even higher selectivity’s were achieved (Table 1, Entry 11), .20, 37, 39  
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Table 1  Kinetic resolution of trans-2-N-acetamidocyclohexanol 9 using tetrapeptide catalysts 7 and 8, and 

octapeptide catalyst 10.37, 39  

                    

 

Entry catalyst 
% conversion 

(Based on 9) 
(s) 

%ee of 

recovered 9 

%ee of 

9-Ac 

1 7a Xaa = L-Phe 56 3.0 44 (R,R) 34 (S,S) 

2 7b Xaa = D-Phe 71 5.7 89 (R,R) 36 (S,S) 

3 7c Xaa = L-Val 61 3.4 54 (R,R) 35 (S,S) 

4 7d Xaa = D-Val 63 4.3 65 (R,R) 39 (S,S) 

5 7e Xaa = Gly 57 3.5 50 (R,R) 38 (S,S) 

6 8a Xaa = L-Phe 58 28 98 (S,S) 73 (R,R) 

7 8b Xaa = D-Phe 57 14 89 (S,S) 66 (R,R) 

8 8c Xaa = L-Val 61 21 99 (S,S) 63 (R,R) 

9 8d Xaa = D-Val 62 9.2 88 (S,S) 55 (R,R) 

10 8e Xaa = Gly 63 14 97 (S,S) 57 (R,R) 

11 10 Octapeptide 50 51 N/A N/A 

 

A view years later the Schreiner group investigated oligopeptide catalysts containing 

the non-natural amino acid γ-adamantyl glycine,40 which, also inspired by enzymes, 

supports the formation of a dynamic binding pocket for the investigated substrates.35 

In their initial studies they used tetrapeptide catalyst 11 equipped with PMH as catalytic 

moiety to perform a kinetic resolution of different trans-1,2-diols 12 (see Table 2), 

achieving high selectivity values s>50 (determined according to Fiaud and Kagan41).35 

The initial assumption, that a pocket is formed based on hydrophobic interactions, in 

particular London dispersion interactions,42 and H-bonding between the catalyst and 

the substrates was later further investigated and demonstrated using advanced NMR 

techniques.43-46  
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Table 2  Enantioselective kinetic resolution of trans-cycloalkane-1,2-diols with oligopeptide catalyst 11.35  

 

 

Entry substrate t [h] conversion [%][a] ee [%] (+)-12  ee [%] (-)-13 s[a] 

1 

 

4 57 >99 75 >50 

2 

 

9 63 85 49 8[b] 

3 

 

5 57 >99 77 >50 

4 

 

6 55 >99 83 >50 

[a] Conversions and s factors determined following the procedure of Kagan and Fiaud.41 [b] Dichloromethane added 

for solubility. 

In later studies, the same group applied catalysts with the same motif for selective 

Steglich esterification and to perform the first ever enantioselective Dakin-West 

reaction.47, 48 In case of the Dakin-West reaction the applied peptides not only 

catalyzed the initially performed Steglich rearrangement with noteworthy selectivity’s, 

but also a subsequent stereoselective decarboxylative protonation reaction. In further 

studies, the catalysts were expanded with a second catalytic motif to show that they 

are suitable for multicatalytic approaches.49-52 The versatility of the investigated 

multicatalysts was shown by applying catalyst 17 for two different reaction types: 

oxidation and acetylation. In the first study, the catalyst was used to initially perform a 

selective acetylation, leading to the desymmetrization of cis-1,2-diols 14, and 

subsequently catalyze the oxidation of the remaining hydroxyl group to give product 

16 (Figure 4, top).49 In the second study on the other hand the catalyst was also able 

to initially catalyze the oxidative formation of mixed anhydrides 19 starting from 

aldehydes 18 and carboxylic acids and perform a subsequent selective acylation of 

trans-1,2-diols 12a (Figure 4, bottom).50 Besides the investigations regarding 
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enantioselective reactions, site-selective catalysis as a research field has seen a 

raising interest recently.  

 

Figure 4  Top: Multicatalytic reaction sequence using catalyst 17 for an initial esterification and a subsequent 
oxidation.49 Bottom: Multicatalytic reaction sequence using catalyst 17 for an initial oxidation and a subsequent 
esterification.50 

 

1.3 Organocatalytic Site-Selective Catalysis  

 

Figure 5  (a) Simplified reaction coordinate diagram for an enantioselective desymmetrization reaction. (b) 
Simplified reaction coordinate diagram for a site-selective reaction 53 

Site-Selective functionalization or modification describes the preferred reaction of one 

particular functional group amongst further similar groups.53, 54 Those reaction have 

been of particular interest because they enable, amongst others, the late stage 

functionalization of complex natural molecules.53 The challenge hereby is to address 
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the inherently less favored positions in those molecules, whereas in enantioselective 

reactions both enantiomers have by definition the same activation barrier. As can be 

seen in Figure 5 (a), for enantioselective catalysis, both enantiomers have the same 

intrinsic barrier ΔG‡
1. An chiral catalyst is able to lower the reaction barrier for one of 

the two enantiomers, and yield an enantioenriched product.53 On the other hand, for 

site-selective catalysis, one of the regioisomers is having an intrinsically lower reaction 

barrier (Figure 5 (b), regioisomer 1). To perform a selective reaction at the less favored 

regioisomer, a catalyst must be able to lower the intrinsic barrier below the intrinsic 

barrier of the initially preferred regioisomer. One way to achieve reactions in inherently 

less favored positions is to design catalysts that accelerate the reactions for those 

positions via a precise molecular recognition of the desirable site. From the beginning 

of their studies of the already mentioned PMH motif, Miller et al. were also interested 

in finding site-selective applications for their catalysts. The first compound they were 

investigating was cyclohexanol compound 23, which derived from D-myoinositol.36 

During this study, they screened a library of 39 different peptide catalysts in the 

phosphorylation reaction of 23, achieving yields up to 65% with catalyst 21 for the 

phosphorylation in 1-position and yields up to 56 % with catalyst 22 for the 

phosphorylation in 3-position.36, 55 

 

Figure 6  Enantioselective phosphorylation of 23 by peptide catalysts 21 and 22.53 

Later, Miller et al. also applied the same catalytic motif in site-selective acetylation of 

carbohydrates. They again screened a catalyst library, in this case containing 150 

different oligopeptide catalysts, and compared the selectivity to the results with NMI, 

which was used to determine the intrinsic reactivity of substrate 28 during the 

acetylation with acetic anhydride.56 Most of the employed catalysts showed an 

enhanced selectivity for the acetylation in 3-position, with 26 giving the highest 

selectivity with a ratio of 97:3, 88% conversion, and no diacetylated product 28-Diac 

formed.56 However, none of the tested catalysts was able to invert the selectivity, but 

27 showed a ratio of almost 1:1 for the two different monoacetylated products with 80% 

conversion and again no diacetylated product. The shift in selectivity towards product 

28-4OAc compared to the reaction with NMI indicates that this peptide catalyst can 

overcome the inherent reactivity of the substrate.56 
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Table 3  Site-selective acetylation of diol 28 using peptide catalysts 26 and 27.56 

 

Catalyst 

 

Total conversion 

[%] 

NMI 50 22 28 86 

26 97 3 0 88 

27 53 47 0 80 

 

In general, carbohydrates are of special interest, since they naturally contain several 

hydroxyl groups and are present in a lot of different natural compounds.57 Furthermore, 

selective protection of carbohydrates is crucial while building up synthetic 

polysaccharides and therefore a site-selective manipulation might save several steps 

in the synthesis of complex polysaccharides.54 Today there can be found publications 

regarding carbohydrate protections for all the four initially by List described types of 

organocatalysts (see 1.1): Lewis bases,58-60 Lewis acids,61-63 Brønsted bases,64, 65 and 

Brønsted acids.66, 67  

Besides the already mentioned oligopeptide catalysts bearing PMH and being inspired 

by NMI, other well performing Lewis base catalysts are based on 4-

dimethylaminopyridine (DMAP). Kawabata et al. applied 4-pyrrolidinopyridine (PPY) 

derivative 29 in the acylation of octyl β-D-glucopyranoside 30 and achieved a 

remarkable yield of 96% for only the 4-O-acylated product 31 (Figure 7).68 Selectivity 

could also be shown for octyl β-D-thioglucopyranoside 32 (89% yield), octyl β-D-

mannopyranoside 33 (52% yield), and more complex molecules like disaccharides 

(e.g., 34, 28% yield) or lanatoside C 35 (78% yield).68-70  
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Figure 7  Site-selective acylation of different carbohydrate derivatives using 4-pyrrolidinopyridine (PPY) derivative 

29.68-70  

A versatile Lewis acid catalyst is diphenylborinic acid ester 37, which was introduced 

by Taylor.71 This catalyst was found to be selective not only in the acylation of 

pyranoside 38, but could also be applied for the selective sulfonylation of 40 and 

alkylation of 42 and 44 (Figure 8).72 Furthermore, 37 was also used to catalyze 

regioselective glycosylation reactions and the formation of β-2-deoxyglycosides.73, 74 

For all reactions it is mandatory that cis-1,2-diols or cis-1,3-diols are present in the 

substrates, since the diol binds to the borinate to form an activated complex that is part 

of the catalytic cycle.72 
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Figure 8  Borinic acid catalyzed monoacylations, sulfonylations and alkylations of cis-1,2-diol groups in pyranoside 
substrates.57 

Chiral phosphoric acids, which are used as Brønsted acid catalysts, were applied in 

the selective acetalization of monosaccharides by Nagorny et al..67 During their initial 

studies they investigated different catalysts, monosaccharides, and protecting groups, 

achieving site-selectivity’s up to >25:1 and yields up to 95%.67 Similarly high yields up 

to 93% for a single product could be achieved by Dong et al. in the selective acetylation 

of different carbohydrates using tetrabutylammonium acetate as Brønsted base 

catalyst.65, 75 During the investigation of the reaction mechanism they showed that, 

similar to the catalysis using peptide catalysts, H-bonding between substrate and 

catalyst is crucial for the reactions selectivity.65 As shown in several of the above given 

examples, a commonly used and powerful method to selectively protect carbohydrates 

is by performing selective acylation reactions.76 

 

1.4 Selective Acylation of Pyranosides  

It is crucial to get an inside of the reactivity of the different hydroxyl groups to obtain 

an understanding about the reactivity of pyranosides towards acylation reactions. Initial 

studies were conducted by Richardson and Williams in the 1950s, who used benzoyl 

chloride in pyridine to rank the reactivity of the secondary hydroxyl groups of the three 

pyranosides 46, 47, and 48 (Figure 9).77, 78 Due to easier accessibility, the primary 

hydroxyl group in 6-position reacts preferentially for all pyranosides.78 For the 

secondary hydroxyl groups the authors determined that for methyl α-D-

glucopyranoside 46 the order of reactivity is 2-OH > 3-OH > 4-OH, whereas for methyl 

α-D-mannopyranoside 47 reactivity is switched for the 2-OH and 3-OH (3-OH > 2-OH 
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> 4-OH). For methyl α-D-glucopyranoside 48, due to the low selectivity towards 

dibenzoylation, it could not be distinguished between the 2-OH and 3-OH, but the 4-

OH was found to be the least reactive position again.77 The same order of reactivity 

was later shown for all three corresponding 6-deoxy-pyranosides, indicating that the 6-

OH group appears to have little to no effect upon the reactivity of the 4-OH group.79, 80 

They proposed that amongst many other factors, intramolecular hydrogen bonding is 

possibly influencing the reactivity of the secondary hydroxyl groups.76, 77 The observed 

reactivity is similar in carbon tetrachloride, a solvent that is promoting intramolecular 

H-bonding and the basic pyridine, in which intramolecular H-bonds are unlikely due to 

the strong interactions between alcohol groups and the solvent.77  

 

Figure 9  Position numbering of methyl α-D-glucopyranoside 46, methyl α-D-mannopyranoside 47, methyl α-D-

galactopyranoside 48, and methyl β-D-glucopyranoside 49.76 

A more detailed study on intramolecular H-bonding interactions in pyranosides was 

later published by Vasella et al..81 During their study they applied (amongst others) 4,6-

O-benzylidene protected pyranosides in IR- and 1H NMR spectroscopy experiments to 

show the existing H-bond network (Figure 10) and its impact on the acidity of the 

different hydroxyl groups.81  
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Figure 10  Intramolecular hydrogen bond network of various monosaccharides determined by IR and NMR.76, 81 

In 1999, Yoshida et al. used DMAP for the acetylation of pyranosides and could 

observe reactivities that were completely different than the ones mentioned above.82 

For both, α-glucopyranoside (Table 4, Entry 2) and β-glucopyranoside (Table 4, Entry 

1), the primary hydroxyl in 6-position was clearly not the most reactive. Additionally, 

the 2-OH was barely acetylated under the employed reaction conditions, which was 

shown for all the investigated pyranosides. The 4-OH group, which was found to be 

the least reactive using benzoyl chloride, is now favored for α-glucopyranoside (Table 

4, Entry 2). Deviating results were obtained also for the mannopyranosides, which still 

showed 4-OH being the most reactive, but notably higher amounts of 6-O-acetylated 

product formed (Table 4, Entries 3 and 4); and for galactopyranosides, for which the 

6-position is the most reactive (Table 4, Entries 5 and 6).82 In general, the observed 

results correlate with earlier mentioned reports by Kawabata et al. (see Figure 7), which 

also investigated octyl protected pyranosides.68 Yoshida et al. later continued their 

research and used DMAP analogues with acid moieties in the acetylation of the 

pyranosides, increasing the 6-OH selectivity for all substrates.58 
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Table 4  DMAP-catalyzed acetylation of different monosaccharides.82 

 

Entry Substrate 2-O-Acetate 
3-O-

Acetate 
4-O-Acetate 6-O-Acetate 

Total 
yield [%] 

1 Octyl β-D-gluco. 0.02 0.42 0.37 0.19 quant. 

2 Octyl α-D-gluco. n.d. 0.25 0.61 0.14 98 

3 Octyl β-D-manno. n.d. 0.22 0.46 0.32 72 

4 Octyl α-D-manno. 0.07 0.16 0.40 0.37 75 

5 Octyl β-D-galacto. n.d. 0.16[a] 0.14[a] 0.70 81 

6 Octyl α-D-galacto. n.d. 0.14[a] 0.28[a] 0.58 73 

n.d. = not detected; [a] Product ratio could not be determined accurately due to poor separation of signals.  

The initially given results can be explained by the stabilization of the positive charge 

build up in the transition state of the reaction via the earlier mentioned hydrogen 

bonding network of the pyranosides (Figure 11). When more hydroxyl-groups are part 

of the network in the transition state, the positive charge is better stabilized, which 

results in a stabilization of the associated transition state.76, 82  

 

Figure 11  Schematic representation of delocalized positive charge through hydrogen-bonding networks.82 

It must be noted that the protecting group at the anomeric center is much bigger than 

in the investigations by Richardson and Williams. Additionally, the acylation agent 

being an anhydride instead of an chloride might have an impact on the selectivity of 

the reaction.76 This shows, that there are several factors that influence the selectivity 

of acylation reactions of pyranosides: the amount of free hydroxyl groups, the used 

protective groups, the applied catalyst, the used acylating agent, the reaction 

conditions (e.g., solvent), etc.. 

Several studies were conducted using methyl 4,6-O-benzylidene-α-D-glucopyranoside 

50, which was introduced earlier in course of the investigations of its intramolecular H-

bonding network.81 In 1956, Jeanloz and Jeanloz studied the selectivity using different 

acylation reagents in pyridine, showing that the reaction with anhydrides yielded mainly 

the 3-O-acylated products 58 (Table 5, Entries 1, 2), whereas with the corresponding 

chlorides the 2-O-acylated products 57 were preferred. (Table 5, Entries 3,4).83 In 
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contrast, 2-O-selectivity could be achieved with acetic anhydride when using pyridine 

in combination with Zinc dichloride, however also notable amounts of 3-O-acylated 

products 58 and diacylated products 59 formed (Table 5, Entry 5).84 Even higher 

selectivity was achieved when using triethylamine as base/additive; the reaction with 

acetic anhydride (80% yield, Table 5, Entry 6) and benzoic anhydride (93% yield, Table 

5, Entry 7) yielded the 2-O-acylated products 57 in good yields.85 Similar results could 

be achieved when using catalytic amounts of tetrabutylammonium acetate in 

combination with an organosilicon (65% yield, Table 5, Entry 8)86; using only 

tetrabutylammonium acetate afforded an even higher yield of 88% (Table 5, Entry 9).75 

A remarkable isolated yield up to 98% of the 2-O-acetylated product 57 was shown 

when using enzymes (lipases pseudomonas cepacian and pseudomonas fluorescens, 

Table 5, Entry 10).87, 88 A good yield for the 3-O-acylated product 58 (81%) was 

achieved by Ye et al. using a silver oxide mediated transformation, including catalytic 

amounts of potassium iodide (Table 5, Entry 11).89 

Table 5  Acylation of methyl 4,6-O-benzylidene-α-D-glucopyranoside 50 with different catalysts and additives. 

 

Entry Catalyst Acylating agent 
Conversion/yield [%] 

57 58 59 

1 

pyridine83 

Ac2O 3 42 26 

2 (C6H5CO)2O 13 25 9 

3 AcCl 16 - 21 

4 C6H5COCl 24 6 35 

5 ZnCl2, pyridine84 Ac2O 53 13 23 

6 
Et3N85 

Ac2O 80 - - 

7 (C6H5CO)2O 93 - - 

8 TBAOAc, Me2Si(OMe)2
86 Ac2O 65 - - 

9 TBAOAc75 Ac2O 88 - - 

10 Lipases (PFL, PS)87, 88 Vinyl acetate 98 - - 

11 Ag2O, KI89 AcCl 15 81 - 

12 DMAP (DCM)59 Ac2O 49 51 - 

13 DMAP (THF)59 Ac2O 45 55 - 

14 CuCl2-(R)-PhBOX (60)90 
C6H5COCl 

86 6 - 

15 CuCl2-(S)-PhBOX (61)90 14 80 - 

16 CuCl2-(R)-PhBOX (60)90 
AcCl 

80 11 - 

17 CuCl2-(S)-PhBOX (61)90 14 65 - 

18 CuCl2-(R)-PhBOX (60)90 
Ac2O 

44 25 - 

19 CuCl2-(S)-PhBOX (61)90 46 29 - 

20 (R)-BTM (62)91 
Isobutyric anhydride 

4 92 - 

21 (S)-BTM (63)91 94 5 - 
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DMAP was used for the acetylation as well, but did not show any selectivity in two 

different solvents (DCM, THF) and yielded both mono-acetylated products in an almost 

1:1 ratio (Table 5, Entries 12, 13).59 An interesting approach was introduced by Allen 

and Miller in 2013, who used chiral copper(I) complexes 60 and 61 for the acetylation 

of 50.90 Depending on the used enantiomer of the catalyst, divergent selectivity in the 

products was observed. For both, benzoyl chloride and acetyl chloride, the (R)-

enantiomer of the catalyst 60 gave the 2-O-acylated products 57 with a ratio of up to 

15:1 (Table 5, Entries 14, 16), whereas the (S)-enantiomer 61 preferably gave the 3-

O-acylated products 58 with a ratio of up to 6:1 (Table 5, Entries 15,17).90 However, 

when using acetic anhydride the overall selectivity was much lower and no difference 

could be observed for the two enantiomers (Table 5, Entries 18,19), which might be 

due to an complex formed by the electrophile (acetic acid) and the copper, displacing 

the chiral ligands in the complex.90 The same idea was used by Tang et al. in 2017.91 

Using the two different enantiomers of benzotetramisole (BTM) 62 and 63; and 

isobutyric anhydride as the acylation reagent yielded 92% of the 3-O-acylated product 

58 using (R)-BTM 62 (Table 5, Entry 20) and 94% of the 2-O-acylated product 57 using 

(S)-BTM 57 (Table 5, Entry 21).91  

22 
Peptide 64, 20 equiv. 

Et3N92 
(C6H5CO)2O 91 - - 

23 NMI93 

Ac2O 

18 61 5 

24 Azopeptide 6593 42 35 4 

25 Azopeptide 65 (365 nm)93 37 39 4 
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Figure 12  Different catalysts used for the site-selective acetylation of 50. 

In 2016, Huber and Kirsch screened a library of 154 oligopeptides containing a catalytic 

moiety based on DMAP in their ability to selectively acylate different substrates, one 

being methyl 4,6-O-benzylidene-α-D-glycopyranoside 50.92 Using heptapeptide 64, 

they were able to achieve up to 91% yield for the 2-O-acylated product 57 (Table 5, 

Entry 22), however, an excess of triethylamine was employed, which by itself also 

leads to site-selective acylation (Table 5, Entry 7).85, 92 A few years later, Schreiner et 

al. introduced azopeptide catalysts using PMH as the catalytic moiety (65), which not 

only were able to switch the selectivity compared to NMI (Table 5, Entry 23), but also 

showed slightly different selectivity depending on whether the reaction was irradiated 

at 365 nm (Table 5, Entry 25) or performed in the dark (Table 5, Entry 24).93 This is 

due to the photoisomerization of the azobenzene moiety in the catalyst backbone, 

which changes the catalyst shape and therefore the chemical environment around the 

catalytic motif.93 The impact on the selectivity was even greater when methyl 4,6-O-

benzylidene-α,D-mannopyranoside 54 was used as substrate, for which a change in 

selectivity from 2:1 to 1:5 (2-O-Ac:3-O-Ac) was achieved.93 This is something that is 

also true for most of the reactions introduced in Table 5. When methyl 4,6-O-

benzylidene-α,D-mannopyranoside 54, methyl 4,6-O-benzylidene-α,D-
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galactopyranoside 53, or the β-anomers of the pyranosides were used under the same 

conditions, in most of the cases the selectivity and/or reactivity changed drastically. 

 

1.5 Immobilized Organocatalysts 

In our modern world, sustainability is becoming increasingly important as humanity has 

realized that the world we live in is changing rapidly due to climate change and that 

resources are finite. In chemistry, sustainability is strongly connected to the term “green 

chemistry”, which first appeared in the 1980s and is nowadays guided by 12 principles 

that were introduced by Anastas and Warner in 1998.94, 95 Amongst those principles 

are prevention of waste, better atom economy, and the use of efficient catalysts.95 One 

way to address those principles is by immobilizing catalysts, which reduces waste, 

reduces the work up of reactions, and ultimately allows to reuse the catalyst for several 

reaction cycles.96 Consequently, the investigation of immobilized organocatalysts is 

driven forward since the beginning of the “modern age” of organocatalysis, as with the 

progress in research, catalysts got more complex and expensive, and therefore the 

immobilization more and more interesting.97 As early as in 1998, Sigman and Jacobsen 

published an asymmetric Strecker reaction using immobilized Schiff base catalysts.98 

During their investigation, they optimized the catalyst in three steps, building up bigger 

libraries of immobilized compounds each time, ultimately achieving an enantiomeric 

excess of 80% for product 68 using catalyst 66 immobilized onto a polystyrene resin. 

This catalyst was then synthesized in solution and applied in the same reaction, using 

HCN instead of TBSCN as cyanide source, achieving an even higher ee of 91% and a 

yield of 78% (Figure 13).98   

 

Figure 13  The by Sigman et al. identified best catalyst 66 for the asymmetric Strecker reaction.98 

During the following years, numerous other immobilized organocatalysts were 

investigated, including immobilized oligopeptide catalysts.21, 96, 97, 99 Wennemers and 

co-workers published several applications for tripeptide catalyst H-D-Pro-L-Pro-L-Asp-

NH2,
100-102 and later also showed that the catalyst is able to catalyze asymmetric aldol 

reactions when immobilized on a resin, achieving ee’s similar to the non-immobilized 

catalyst (80%) and high yields (up to 93%).103 In 2011, the same group published a 

study with tripeptide catalyst H-D-Pro-L-Pro-L-Glu-NH2 69 immobilized on different 
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resins.104 They could not only achieve remarkable selectivity’s (up to 96% ee and a 

sny:anti ratio of >99:1) with a quantitative conversion for conjugate addition between 

n-butanal 70 and β-nitrosytyrene 71, but furthermore showed, that the catalyst 

immobilized on TentaGel-resin 69-TG (TG-resin) is reusable for at least 30 cycles 

without loss of reactivity and selectivity (Table 6, Entries 1-7), which clearly 

demonstrates the major advantages of immobilized catalysts in terms of 

sustainability.104  

Table 6  Reusability of the solid-supported catalyst 69-TG.104 

 

 

Entry Cycle Time [h] 
Conversion 

[%][a] 
Yield [%][b] syn:anti ee [%] 

1 1 20 quant. quant. >99:1 96 

2 2-10 20-24 quant. 96-quant. >99:1 96 

3 11-13 20-24 quant. nd nd nd 

4 14 23 quant. quant. >99:1 96 

5 15-25 20-24 quant. 97-quant. >99:1 96 

6 26 24 99 nd >99:1 96 

7 27-30 24 (48) quant. quant. >99:1 96 

[a] Determined by 1H NMR spectroscopy of the reaction mixture. [b] Isolated yield. nd = not determined. 

In 2017, Kirsch et al. investigated heptapeptide 64, which was introduced earlier here, 

immobilized onto a Gly-Merrifield resin, synthesized via simple SPPS.105 Good yields 

up to 96% for benzoylchlorid as acylating agent (further acylating agents also gave 

good yields, see Figure 14) were achieved in the selective acylation of methyl 4,6-O-

benzylidene-α-D-glucopyranoside 50 using the immobilized catalyst 73 (Figure 14).105 

Additionally, they showed a reusability for at least 11 cycles without loss of selectivity 

and reactivity for another heptapeptide catalyst, which they found to be the most 

selective in the benzoylation of an ouabagenin derivative.105 The general proof that the 

immobilized catalysts are stable over several cycles without losing reactivity enables 

their use in continuous flow reactions. 
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Figure 14  Acylation of glucose-derived diol 50 using immobilized peptide catalyst 73 and different acylating 

agents.105 

 

1.6 Oligopeptides as Catalysts in Continuous Flow Reactions 

Reactions in continuous flow (CF) are of special interest, since the reactions allow 

constant formation of product and an easy scale up.106 Therefore, especially the 

industry uses CFs not only in the production of chemical commodities and the 

petroleum field, but also when expensive catalysts are used.107 Logically, catalysts 

applied in CF reactions can be found in almost all research fields investigating 

asymmetric reactions, including only a few reports using organocatalysts based on 

oligopeptides.21, 107 In 2012, Fülöp et al. published an asymmetric aldol reaction in CF 

catalyzed by the well investigated (see chapter 1.5) tripeptide H-L/D-Pro-L-Pro-L-Asp, 

immobilized on TentaGel 74 or PS resin 75 with a 4-methylbenzhydrylamine linker (PS-

MBHA).108 During their study they optimized the reaction parameters for the addition 

of p-nitrobenzaldehyde 76 and acetone, achieving a yield of 99% and an ee of 80%. 

The reaction was repeated several times using the same resin (up to 20 cycles), 

without any loss in reactivity or selectivity (Table 7, Entries 1-4), ultimately resulting in 

a turnover number of 710.108 A year later, the Wennemers group showed that the 

immobilized tripeptide H-D-Pro-L-Pro-L-Glu-NH2, which achieved good results in the 

selective addition between n-butanal 70 and β-nitrosytyrene 71 (see Table 6), could 

also be applied in a CF reaction without a significant change in reactivity.104, 106 

Immobilizing the catalyst on cross-linked polystyrene (PS) because of its higher 

loading capacity and less swelling compared to TG, the reaction could be carried out 

for at least 610 turnovers, and no loss in selectivity or reactivity was observed, 

indicating that the catalyst is even able to achieve a higher TON.106  
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Table 7  Testing of reusability of catalyst 74 in CF under optimized conditions. 

 

 

Entry Cycle Conversion [%][a] Yield [%][b] ee [%] 

1 1-5 98-quant. 97-99 79-80 

2 6-10 quant. 97-99 78-81 

3 11-15 quant. >99 79-80 

4 16-20 99-quant. 98-99 79-80 

 

In 2014, dipeptide L-Pro-Aib-NCy, immobilized onto Luna silica gel via an alkyl chain 

at the nitrogen of proline, was introduced by Paixão et al., catalyzing the Michael 

addition between different β-nitroolefins and aldehydes with high yields, 

diastereomeric ratios, and ee’s.109 Screening all reactions in a row using the same CF 

reactor, they achieved a total TON of 304, without any indication of loss of reactivity. 

In 2015, Fülöp et al. investigated the α-amination of aldehydes in a CF reaction with a 

subsequent reduction using NaBH4, as the resulting α-hydrazino aldehydes are prone 

to racemization.110 Initially they tested immobilized tripeptide catalysts containing two 

prolines and an acidic amino acid (aspartic or glutamic acid) again.110 During their 

investigation, however, they found that for this reaction the dipeptide catalyst H-L-Pro-

L-Asp-NH immobilized on both, TentaGel (>99% conversion, 75% ee) and PS-MBHA 

(>99% conversion, 76% ee), gave better results than the investigated tripeptides.110 

After optimizing the reaction conditions, a conversion of 87% and 90% ee was 

achieved for product 81 (Table 8, Entry 1). When screening further aldehydes, the 

catalyst showed high yields and selectivity’s for almost all products (Table 8, Entries 

2-7), only if in α-position a second carbon branch was added the reactivity dropped 

(Table 8, Entry 8).110 
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Table 8  Investigation of the scope and applicability of the continuous-flow α-amination with catalyst 78. 

 

 

Entry R1 R2 Conv. [%][a] ee [%] Prod.[b] 

1 Me H 86 90 5.38 

2 Et H 93 99 5.81 

3 n-Pr H 96 93 6.00 

4 n-Bu H 100 90 6.25 

5 CH2=CH(CH2)7 H 100 90 6.25 

6 Bn H 100 95 6.25 

7 i-Pr H 92 98 5.75 

8 Me Me trace - - 

[a] Determined by 1H NMR spectroscopic analysis of the crude material.  
[b] Productivity in mmol product x mmol catalyst-1 x h-1. 

 

The few examples of continues flow reactions using organocatalysts show that the 

field, although well investigated in the last two and a half decades, still has a lot of 

room for improvement, especially when it comes to the optimization of sustainability. 
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2 Publications 

2.1 Site-Selective Acylation of Pyranosides with Oligopeptide Catalysts 

 

 

 

Abstract 

“Herein, we report the oligopeptide-catalyzed site-selective acylation of partially 

protected monosaccharides. We identified catalysts that invert site-selectivity 

compared to N-methylimidazole, which was used to determine the intrinsic reactivity, 

for 4,6-O-protected glucopyranosides (trans-diols) as well as 4,6-O-protected 

mannopyranosides (cis-diols). The reaction yields up to 81% of the inherently 

unfavored 2-O-acetylated products with selectivities up to 15:1 using mild reaction 

conditions. We also determined the influence of protecting groups on the reaction and 

demonstrate that our protocol is suitable for one-pot reactions with multiple 

consecutive protection steps.” 
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2.2 Site-Selective Acylation of Pyranosides with Immobilized Oligopeptide 

Catalysts in Flow 

 

 

 

Abstract 

“We report the site-selective acetylation of partially protected monosaccharides using 

immobilized oligopeptide catalysts, which are readily accessible via solid-phase 

peptide synthesis. The catalysts are able to invert the intrinsic selectivity, which was 

determined using N-methylimidazole, for a variety of pyranosides. We demonstrate 

that the catalysts are stable for multiple reaction cycles and can be easily reused after 

separation from the reaction solution. The catalysts can also be used in flow without 

loss of reactivity and selectivity.” 
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4 Conclusion and Outlook 

During our investigations we showed that the applied oligopeptide catalyst, bearing PMH 

as the catalytic motif, can perform a site-selective acetylation reaction of different 

pyranosides. The catalysts were used in solution but could also be used immobilized onto 

Wang-resin without a significant lose in selectivity and reactivity. Additionally, initial 

experiments performed in our studies showed that an application of the peptide catalysts 

in a one pot multicatalysis reaction is possible. Those results show that the first reaction 

of the sequence shown in Figure 15 is feasible.  

Investigations performed by McGarrigle et al. show that thiourea catalyst 82 can perform 

α-selective glycosylation reactions, with pre-protected pyranosides that are very similar to 

the ones we investigated in our studies, to yield disaccharides 84.66 This indicates that the 

second reaction sequence is theoretically also possible. In future studies, it would be 

interesting to combine those two reactions in a single reaction. This can be done using 

the oligopeptide and the thiourea in a one pot reaction, although my initial studies show 

that the two catalysts might interfere with each other. Another option is to perform the 

initial site-selective acetylation reaction in continuous flow and have the two catalysts 

physically separated from each other. An additional possibility is to develop a catalyst that 

carries both catalytic motifs, such as 83.  

 

Figure 15  Application of the investigated site-selective acetylation of pyranosides using peptide catalysts in a proposed 

multicatalytic reaction sequence, also showing a subsequent glycosylation reaction using thiourea 82. A potential 

multicatalyst 83, which can theoretically catalyze both reaction steps, is also shown. 
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5 Abbreviations 

 

Ac acetyl 

AcCl acetyl chloride 

Ac2O acetic anhydride 

Aib 2-Aminoisobutyric acid 

Asp aspartic acid 

Bn benzyl 

BOC tert-butyloxycarbonyl 

BTM benzotetramisole 

n-Bu n-butyl 

Bz benzoyl 

CF continuous flow 

CHCl3 chloroform 

DCM dichloromethane 

DMAP 4-dimethylaminopyridine 

DOE design of experiments 

ee enantiomeric excess 

Et ethyl 

Et3N triethylamine 

et al. et alli 

Glu glutamic acid 

Gly glycine 

HCN hydrogen cyanide 

i-Pr iso-propyl 

n-Pr n-propyl 

mCPBA meta-chloroperoxybenzoic acid 

Me methyl 

MeOH methanol 

NaBH4 sodium borhydride 

NMI N-methylimidazole 

PG protecting group 

Ph phenyl 

PhCH3 toluene 

Phe phenylalanine 

PMH π-methyl-histidine 

PPY 4-pyrrolidinopyridine 

Pro proline 

PS polystyrene 
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quant. quantitative 

rac racemic 

RT room temperature 

SPPS solid-phase peptide synthesis 

t-Bu tert-butyl 

TBS tert-butyldimethylsilyl ethers 

TBSCN tert-butyldimethylsilylcyanid 

TFAA trifluoroacetic anhydride 

TG TentaGel 

THF tetrahydrofuran 

TON turnover number 

Trt trityl 

Ts tosyl 

Val valine 
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