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„Die Zeit wird kommen, in der Penicillin 

von jedermann in Geschäften gekauft werden 

kann. Dadurch besteht die Gefahr, dass der 

Unwissende das Penicillin in zu niedrigen Dosen 

verwendet. Indem er die Mikroben nun nicht-

tödlichen Mengen aussetzt, macht er sie resistent.“ 

Sir Alexander Fleming, aus der Rede anlässlich 

seiner Nobelpreisverleihung, 1945. 
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 Introduction 

The promising discovery and extensive use of antibiotic drugs soon led to the 

development of resistant or even multi-resistant microbial strains. These new 

strains are resistant towards treatment with commonly available antibiotics and 

therefore a challenging problem of modern health care.[1] Current research assumes 

that antibiotic resistance of bacteria is an ancient characteristic of these living 

organisms, which is mostly caused by extreme environmental influences.[2] Further, 

the responsible mutation of genes can be exchanged between bacteria leading to an 

accumulation of resistances towards specific antibiotic mechanisms.[1] Bacteria have 

short generation times, whereby their biomass can be doubled under suitable 

conditions after 20 - 30 minutes.[3] The transfer of beneficial mutations occur 

quickly because of this short time. 

In general, antibiotics act through one of four modes of action: hampering of gene 

expression, inhibition of cell wall formation, hindrance of the biosynthesis of specific 

enzymes or the direct intervention in DNA replication.[4] Many pathogens have 

developed sophisticated mechanisms to counteract or circumvent a specific 

antibiotic mode of action.[5] Therefore, the development of new antibiotic drugs with 

novel mechanisms of action are crucial for the maintenance of successful antimicrobial 

treatment.  

As a candidate for a possible new mode of action, the glmS-riboswitch, discovered in the 

last decade, is a promising target. Generally, riboswitches are RNA fragments that 

regulate gene expression in dependence of metabolite concentration. Upon binding of a 

specific metabolite to the riboswitch, occurring conformational changes of the RNA lead 

to the regulation of genes. Up to 4% of the bacterial genome consist of riboswitches.[6] 

Thus, riboswitches are interesting targets for the intervention in the bacterial 

metabolism.[7-8]  

The glmS-riboswitch is mainly found on the 5’-untranslated region (5’UTR) of the 

mRNA of gram-positive bacteria. Among all the different classes of riboswitches, the 

glmS-riboswitch assumes a unique role, as is does not simply regulate gene 

expression in response to increasing metabolite concentrations, but it does so by an 

enzymatic activity.[9] This riboswitch regulates the gene sequence encoding for 
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glucosamine-6-phosphate synthase (GlmS), responsible for the formation of D-

glucosamine-6-phosphate (GlcN6P). GlcN6P is metabolized to UDP-N-

acetylglucosamine (UDP-GlcNAc) that in return is an important building block for 

the peptidoglycan.[10-12] The bacterial cell wall polymer Murein consists of several 

layers of peptidoglycan and together with the cell membrane it forms the cell wall 

of gram-positive bacteria. 

Upon binding of GlcN6P to the glmS-riboswitch, a self-cleavage reaction is induced 

that results in degradation of the corresponding mRNA in bacteria and eventually 

cannot be translated anymore.[13-14] This leads to a stop in the formation of GlmS and 

GlcN6P. Without GlcN6P, a crucial building block for the formation of the bacterial 

cell wall is missing. This so called “negative feedback control” offers a new approach 

for novel antibiotics. Compounds, which exhibit a high binding affinity for the glmS-

riboswitch in combination with a high activity in the self-cleavage reaction, without 

being metabolized by the bacterium, could act as a good substance class for new 

antibiotics. In addition, it was shown that GlmS is a preferred substrate for the Clp-

peptidase[15], leading to a rapid decrease in enzyme concentration in the absence of 

reproduction. This consequences would only affect prokaryotes since the regulation 

of GlmS formation in eukaryotes occurs allosterically on the protein level.[16] 

As potential antibiotics, 5a-carba-sugar derivatives of D-glucosamine (GlcN) could 

act as an appropriate substance class. Carba-sugars are pseudo-sugars, where the 

ring oxygen is replaced by a methylene group. In previous studies it was shown that 

5a-carba-glucosamine (CGlcN) and 5a-carba-glucosamine-6-phosphate (CGlcN6P) 

activate the glmS-riboswitch and therefore are an interesting target structure for 

the development of new antibiotics.[8,17-18]  

In this thesis, a new route for the synthesis of derivatives of CGlcN and CGlcN6P 

starting from N-acetyl-D-glucosamine (GlcNAc), exhibiting the criteria mentioned 

above, will be presented. 
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 State of knowledge 

 Carba-sugars 

The term carba-sugar was invented by T. Suami and S. Ogawa[19] in 1990 instead of 

“pseudo”-sugars and is used for monosaccharides in which the ring oxygen is 

replaced by a methylene group. The prefix 5a indicates the locant of the methylene 

group to distinguish e.g. 5a-carba-talopyranose 1 from 4a-carba-talofuranose 2 (cf. 

Figure 1).  

 

Figure 1: Chemical structures of two possible forms of carba-talose. Left: carba-pyranose analog 1. 
Right: carba-furanose analog 2. 

The substitution of the ring oxygen through a methylene group results in many 

different properties due to the lack of the hemiacetal functionality. A consequence 

of this lack is the absence of carbohydrate specific configuration isomers – the so 

called alpha and beta anomers – and their interconversion into one another.[20] 

Furthermore, carba-sugars have no anomeric effect, since no hetero atom in the ring 

is present that stabilizes one configuration, owing to dipole- and orbital 

interactions.[20] For these reasons, carba-sugars of natural occurring saccharides 

can be synthesized in their pure isomeric form. With the loss of the ring oxygen, the 

binding pattern of carba-sugars may differ to that of their natural counterparts. For 

instance, it is known that the ring oxygen is a hydrogen bond acceptor that can be 

important for biological binding processes.[21] While the number and configuration 

of the hydroxyl groups of carbocyclic sugars resemble to that of their natural 

counterparts, one potential hydrogen bond acceptor – the ring oxygen - is lost.  

Moreover, the chemical- and biochemical stability of carba-sugars is improved 

through the lack of the acetal moiety, since carbohydrates are likely to undergo 

hydrolytic cleavage of glycosidic bonds.[22] In general, the hemiacetal and the 

resulting anomeric hydroxyl group are the most reactive ones in carbohydrates.  
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Besides increasing stabilities, the replacement of the endocyclic ring oxygen through 

a methylene group also affects conformational properties. The most obvious ones 

are the differences in bond length (C-O 1.42 Å, C-C 1.55 Å)[22] and bond angles (C-O-

C 114°, C-C-C 115°)[22]. Further, the electronic properties of the “glycosidic linkage” 

of carba-sugars change, accompanied by an alteration of the flexibility and rotational 

energy barriers of the glycosidic torsion angles.[22]  

Carba-sugars first appeared in 1966, when G. E. McCasland and coworkers[23] 

synthesized 5a-carba-α-DL-talopyranose 1 (cf. Figure 1), followed by 5a-carba-β-DL-

gulopyranose[24] and 5a-carba-α-DL-galactopyranose[25]. In 1973, 5a-carba-α-DL-

galactopyranose was found to inhibit the growth of Klebsiella pneumonia, MB-

1264.[26]  

Typically, carba-sugars occur in nature as parts of bigger oligosaccharides. Two 

prominent examples are shown in Figure 2. In 1970, the family of validamycin was 

discovered during the screening of new antibiotics from a fermentation broth of 

Streptomyces hygroscopicus subsp. Limoneus.[27-28] Validamycins are pseudo 

trisaccharides that are built of a core structure, in which validoxylamine is 

connected to D-glucopyranose (3 and 4) (cf. Figure 2). Validamycins 3 and 4 show 

antifungal and antibacterial activity and are used today in agriculture, e.g. in 

Japanese rice cultivation as fungizides.[28]  

 

Figure 2: Chemical structures of two natural occurring carba-sugars that possess biological effects. 
Acarbose 5 is a potent inhibitor for α-glucosidase and is used as an antidiabetic drug. Validamycin A 
3 and B 4 represent carba-sugars with antibiotic and fungicidal activity and are commonly used for 
the control of sheath blight in Japanese rice cultivation. 

Carba-sugars did not only demonstrate their potential as antibiotics, but also as 

antidiabetics like acarbose 5 (cf. Figure 2). Acarbose 5 was found during the 

screening of various Actinomycete genera strains[29-30] and acts as an alpha-

glucosidase inhibitor[31-32]. Structurally, acarbose 5 is a carba-trisaccharide 
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consisting of the carba-disaccharic core structure – acarviosine – which is related to 

be the biological active part.[22] Today, acarbose 5 is used for the cure of insulin-

independent diabetes mellitus II[30] and is e.g. commercially distributed by the Bayer 

company under the name Glucobay®. 

Since it could be shown that carbocyclic mimetics of carbohydrates can possess the 

same biological effects as their natural counterparts, e.g. substrates for enzymes etc., 

many synthetic strategies have been developed for their synthesis. For detailed 

information of synthetic procedures, the review articles of T. Suami and S. Ogawa[19] 

as well as O. Arjona et al.[22] are recommended.  

Carba-sugars can be synthesized starting from non-carbohydrate precursors or 

carbohydrate precursors. In case of non-carbohydrate precursors, the carbocyclic 

structure can be built up, e.g. by a Diels-Alder reaction, like McCasland et al. did in 

1966[23]. One issue that might occur is the generation of several chiral centers upon 

the Diels-Alder reaction, whereas in case of carbohydrate precursors the chirality 

remains. A method that has been widely used, beginning with carbohydrate 

precursors, is the conversion into an acyclic diene, followed by a Ring-closing-

metathesis reaction (RCM) to the corresponding cyclitols.[33-38] For instance, Li et al. 

synthesized (+)-valienamine 8 starting from commercially available D-glucose 5 in 

12 steps (cf. Scheme 1).[38] 

 

Scheme 1: General strategy for the synthesis of (+)-valienamine (8) starting from commercially 
available D-glucose (5) by Li et al.[38]. Thereby, D-glucose (5) was converted into the acyclic diene (6) 
that could in return be converted into the corresponding cyclitol (7). Further reactions led in the end 
to the desired (+)-valienamine (8). 

In general, literature-known synthesis routes for carba-sugars usually have more 

than 10 reaction steps, whereby only a few reaction pathways for amino containing 

carba-sugars are known. Similar ways for the synthesis of amino carba-sugars, 

starting from an amino containing carbohydrate, e.g. D-glucosamine, have not been 

reported so far.   
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 Riboswitches 

Riboswitches were discovered and first described in 2002[39-41] and have been 

extensively studied since then. They occur in numerous bacteria as well as archaea, 

fungi, plants and algae.[42] Usually, riboswitches are domains on mRNAs that control 

gene expression in dependence of a specific metabolite.[43] These regions of the 

mRNA contain a specific nucleotide pattern that is important for the binding of small 

molecules (aptamer regions) – the so called expression platform - previous to a 

downstream coding sequence.[42] Up to now, over 20 riboswitch-ligand pairs have 

been identified that demonstrates the ability for selective recognition of diverse 

metabolites in cells.[42,44] Among them are riboswitches for the recognition of 

purines[44], PreQ1[45-47], Flavin mononucleotide[48-49] and cyclic dinucleotides[50] that 

can typically be found on the 5’UTR of bacterial mRNAs. Additionally, riboswitches 

control up to 4% of genes in bacteria.[6,8,51] 

There are three known mechanisms for gene regulation of bacterial riboswitches 

(cf. Figure 3). One of them is the cotranscriptional regulation (cf. Figure 3a). Upon 

ligand binding, a terminator hairpin is formed, leading to a prevention of mRNA 

transcription by RNA polymerase.[39] Further, the regulation can also occur on the 

translational level (cf. Figure 3b). In bacteria, the translation of a gene from the 

mRNA starts by binding of the 30s ribosomal subunit to the ribosome-binding site 

(RBS). Ligand binding can either reveal or block the RBS, resulting in an initiation 

(not shown in Figure 3) or inhibition of the translation.[39,44] In addition to these 

mechanisms, genes can also be regulated by degradation of the mRNA (cf. Figure 3c) 

due to ligand induced ribozymal activity.[52]  

A representative for this kind of gene regulation is the glucosamine-6-phosphate 

riboswitch (glmS-riboswitch). Among all the different classes of riboswitches, the 

glmS-riboswitch assumes a unique role, as it does not simply regulate gene 

expression in dependence of a metabolite, but it does so by an enzymatic activity. 

For the self-cleavage reaction, α-D-glucosamine-6-phosphate (GlcN6P) as a cofactor 

is necessary. Activation of the glmS-riboswitch by binding of GlcN6P, a leader 

sequence (appr. 25 nt) bearing a triphosphate residue is cut off and a 5’OH is 

exposed at the cleavage site, destabilizing the mRNA.[11] Due to this hydroxyl group, 
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the remaining mRNA is recognized and degraded by RNase J1, which results in a 

downregulation of the glmS mRNA.[11]  

 

Figure 3: Mechanisms for the modes of action of bacterial riboswitches. The ligand is depicted as a 
red circle. (a) After the binding of a specific ligand, a terminator hairpin is formed, resulting in a 
termination of the transcription. (b) Binding of the ligand leads to a structural change of the mRNA, 
blocking the ribosome-binding site (RBS) and impeding the translation of the mRNA. (c) Self-cleavage 
of the mRNA induced by ligand-binding causes destabilization and degradation of the mRNA. 
Modified with permission from Z. F. Hallberg et al.[44] 

Apart from bacteria, riboswitches are also present in other organisms, e.g. fluoride 

riboswitches[53] in archaea and thiamin pyrophosphate riboswitches[41] which can 

be found in archaea, algae[54], plants[55] and fungi[56-57]. The mechanisms of gene 

regulation by riboswitches in eukaryotes are different to that of bacteria. The review 

article of Z. F. Hallberg et al.[44] gives an overview for the different modes of action. 
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 glmS-Riboswitch 

The glmS-riboswitch, discovered in 2004 by W. C. Winkler et al.[52], is mainly found 

on the 5’UTR of gram-positive bacteria. The mRNA, in which the glmS-riboswitch is 

located, carries a gene, which is encoding for the enzyme glucosamine-6-phosphate-

synthase (GlmS) that in return catalyzes the reaction of glutamine 9 and fructose-6-

phosphate 10 (Fru6P) to glutamate 11 and GlcN6P 12 (cf. Scheme 2).[8-9,12-13,16] 

Scheme 2: Chemical equation for the reaction of glutamine 9 and Fru6P 10 to glutamate 11 and 
GlcN6P 12 catalyzed by glucosamine-6-phosphate synthase (GlmS). 

GlcN6P (12) is an important building block in the early steps of the bacterial cell 

wall biosynthesis.[8] In this process, GlcN6P (12) is metabolized to UDP-N-

acetylglucosamine (UDP-GlcNAc), a basic component of the peptidoglycan.[10] 

Murein, the bacterial cell wall polymer, consists of multiple repetitions of the 

disaccharide unit [MurNAc(β1-4)]GlcNAc(β1-4)]n.[58]  

Above a certain threshold value of GlcN6P 12 concentration, GlcN6P 12 binds to the 

glmS-riboswitch and induces a self-cleavage reaction (cf. 2.2). This additional 

ribozymal activity is unique among all classes of riboswitches.[11,52]  

Ribozymes are natural occurring RNA sequences that act as catalysts in essential 

biological reactions. Here, the catalytical activity is intrinsic to the RNA structure 

alone or in combination with metal ion cofactors.[13] The cofactor for the glmS-

riboswitch is GlcN6P (12) that accelerates the self-cleavage reaction up to ten 

million fold compared to background hydrolysis.[12-13,52,59]  

During the self-cleavage reaction, a 3’,5’-phosphodiester is cleaved, resulting in a 

free 5’OH group at the remaining mRNA and a 2’,3’-cyclic phosphate on the released 

~25nt long sequence.[11-12,52,59-60] A similar reaction was found for the hammerhead-

[61-62], twister[63]-, hairpin-[64-65] and VS-ribozyme[66-67]. The unified proposed 

mechanism is shown in Figure 4, except for the VS-ribozyme.[60] The Breaker lab[68-

69] suggested that the cleavage occurs in 4 steps (Figure 4 α – δ), which was further 

investigated by D. D. Seith et al.[60]. The order of the reaction is as follows: (1) 

deprotonation of the 2’OH to increase the nucleophilicity (γ’’), (2) neutralization of 
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nonbridging oxygen atoms (β), protonation of the incipient O5’--ion to generate a 

better leaving group (δ) and finally the nucleophilic attack (α) that optimizes the 

angle between the O2-P-O5 angle towards 180°.[60]  

 

Figure 4: General mechanism of ribozymal cleavage of phosphodiesters for different ribozymes. 
Depicted are the angles and contacts for the four catalytic strategies (α, γ, β, and δ) in each of the 
small self-cleaving ribozyme classes studied (α, N1Gγ,XR,β1/β2 or XS,β1/β2, and Xδ, respectively), 
(γ′ and γ″) and (N2Gγ′ or Xγ′ and XR,γ″1/γ″2 or XS,γ″1/γ″2, respectively). Important contacts, 
necessary for the cleavage, are depicted in brackets. Reprinted with permission from D. D. Seith et 
al.[60]. Copyright (2018) American Chemical Society. 

The cleavage activity of the hammerhead-, twister- and hairpin-ribozyme resides on 

the nucleotides alone, whereas GlcN6P 12 is necessary as a cofactor for the glmS-

ribozyme. In this case, the C2 amino group is crucial for the protonation of the 

incipient oxyanion O5’ (δ) as well as the anomeric hydroxyl group for the 

neutralization of the nonbridging oxygen atoms (β) (cf. Figure 4). Furthermore, it 

was found that glucose-6-phosphate (Glc6P) acts as an inhibitor for the glmS-

riboswitch[13], which indicates the importance of the C2 amino functionality. The 

beta anomer of GlcN6P does not bind or activate the glmS-riboswitch, only the alpha 

anomer[70]. Studies from Gong et al.[71] and computer simulations from Xin and 

Hamelberg[72] show that upon binding of GlcN6P 12 to the glmS-riboswitch, the pKa-

value of the C2 amine of GlcN6P 12 decreases from ~8.0 to 7.26[71]. This is the 

optimal acidity for the acid-base catalysis. 

From crystal structures of glmS-riboswitches without metabolite[73] and Glc6P 

bound to the binding pocket[51,74-75], it is known that the ligand binding site is 

preformed and does not rearrange upon ligand binding. This indicates a rigid core 

structure of the riboswitch binding site and an induced fit mechanism.  
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Structurally, the glmS-riboswitch consists of four paired regions P1-P4, which 

exhibit a high level of sequence conservation. Within the binding site, the nucleotide 

sequences are conserved up to 95% (cf. Figure 5).[9,52] The primary structure 

contains three domains: a nucleotide sequence previous to the cleavage site 

(Domain 1), the ribozyme core (Domain 2) followed by a downstream sequence 

(Domain 3). The ribozymal core structure that confers the catalytical activity is 

roughly 75 nucleotides long.[76]  

As a result of the cleavage, a 2’,3’-cyclic phosphate on the released sequence 

(Domain 1) and a 5’OH group on the mRNA (Domain 2 & Domain 3) remains (c.f. 

Figure 5a). RNase J1 – an exonuclease conserved among bacteria – recognizes this 

revealed hydroxyl group, which leads to the degradation of the mRNA.[14] 

Additionally, the glmS-enzyme (GlmS) is a preferred substrate for ClpP[15] and so for 

protein degradation. In total, this allows for a negative feedback control by the glmS-

ribozyme. 

 

Figure 5: (a) Consensus sequence and secondary structure of the glmS-riboswitch based on 18 gram-
positive bacterial strains. Nucleotides depicted in red and black indicate commonly occurring 
sequences in 95% and 80% among those bacteria, respectively. Cleavage shows the phosphodiester 
bond that is hydrolyzed. (b) Sequence and secondary structure of the glmS-riboswitch of Bacillus 
subtilis (B. subtilis). Nucleotides depicted in green represent matches with the consensus sequence. 
The start codon AUG for the glmS gene begins 245 nucleotides downstream of the cleavage site. 
Adapted by permission from Springer Nature: nature, Control of gene expression by a natural 
metabolite-responsive ribozyme, W. C. Winkler et al., 2004[52]. 

Like other complex RNAs, divalent cations are crucial for the folding of mRNA to 

adopt a native structure. This role is assumed by Mg2+. However it was shown that 
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Mn2+, Ca2+. and cobalt hexamine – a trivalent cation – can replace Mg2+.[77] 

Monovalent cations show only an activity of ~1% compared to Mg2+ at similar 

concentrations.[78] This observations indicate that the cations are required for 

folding and the higher charge density of divalent or trivalent cations is necessary for 

this process.[11] 

It seems that ribozymal regulation of GlmS is mostly restricted to gram-positive 

bacteria.[9] So far, 463 glmS-riboswitch forms have been identified, only five of them 

were found to be present in gram-negative species.[79] For gram-negative bacteria 

and eukaryotes, the regulation of GlmS is controlled on the protein level by an 

allosteric action of GlcN6P 12, unlike gram-positive bacteria.[10-11]  

The regulatory function and highly conserved catalytic core structure, in addition to 

all previously mentioned properties, makes the glmS-ribozyme an attractive target 

for the development of novel antibiotics. Analogs of GlcN6P (12) that activate the 

glmS-riboswitch effectively, resulting in suppression of the GlmS formation are 

promising antibacterial compounds against many gram-positive bacteria.[79]  
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 glmS-Riboswitch activators 

For the design of new potential activators, several requirements have to be met for 

their activity. GlcN6P 12 is involved in many hydrogen bonds with neighboring 

nucleotides upon binding to the glmS-riboswitch. Numerous substrates have been 

synthesized previously, resulting in a general structure, which is necessary for a 

high level of catalytical activity (cf. Figure 6). 

 

Figure 6: Schematic representation for crucial hydrogen bond interactions upon binding of GlcN6P 
12 to the glmS-ribozyme. Hydrogen bonds are depicted as black double arrow heads. Functional 
groups highlighted in red are essential for the binding process, as well as their shown 
stereochemically orientation. Modified from Ferré-D'Amaré[11]. 

Despite this modest possibilities for derivatization, studies by G. N-.Wang et al.[80], J. 

J. Posakony et al.[81], X. Fei et al.[12] and C. E. Lünse et al.[8] attempted to find 

appropriate derivatives of GlcN6P 12 that exhibit a similar activation level as the 

natural metabolite GlcN6P 12 in the self-cleavage reaction of the glmS-riboswitch. 

The results of these works will be discussed in more detail in the following. 

 

2.4.1 Phosphonates of GlcN6P as activators 

The C6 phosphate moiety is crucial for a high efficiency of the glmS-riboswitch self-

cleavage reaction due to stabilizing effects of the phosphate during the binding of 

GlcN6P 12 to the binding site of the glmS-riboswitch. Studies of D. J. Klein et al.[75] 

have shown that interactions between the N1 imine of guanosine 1 (G-1) and the 

phosphate group have a considerable influence on the activity (cf. Figure 6).  

In the body, phosphate esters are susceptible to hydrolysis due to existing 

phosphatases and therefore are not useful as drugs.[12] In contrast, it is known that 

the P-C-bond in phosphonates makes these compounds resistant to this enzymatic 

hydrolysis.[12,82-83] Today, phosphonates are already used as antibiotics[84], e.g. 
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Fosfomycin[85-87], a PEP-analog that inhibits the UDP-GlcNAc-3-

enolpyruvyltransferase (MurA) – an important enzyme in the bacterial cell wall 

biosynthesis. Wang et al.[80] and Fei et al.[12] have synthesized phosphonate analogs 

of GlcN6P (13 – 18) and evaluated their activity in the self-cleavage reaction of the 

glmS-ribozyme (cf. Figure 7). 

 

Figure 7: Phosphonates synthesized by Wang et al.[80] and Fei et al.[12]. (+) indicates low activity and (-
) no activity in the self-cleavage reaction of the glmS-ribozyme. 

Formally, phosphonates result from a substitution of an oxygen atom by whether an 

alkyl- or aryl residue. The stabilizing hydrogen bond between N1 of G-1 that acts as 

a hydrogen bond donor and the oxygen of the C6 phosphonate, acting as a hydrogen 

bond acceptor should be ensured. Therefore, the expected activity of those 

compounds should be similar to that of GlcN6P 12.  

The phosphonates 13 and 14 with an additional hydroxyl group at the C6-position 

were synthesized with the idea to form further hydrogen bonds in the binding 

pocket. This should result in a higher binding affinity of 13 and 14 to the glmS-

riboswitch.[80] In self-cleavage assays of the glmS-riboswitch from B. subtilis, both 

compounds were inactive.[80] 

In contrast to this, Fei et al.[12] replaced one oxygen atom of the C6 phosphate moiety 

by a methylene group to form the corresponding phosphonate 15. Besides 15, they 

synthesized two further phosphonates with a C2 methyl amino- 16 or a C2 dimethyl 

amino functionality 17. Additionally, phosphor amidate 18 was synthesized to 

compensate the loss of the oxygen with a NH group. All four activators 15 - 18 

exhibited an activity in the self-cleavage reaction, whereby the phosphonate analog 

15 exhibited the highest cleavage rate (cf. Table 1, entry 3). Nevertheless, these 

catalytic efficiencies are far below those of GlcN6P 12 (cf. Table 1, entry 1). 
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Table 1: Relative catalytic effiency (RCE, kcat/kM) of the phosphonates synthesized by Fei et al.[12] in 
the self-cleavage reaction of the glmS-riboswitch from B. cereus relative to GlcN6P 12. The efficiencies 
published by Fei et al.[12] are related to the one of GlcN. The depicted RCE’s in this table are referred 
to the ones of GlcN6P 12. 

 Substrate RCE [%] 

1. GlcN6P 12 100 
2. 15 0.4 
3. 16 3.5 ∙ 10-5 
4. 17 1.0 ∙ 10-4 
5. 18 1.0 ∙ 10-4 

Fei et al.[12] explain the lower relative catalytical efficiency of phosphonate 15 

compared to GlcN6P 12 by an increase of the second pKa2 value to ~ 7.4 (GlcN6P 

pKa2 ~ 6.2[13]). They suggest that for the self-cleavage reaction, the dianionic form of 

phosphonate 15 is required due to Mg2+-ion chelation. By this chelatization, the C2 

amino group is properly aligned for the acid base catalysis of the self-cleavage 

reaction. Under the cleavage-assay conditions (pH = 7.3) performed by Fei et al., only 

50% of the phosphonate 15 is present in its dianionic form. Attachment of a methyl- 

or two methyl groups to the C2 amino functionality of phosphonate 15, results in an 

increase of the pka2 value to 8.2 for the methyl amine 16 and 7.8 for dimethyl amine 

17.  In comparison to phosphonate 15, compounds 16 and 17 show a very poor RCE 

(cf. Table 1, entries 2-3), which is expected, due to the increase of the pKa2 values for 

16 and 17. The authors suggest that sterically hindrance of the additionally methyl 

groups at the C2 amine seems to be the main factor for the lower activity of 16 and 

17, compared to 15.[12] On that basis, one would expect that the dimethyl amine 

phosphonate 17 should exhibit a lower activity then the methyl amine phosphonate 

16, but it is the other way round (cf. Table 1, entries 3 and 4).  

Lastly, phosphor amidate 18 shows the same activity as the dimethyl amine 

phosphonate 17. Here, the decrease in activity, compared to the natural ligand 

GlcN6P 12 is referred to the ability that the NH group of the phosphor amidate 

moiety is able to act as an additional hydrogen donor. This results in a repulsive 

interaction of the proton with the N1 of G-1, so Fei et al.[12] propose. 

2.4.2 Malonyl ether of GlcN6P as potential activators 

In addition to C6 phosphonates, Fei et al.[12] synthesized a malonyl ether of GlcN6P 

19 as potential activators for the glmS-riboswitch. The malonyl ether 19 shows a 

similar activity in the self-cleavage reaction as the phosphonate 15 (cf. Figure 8, 

Table 2, entry 2).   
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Figure 8: Malonyl ether analog of GlcN6P 19 synthesized by Fei et al.[12], whose activity was evaluated 
in the self-cleavage reaction. (+) indicates an activity. 

In contrast to phosphonate 15, the pka2-value of the malonyl ether 19 was 

determined to be 3.9. As a result, the bis-carboxylate should be present in its 

dianionic form under conditions of the biological cleavage assay (pH = 7.3). Further 

docking studies showed a good alignment in the binding site of malonyl ether 19 

that should result in a good relative catalysis efficiency. However, these docking 

studies also revealed that the dianionic malonylate - with its two carboxylate 

moieties - seems to permit coordination to two Mg2+-ions in the binding site.[12] 

Table 2: Relative catalytic effiency (RCE, kcat/kM) of malonyl ether 19 in the self-cleavage reaction of 
the glmS-riboswitch from B. cereus relative to GlcN6P 12. The efficiencies published by Fei et al.[12] 
are related to the one of GlcN. The depicted RCE’s in this table are referred to the ones of GlcN6P 12. 

 Substrate RCE [%] 

1. GlcN6P 12 100 
2. 19 0.5 

 

2.4.3 Further analogs of GlcN6P as glmS-riboswitch activators 

Besides phosphonates- (13 – 17), phosphor amidate- (18) (cf. 2.4.1) and malonyl 

ether (19) (cf. 2.4.2) analogs of GlcN6P 12 many others have been synthesized in 

the past. Most of them exhibited only a minor or no activity in the self-cleavage 

reaction of the glmS-riboswitch (cf. Figure 9).[8,88]  

For instance, substrates that possess no pyranose-ring structure are catalytically 

inactive (20). Compounds are also inactive, when the C4 hydroxyl group is inverted, 

like in case of α-D-galactosamine-6-phosphate (GalN6P) 21, compared to the natural 

ligand GlcN6P 12. A reason therefore could be the absence of the stabilizing 

hydrogen bond at the C4-OH that cannot be formed due to an incorrect orientation 

of the hydroxyl group in the binding pocket of the glmS-riboswitch (cf. Figure 6, 2.4). 

On the contrary, the inversion of the C3 hydroxyl group is tolerated and leads to a 

weak activity (22). The same is true for the loss of the anomeric hydroxyl group 

(23), but the conversion of this hydroxyl group into the corresponding α-methyl-
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glucopyranoside 24 is not tolerated. The same also applies for the β-methyl-

glycoside 25. Interestingly, the inversion of the C2 amino group, which is crucial for 

the catalysis of the self-cleavage reaction of the glmS-ribozyme (cf. 2.3, Figure 4), 

results in a weak activity as shown for α-D-mannosamine-6-phosphate (ManN6P) 

26. Swap of the anomeric hydroxyl group and the C2 amine (27), the presence of a 

C2 quaternary ammonium group (28) or the acetylation of the C2 amine into the 

corresponding N-acetyl amide (29) leads to an inactivation of these GlcN6P analogs. 

These observations are in accordance with the unified cleavage mechanism, 

proposed by Seith et al.[60] (cf. 2.3, Figure 4). The loss of the nitrogen (27) or its lone 

pair (28, 29) leads to a loss of the catalytical activity because the amine cannot 

function as a proton supplier to convert the incipient O5’--ion into a better leaving 

group (cf. 2.3, Figure 4). Furthermore, the loss of the C2 amino group leads to a total 

loss of the activity like for D-glucose-6-phosphate (Glc6P) that acts as an inhibitor 

for the glmS-ribozyme.[13,52] 

 

Figure 9: Different activators for the glmS-riboswitch that were evaluated due to their activity in the 
self-cleavage reaction. (+) = weak activity, (-) = inactive. Data from Posakony et al.[81] 
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2.4.4 Carba-sugars of GlcN6P as activators 

In search for activators of the glmS-riboswitch, Lünse et al.[8] synthesized the 

activators 30 – 38 (cf. Figure 10, left) and tested them with regard to their activity 

in the self-cleavage reaction of the glmS-riboswitch from vancomycin-resistant 

Staphylococcus aureus (S. aureus) (cf. Figure 10, right). Among those artificial 

activators, 5a-carba-α-D-glucosamine-6-phosphate 37 (CGlcN6P) triggered the self-

cleavage reaction of the glmS-riboswitch of S. aureus to a similar extent as the 

natural metabolite GlcN6P 12. Additionally, an activity of CGlcN6P 37 for the self-

cleavage of the B. subtilis ribozyme was observed by Lünse et al.[8], which was 

reconfirmed one year later by Wang et al.[80]. 

 

Figure 10: left: Different activators for the glmS-riboswitch. Right: Cleavage of the glmS-riboswitch 
induced by GlcN6P 12 and GlcN [0.2 mM] (black bars), compared to the artificial activators 30 - 38 
[concentration as indicated] (grey bars). The duration of the cleavage assays is 30 min. Reprinted 

with permission from Lünse et al.[8]. Copyright 2011 American Chemical Society. 

As shown, the GlcN6P analogs 30 – 36 exhibit a minor activity at a tenfold higher 

concentration compared to GlcN6P 12 (2 mM vs. 0.2 mM, respectively), whereas 

CGlcN6P 37 shows a similar activity in the glmS-ribozyme self-cleavage reaction as 

the natural metabolite GlcN6P 12 at equal concentrations (both 0.2 mM) (cf. Figure 

10, right). 5a-carba-α-D-glucosamine 38 (CGlcN) shows a moderate activity, but also 

at a tenfold higher concentration (2 mM) compared to GlcN6P 12 (0.2 mM).  

These results demonstrate that the replacement of the ring oxygen of GlcN6P 12 by 

a methylene group (37) is well tolerated, compared to other modifications already 

discussed in the sections 2.4.1 -2.4.3. Further, the results show once again the 

necessity of a C6 phosphate moiety for a high activation level, since CGlcN 38 

exhibits a weaker extent of the ribozymal self-cleavage activity, compared to 

CGlcN6P 37.  

 

 30  31  32  33  34  35  36   37   38 

[2] [2]  [2] [2] [2]  [2] [2][0.2] [2] 

 

Compound 30 – 38 

               [mM] 
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The lower activities for the compounds 30 and 36 can be explained by the absence 

of crucial hydrogen bonds to neighboring nucleotides that are necessary for the 

binding of the activators to the binding site of the glmS-riboswitch (cf. 2.4, Figure 6).   

The rate constants of GlcN6P 12 and CGlcN6P 37 are comparable at concentrations 

ranging from 2 to 200 µM (cf. Table 3). Moreover, these observations are reflected 

by the determined EC50-values of 6.24 ±0.66 µM for CGlcN6P 37 compared to 3.61 ± 

0.39 µM for GlcN6P 12.[8] These findings are impressive, since the ring oxygen of 

GlcN6P 12 is a hydrogen bond acceptor (cf. 2.1) that is involved in a hydrogen bond 

with a neighboring cytosine (C-3) (cf. 2.4, Figure 6). For several activators (cf. 2.4.1 

- 2.4.4), the loss of solely one hydrogen bond led to a strong decrease in the 

activation of the glmS-riboswitch. 

Table 3: Rate constants for the self-cleavage reaction of the glmS-riboswitch induced by GlcN6P 12 
or CGlcN6P 37 at different concentrations of the activators. Data from Lünse et al.[8]. 

 
concentration [µM] 

S. aureus, kobs [min-1] 
GlcN6P 12 

 
CGlcN6P 37 

200 0.177 0.153 
20 0.107 0.095 
2 0.068 0.060 

In addition to the glmS-riboswitch of S. aureus, CGlcN6P 37 was also applied as an 

activator for the glmS-riboswitch from B. subtilis.[8,80,89] Wang et al.[80] found a 

moderate cleavage activity of CGlcN6P 37 for the glmS-ribozyme of B. subtilis (cf. 

Table 4, entries 1 and 2) but they did not perform any further kinetic experiments. 

The findings from Wang et al.[80], for the cleavage activity of the glmS-riboswitch of 

B. subtilis (cf. Table 4), cannot be compared to the one of Lünse et al.[8] for the glmS-

riboswitch of S. aureus (cf. Figure 10) due to different cleavage durations (1 or 2 min 

for B. subtilis by Wang et al.[80], 30 min for S. aureus by Lünse et al.[8]).  

Nevertheless, Christina E. Lünse was able to determine the EC50-value for CGlcN6P 

37 as an activator for the glmS-riboswitch of B. subtilis during her PhD thesis to be 

2.2 ±0.4 µM, whereas for GlcN6P 12 no EC50-value was determined.[89] Compared to 

S. aureus (see above, EC50 = 6.24 ±0.66 µM), it seems that CGlcN6P 37 triggers the 

self-cleavage reaction of the glmS-riboswitch from B. subtilis more effectively. This 

indicates that there is a dependence on the bacterial origin of the glmS-riboswitch 

and that different sources of glmS-ribozymes have different sensitivities for GlcN6P 

analogs.  
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Table 4: Amount of cleaved glmS-riboswitch from B. subtilis after 1 min or 2 min, respectively. 
Determined values respond to a 200 µM concentration of either GlcN6P 12 or CGlcN6P 37. Data from 
Wang et al.[80]. 

 
activator 

 glmS-ribozyme cleaved [%] 
1 min 

 
2 min 

GlcN6P 12 67.50 65.12 
CGlcN6P 37 29.08 38.68 

In order to investigate the bacterial growth inhibition of S. aureus on the basis of the 

promising results in activation of its glmS-riboswitch by CGlcN6P 37, Christina 

Lünse[89] fed CGlcN 38 to the S. aureus strain Mu50. She was able to show that at a 

certain concentration – the minimal inhibitory concentration (MIC) - of 625 µM, the 

bacterial growth is inhibited.  

Later, Schüller et al.[18] demonstrated, when CGlcN 38 is fed to B. subtilis strain 168, 

the bacterial growth was repressed at a MIC of 150 µM. Additionally, Schüller et 

al.[18] proposed a mechanism for the inhibition of bacterial growth by CGlcN 38 (cf. 

Figure 11).  

 

Figure 11: Proposed mode of action for the uptake of CGlcN 38. Probably, CGlcN 38 is phosphorylated 
upon uptake, resulting in the presence of CGlcN6P 37 in the bacterium. CGlcN6P 37 is capable to 
trigger the self-cleavage reaction of the glmS-ribozyme, thus leading to degradation of the glmS-
riboswitch by RNase J1 and a downregulation of the expression of GlmS.[14] This leads to a loss of cell 
wall precursors[90-91] and further to the inhibition of bacterial growth[92-93]. Reprinted with 
permission from Schüller et al.[18]. Copyright 2017 John Wiley and Sons. 

CGlcN 38 is taken up via a GlcN-specific phosphoenolpyruvate-sugar transport 

system (PTS), namely gamP. During the uptake, CGlcN 38 is selectively 

phosphorylated at its C6-position, so that after the uptake, CGlcN6P 37 is present in 

the bacterium. CGlcN6P 37 then triggers the self-cleavage reaction of the glmS-

ribozyme, which leads to a downregulation of GlmS (cf. Figure 11). Due to this 
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downregulation, important cell wall precursors are missing that in the end leads to 

an inhibition of bacterial growth (cf. 2.3). 

Since modifications of the ring oxygen are well tolerated, concomitant with a 

comparable activity of CGlcN6P 37 and GlcN6P 12 in activation of the glmS-

ribozyme, Torben Seitz from the Wittmann lab and Daniel Matzner from the Mayer 

lab tried to synthesize derivatives of CGlcN6P 37 bearing either an alkoxy[94] or a 

fluorine moiety[17,95] at the 5a-carba position (cf. 2.1). Their purpose was to increase 

the binding affinity of CGlcN6P 37 to the glmS-riboswitch by hydrophobic 

interactions of alkyl ethers with a hydrophobic pocket in the vicinity of the carba-

position[94], or recovery of the hydrogen bond with the neighboring C-3 (cf. 2.4, 

Figure 6)[95]. With an increase in binding affinity and a concomitantly higher level of 

activity in the self-cleavage reaction of the glmS-riboswitch, these analogs of 

CGlcN6P 37 should additionally exhibit a lower MIC-value for the inhibition of 

bacterial growth. 

Daniel Matzner was able to synthesize two carba-sugar 6-phosphates  with attached 

fluorine moieties to the 5a-carba position, namely (5aR)-fluoro-carba-α-D-

glucosamine-6-phosphate 39 (FC-α-D-CGlcN6P) and (5aR)-fluoro-carba-β-L-

idosamine-6-phosphate 40 (FC-β-L-CIdoN6P) (cf. Scheme 3 A).[17,95] FC-α-D-GlcN6P 

39 activates the glmS-riboswitch of S. aureus and B. subtilis, whereby the EC50-values 

could be determined to be 312 ±32 µM (6.2 ±0.7 µM for CGlcN6P 37) and 196 ±17 

µM (2.2 ±0.4 µM for CGlcN6P 37), respectively. The decrease in activity was 

attributed to the axially orientation of the fluorine at the 5a-carba position that 

points towards a neighboring G-1 nucleotide leading to a distortion of the coenzyme. 

FC-β-L-CIdoN6P 40 showed no activity in the self-cleavage reaction of the glmS-

riboswitch from either B. subtilis or S. aureus. Docking studies for this activator 

revealed that only the C6 phosphate is correctly aligned in the binding pocket, while 

the rest of the molecule is located outside of the binding site.[95] 

Torben Seitz investigated new synthetic routes for the synthesis of CGlcN6P 37 

derivatives with attached ether moieties at 5a-carba position (45) (cf. Scheme 3 A, 

B).[94] In his first attempt, he started from D-glucosamine hydrochloride (GlcN) 41 

and converted it in to the enyl acetate 42 (cf. Scheme 3 B). Subsequently, 42 was 

used as a substrate in a Ferrier rearrangement to give the cyclohexanone 43. 

However, the following Wittig reaction did not yield the desired enol ether 44. 
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Several attempts have been made to circumvent the Wittig reaction, e.g. a Corey-

Chaykovsky reaction, Tebbe olefination, etc. but all of them did not result in the 

formation of the corresponding compounds.  

In a second approach he started from methyl α-D-mannopyranoside 46. In the first 

6 reaction steps, 46 was converted into enyl acetate 47 (Scheme 3 C). Compound 47 

was subjected to a Ferrier reaction, which gave cyclohexanone 48. In further 7 

reaction steps, Torben Seitz was able to obtain azide 49. With a subsequent 

deprotection under acidic conditions, derivatization and selective phosphorylation 

the CGlcN6P derivative 45 should be synthesized.  

 

Scheme 3: (A) (5aR)-Fluoro-carba-α-D-glucosamine-6-phosphate 39 and (5aR)-Fluoro-carba-β-L-
idosamine-6-phosphate 40 synthesized by Daniel Matzner[17,95]. (B) First synthetic approach from 
Torben Seitz[94] to synthesize the CGlcN6P derivative 45. GlcN hydrochloride 41 was converted into 
the enyl acetate 42, which was used as a substrate for a following Ferrier reaction to convert the 
pyranose ring into the cyclohexanone 43. A subsequent Wittig reaction should yield the enol ether 
44 but this reaction didn’t succeed. A following deprotection-, derivatization- and phosphorylation 
reaction should lead to the desired CGlcN6P derivative 45. (C) Second approach from Torben Seitz[94] 
to obtain the activator 45. Methyl α-D-mannopyranoside 46 was converted into the enyl acetate 47 
followed by a Ferrier reaction to the cyclohexanone 48. In additional 7 reaction steps he could obtain 
the azide 49. Once again, a subsequent deprotection strategy, derivatization and selective 
phosphorylation should lead to the CGlcN6P derivative 45, which was not performed. 



 State of knowledge  22 

Up to now, only a CGlcN6P derivative with an attached fluorine moiety to the 5a-

carba-position (39) has been synthesized and biologically evaluated.  

  Requirements for glmS-riboswitch activators  

As described in the previous chapters (cf. 2.4 - 2.4.4), several interactions and 

properties have to be taken into account for the synthesis or optimization of 

activators for the glmS-riboswitch.  

In summary, these are the following points: 

• A ring structure with an axially pointing hydroxyl group at the anomeric 

center.[75,81] 

• A phosphate moiety at the C6 position. Its substitution by either 

phosphonates[12] or malonyl ethers[12] (cf. 2.4.1, 2.4.2) as well as the total loss 

of the phosphate, leads to a decrease in activity. GlcN6P 12 binds a thousand 

fold more tightly to the glmS-ribozyme then GlcN 41.[5,13,52,88,96] 

• The C2 amine is crucial for the catalytical activity, since it is necessary for the 

proton transfer in the self-cleavage reaction.[13,52,75,97] The absence of the C2 

amine or its replacement leads to a decrease or total loss in activity.[13,52,88] 

• The hydroxyl groups at the C3- and C4 positions are involved in several, 

stabilizing hydrogen bonds (cf. 2.4). Their loss or inversion leads to a 

decrease or total loss of activity.[8,88] 

• The ring oxygen of GlcN6P 12 forms a hydrogen bond with an adjacent C-3 

(2.4, Figure 6). The substitution of this ring oxygen by a methylene group 

leads to a comparable activity in activation of the glmS-riboswitch from S. 

aureus[8] (cf. 2.4.4.) and B. subtilis[8,80] of CGlcN6P 37 and GlcN6P 12. 
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 Bacterial glmS-riboswitches of relevance for this thesis 

The emergence of multi-resistant bacterial strains pose an increasing threat for the 

well-being of individuals and a major challenge for research. It has been estimated 

that by the year 2050, 10 million people will die annually due to infections by 

multiresistant pathogens.[98] Nowadays, infections caused by “the ESKAPE bugs”[99] 

that include Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumanni, Pseudomonas aeruginosa and Enterobacter species cause 

great concern. E. faecium and S. aureus in this categorization are gram-positive 

bacteria, while the others are gram-negative. All of them have in common that they 

are pathogenic, exhibit resistance against one or even more commonly used 

antibiotics and are nosocomial, which means that they occur mainly in hospital or 

health-care facilities.[99] Owed to the fact that up to 84% of the population of these 

microbial strains acquired resistances to clinically administered antibiotics, calls for 

a serious need and development of new antibiotics with new modes of action.[100]  

Bacterial riboswitches of relevance as model systems in this thesis are the gram-

positive bacteria Listeria monocytogenes (L. monocytogenes) and Clostridium difficile 

(C. difficile). 

The gram-positive bacterium L. monocytogenes is described to have a Jekyll and 

Hyde character[101], since it is able to live peacefully in different localities like 

ground-water, decaying vegetation, soil, faeces of animals as well as on food (Dr. 

Jekyll) but on the other hand it can cause severe and life-threatening diseases for 

humans and animals (Mr. Hyde).[102-105] The fact that L. monocytogenes can survive 

in different environments is due to its ability to make use of different 

carbohydrates.[106] Moreover, L. monocytogenes can grow and survive at low 

temperatures as -0.4 °C[107], low pH and high salt concentrations.[103,108] L. 

monocytogenes causes listeriosis, which causes symptoms like diarrhea and 

vomiting in healthy individuals but it can also lead to meningitis or septicemia in 

individuals with a weakened immune system. Fortunately, infections with L. 

monocytogenes are rare nowadays but those infections are connected with a 

mortality rate of up to 30%.[105] 

C. difficile is a pathogenic gram-positive, spore-forming bacterium that occurs in the 

human colon.[109-111] Further, in residents of long-term care facilities it belongs to 
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the most common infectious cause for healthcare-associated diarrhea.[112] In the US 

alone, 250.000[113] people get infections by C. difficile and 15.000 – 20.000[113-114] 

people die due to these infections each year, hence the center for disease control and 

prevention (CDC) classifies C. difficile with an urgent threat level.[113] This threat 

level is caused by the emergence of a “hypervirulent” strain of C. difficile that is 

resistant against commonly used antibiotics to treat C. difficile.[113] Symptoms such 

as diarrhea, abdominal pain and sepsis originate from cytotoxins produced by C. 

difficile.[109] Additionally, C. difficile forms the chemical p-cresol that inhibits the 

growth of microbes next to C. difficile in the gut.[115] In general, antibiotic treatment 

of C. difficile infections may be difficult due to antibiotic resistance, e.g. 

fluoroquinolones like ciprofloxacin and levofloxacin.[116] Moreover, resistance to 

other antibiotics like metronidazole, was observed in up to 12% of clinical 

isolates.[117] Metronidazole is the first choice for the cure of C. difficile infections. 

Continuation of the treatment with various antibiotics could lead to the 

development of stronger resistances and in the end to a more complicated treatment 

of those infections. With regard to this points, there is an urgent need of new 

antibiotics for the treatment of infections caused by C. difficile. 
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 Objectives 

The promising discovery and extensive use of antibiotics shortly led to the 

development of multi-resistant bacterial strains that nowadays pose a threat for 

human healthcare. Bacteria have developed sophisticated mechanisms to 

circumvent or counteract specific antibiotic modes of action to gain multi-

resistance. Additionally, the exchange of these specific gene mutations between 

bacteria lead to a spread and accumulation of resistances towards antibiotic 

mechanisms. For these reasons, the development of novel antibiotics, with new 

modes of action, are essential to guarantee antimicrobial treatment against highly 

pathogenic bacteria in the future. 

The discovery of riboswitches – non coding RNA domains found in bacteria – 

regulate gene expression in dependence of small molecules; thus representing a 

promising novel target for the intervention into bacterial metabolism. Artificial 

synthetic metabolites, mimicking their natural counterparts with antibacterial 

properties, have been synthesized. One of them is 5a-carba-α-D-glucosamine-6-

phosphate 37 (CGlcN6P) that effectively activates the self-cleavage reaction of the 

glmS-riboswitch of Staphylococcus aureus (S. aureus) and Bacillus subtilis (B. subtilis) 

(cf. 2.4.4). Furthermore, its unphosphorylated variant, 5a-carba-α-D-glucosamine 

38 (CGlcN), exhibits bacterial growth inhibition of vancomycin-resistant S. aureus 

and B. subtilis (cf. 2.4.4).  

The aim of this project was the development and synthesis of more potent CGlcN6P 

37 derivatives that activate the glmS-riboswitch more effectively. This should be 

achieved by attaching modifications to the 5a-carba position of CGlcN6P 37 that can 

form attractive interactions like hydrogen bonds or hydrophobic interactions in the 

binding site of the glmS-riboswitch (cf. Figure 12).  

In order to achieve this, a synthetic route should be developed that gives access to 

derivatives 50 of CGlcN6P 37 that can be used for in-vitro glmS-riboswitch self-

cleavage assays to evaluate their activity. In addition to the development of these 

phosphorylated activators 50, a synthetic way for the synthesis of the 

unphosphorylated counterparts 51 should be found. With 51 in hands, in-vivo 

bacterial growth assays for promising derivatives of CGlcN6P 50, exhibiting a high 
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level of activity in the in-vitro self-cleavage assays of the glmS-riboswitch can be 

performed to test their ability for the suppression of bacterial growth. 

It is assumed that these variants 51 of CGlcN 38 can be taken up by the GlcN-specific 

phosphoenolpyruvate-sugar transport system (PTS), like CGlcN 38 is (cf. 2.4.4), 

resulting in a selective phosphorylation of the CGlcN derivatives 51 during the 

uptake, leading to the presence of CGlcN6P variants 50 in the bacterium. 

Activation of the glmS-ribozymal self-cleavage reaction in bacteria by these CGlcN6P 

derivatives 50 leads to a downregulation of glucosamine-6-phosphate synthase 

(GlmS), and in the end, to a lack of bacterial cell wall precursors. As a consequence, 

the bacterial cell wall biosynthesis is hindered, due to this deficiency of precursor 

building blocks, resulting in an inhibition of bacterial growth. Therefore, derivatives 

51 of CGlcN 38 represent interesting compounds for novel antibiotics.  

 

Figure 12: Target molecules that should be synthesized during this project. Derivatives 50 of CGlcN 
38 (left) as well as derivatives 51 of CGlcN6P 37 (right) with attached moieties at the 5a-carba 
position.  
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 Results and Discussion 

 Design of activators 

The natural metabolite of the glmS-riboswitch – GlcN6P 12 – activates the self-

cleavage reaction with an EC50-value of 3.6 µM[8] (S. aureus)(cf. 2.4.4). Many 

attempts have been made to find natural or artificial GlcN6P mimics that trigger the 

self-cleavage reaction of the glmS-riboswitch in a comparably low micromolar range 

than GlcN6P 12 (cf. 2.4.1 - 2.4.4). While most efforts in finding new activators with 

a potency equivalent to GlcN6P 12 were not successful, CGlcN6P 37 exhibited 

promising activity with an EC50-value of 6.2 µM[8] (cf. 2.4.4).  

As described in 2.3, the binding site of the glmS-riboswitch is rigid and does not 

rearrange upon ligand binding.[73]  The nucleotide sequences of glmS-riboswitches, 

important for binding of GlcN6P 12 that originate from different bacterial strains, 

show a high level of consistency, thus leading to a consenus model.[79] To illustrate 

the high level of nucleotide sequence conservation of the glmS-riboswitch among 

gram-positive bacteria, the predicted secondary structures for Thermoanaerobacter 

tencongensis (T. tengcongensis), L. monocytogenes and C. difficile are shown in Figure 

13.  

 

Figure 13: Predicted secondary structures of the functional core of the glmS-riboswitch of T. 
tencongensis, L. monocytogenes and C. difficile. The numeration of the nucleotides shown for T. 
tengcongensis are also used for the nucleotides that correspond to these positions in the other 
depicted species. The nucleotides of the loop are not counted for the numbering of the nucleotides. 
Nucleotides that are involved in hydrogen bonds with the natural ligand GlcN6P 12 are depicted in 
red. Modified from D. Matzner[95]. 
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Among the three shown riboswitches, nucleotides that form hydrogen bonds 

(colored red) are conserved, except for position 66 in the case of C. difficile. Position 

66 is occupied by a guanosine in the case of T. tencongensis and L. monocytogenes 

but is replaced by adenosine in case of C. difficile. The N2 of the pyrimidine base G-

66 forms a hydrogen bond to the anomeric hydroxyl group of GlcN6P 12 (cf. 2.4, 

Figure 6). This hydrogen bond cannot be formed in case of the C. difficile glmS-

riboswitch due to the lack of the N2 hydrogen bond donor. However, all other crucial 

hydrogen bonds are conserved. Therefore, the high resolution crystal structure of 

the T. tengcongensis glmS-riboswitch[46] is a suitable model for the structure-based 

design of potential activators (cf. Figure 14). 

 

Figure 14: Crystal structure of a cleavage inhibited glmS-riboswitch of T. tengcongensis with GlcN6P 
12 bound to the aptamer region. GlcN6P 12 is depicted as a ball and stick model and important 
nucleotides are depicted as a stick model. Oxygen atoms are illustrated in red, nitrogens in blue, 
phosphorous in orange and carbons in beige. The ring oxygen of GlcN6P 12 is involved in a hydrogen 
bond with the N4 of C-3, which is shown as a magenta dashed line. For CGlcN6P 37, this ring oxygen 
is substituted by a methylene group, resulting in a loss of this hydrogen bond. Two nucleotides, G-64 
and G-65, are in vicinity to the ring oxygen. The C6 phosphate moiety of GlcN6P 12 is not shown for 
a better view. Data for crystal structure from Klein et al.[46]. PDB: 4b3a.  

Upon binding to the glmS-riboswitch, GlcN6P 12 forms several stabilizing hydrogen 

bonds with neighboring nucleotides (cf. 2.4) in the binding pocket. One of these 

hydrogen bonds is located between the ring oxygen of GlcN6P 12 and acts as a 

hydrogen bond acceptor. The N4 of a neighboring C-3 represents a hydrogen bond 

donor (cf. 2.4, Figure 6, Figure 14 magenta dashed line).  

The binding pattern of CGlcN6P 37 differs to that of GlcN6P 12 due to the 

substitution of the ring oxygen with a methylene group, as discussed in 2.1. This 

replacement of the ring oxygen is concomitant with the lack of one hydrogen bond 

GlcN6P 
G-65 

G-64 

C-3 

G-1 
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acceptor. Therefore, in case of CGlcN6P 37, the hydrogen bond between the ring 

oxygen and C-3 cannot be formed. 

An approach for the recovery of this hydrogen bond is the attachment of moiety to 

the 5a-carba position of CGlcN6P 37 that is able to act as a hydrogen bond acceptor. 

The attached modifications should be small to prevent steric interference with 

neighboring nucleotides. Suitable residues thereby are either a small ether- or 

hydroxyl group, whereby the oxygen is able to act as a hydrogen bond acceptor. In 

carbohydrates, hydroxyl groups can act as both, either as hydrogen bond acceptors 

or hydrogen bond donors.[118] Earlier studies have shown that ethers are also 

capable to form hydrogen bonds with hydrogen bond donors.[119-121] 

With an oxygen atom in close proximity to the 5a-carba position, the hydrogen bond 

of CGlcN6P 37 with the N4 of C-3 is expected to be recovered. Importantly, the 

introduced moiety to the 5a-carba position has to point in an equatorially direction 

to circumvent steric issues with G-1 (cf. Figure 14). In molecular docking studies, 

Matzner et al.[17] observed such a sterically hindrance for FC-α-D-CGlcN6P 39 (cf. 

2.4.4, Scheme 3) that lead to a distortion of the ligand in the binding pocket. 

Equatorially attached moieties to the 5a-carba position of CGlcN6P 37 are expected 

to be more tolerable since more space is available at the vicinity of the carba-

position in this direction with no nucleotides preoccupying space (cf. Figure 14).  

In addition, derivatives of CGlcN 38 bearing small modifications at the carba-

position are expected to be taken up by the gamP-transporter of the bacteria, in 

contrast to derivatives with taller residues (cf. 2.4.4, Figure 11). Daniel Matzner 

showed in his PhD thesis that FC-α-D-CGlcN caused complete growth inhibition with 

an MIC of 150 µM when applied to B. subtilis.[95] He assumed that upon the uptake of 

FC-α-D-CGlcN, FC-α-D-CGlcN6P 39 is present inside the bacterium, leading to 

downregulation of GlmS and resulting in bacterial growth inhibition.  

For this purpose, derivatives 52 of CGlcN 38 and derivatives 53 CGlcN6P 37 with 

either a hydroxyl- or alkoxy group at the 5a-carba position pointing in an 

equatorially direction are good substrates as activators for the glmS-riboswitch. (cf. 

Figure 15) Therefore, the synthesis of such compounds 52 and 53 are part of this 

project. To obtain small alkyl ethers, alkoxy moieties should be introduced to the 5a-

carba position.  
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Figure 15: Target structures as potential activators for the glmS-riboswitch. Analogs 52 of CGlcN 38 
and derivatives 53 of CGlcN6P 37 with either a hydroxyl- or alkoxy moiety attached to the 5a-carba 
position. In this case, suitable ethers are small alkyl ethers. 
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 Synthesis plan 

For the synthesis of modified CGlcN- 52 and CGlcN6P analogs 53 with either a 

hydroxyl- or an alkoxy group attached to the 5a-carba position, a synthesis route 

depicted in Scheme 4 was developed. No synthetic way for carba-sugars with 

hydroxyl or alkoxy modifications at the 5a-carba positon is known in literature at 

this point. The reaction sequences to the C7N-aminocyclitols 61 and 62 have already 

been developed during my master’s thesis.[122]  

The perbenzylated, anomeric deprotected glucosamine 55 was synthesized in 4 

steps, starting from commercially available GlcNAc 54. With 55 in hands, the semi 

acetal was reduced with LiAlH4 to the 1, 5-diol 56. Next, it was made use of the fact 

that compound 56 consists of a primary and a secondary alcohol, whereby in the 

following step, the primary alcohol was selectively protected with TBDPSCl to the 

silyl ether 57. Afterwards, compound 57 was subjected to a Swern oxidation to 

convert the secondary alcohol into the appropriate ketone. A subsequent conversion 

of the obtained ketone into olefin 58 was achieved by a Wittig reaction. Then, 

cleavage of the silyl ether with TBAF recovered the primary alcohol and gave 59. 

Hereafter, alcohol 59 was oxidized to the corresponding aldehyde under Swern 

conditions. Subsequent treatment with vinylmagnesium bromide enabled an 

addition of a vinyl moiety to the obtained aldehyde to give diene 60. Owed to the 

fact that the aldehyde is prochiral and the Grignard reagent can either attack from 

the re or si face, the diene 60 was obtained as a mixture of diastereomeres. In the 

following, the C7N-aminocylcitols 61 and 62 could be synthesized from diene 60 by 

a ring-closing metathesis reaction (RCM) also as a mixture of diastereomeres. 

To achieve a high activity of potential activators in the self-cleavage reaction of the 

glmS-riboswitch, an axially pointing hydroxyl group at C1 is crucial in case of carba-

sugar analogs of GlcN6P 12. This is due to the observation that only the alpha 

anomer of GlcN6P 12 shows a significant activity in the self-cleavage reaction of the 

glmS-riboswitch, whereas the beta anomer is inactive (cf. 2.3, 2.5).[70] In the present 

synthesis plan, the C7N-aminocylitol 62 exhibits the desired direction of this 

hydroxyl group at the C1 (cf. Scheme 4). On the contrary, the hydroxyl group at C1 

of diastereomer 61 points in the wrong direction.  
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Therefore, a way for the inversion of 61 into 62 shall be found. Possibly, this can be 

accomplished by an oxidation of 61 into the corresponding enone, followed by a 

selective reduction to the enol 62.  

 

Scheme 4: Synthesis plan for derivatives 52 of CGlcN 38 and analogs 53 of CGlcN6P 37. The reaction 
sequences to the carba-sugars 61 and 62 were carried out during my master’s thesis. The subsequent 
reaction steps represent a general strategy for the synthesis of the desired compounds 52 and 53, 
which has to be developed during this project. 

With 62 in hands, a hydroxyl group shall be added at the 5a-carba position under 

anti-Markovnikov conditions to give key intermediate 63. A well-known reaction for 

such a purpose is the hydroboration reaction.[123] It is expected that a hydroboration 

reaction results in a mixture of diastereomers 63 and 64 due to the syn-addition of 

the borane to the olefin. In this case, compound 63 represents the carba-sugar 
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derivative with the desired stereochemical information, since the 5a-attached 

hydroxyl as well as the C6 moiety point into the desired directions.  

The key intermediate 63 allows for the synthesis of several ether derivatives by 

alkylation reactions with the corresponding alkyl halides as alkylation reagents (cf. 

Figure 16). The reactions depicted in Figure 16 represent a small selection of 

examples that can be expanded to various sorts of ethers like naphtyl ethers, etc. 

After derivatization, the next goal is to remove the benzyl protecting groups. In 

literature this is typically done by palladium catalyzed hydrogenation to yield the 

appropriate CGlcN derivative 52. As a final step, a phosphorylation method has to 

be found for the conversion of 52 into the corresponding CGlcN6P derivative 53. 

 

Figure 16: Derivatization of key intermediate 63 by different types of alkylation- or arylation 
reactions. Methyl ether 66 and allyl ether 68 can be synthesized using appropriate halides and 
sodium hydride. Ethylation of 63 with Meerwein’s reagent leads to the ethyl ether 67. Even aryl 
ethers can be synthesized with intermediate 63. A phenyl ether 70 can be prepared by a copper (II) 
catalyzed phenylation with Ph4BiF according to Mukayama et al.[124]. Further, e.g. an ethyl linked 
phenyl ether 69 can also be synthesized with the corresponding halide in a phase-transfer catalysis 
reaction.[125] In addition to these reactions representing a small selection, many others should be 
accessible with key intermediate 63. 

This synthesis route offers the benefits of having robust and permanent benzyl 

protecting groups from the beginning which circumvents a complex protecting 

group strategy. The benzyl protecting groups are expected to be easily removed 

using palladium-catalyzed hydrogenation.[80] Further, modification of key 

intermediate 63 by alkylation reactions, paves the way for the access to several 5a-

ether modified carba-sugar derivatives 52 and 53. Last but not least, the depicted 
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synthesis route includes the possibility to synthesize 5a-modified CGlcN derivatives 

52 as well as their C6 phosphorylated counterparts 53.  

  



 Results and Discussion  35 

 Synthesis of 5a-modified CGlcN and CGlcN6P derivatives  

4.3.1 Synthesis of (5aS)-hydroxyl and (5aS)-ether modified 

CGlcN 

4.3.1.1 Synthesis of C7N-aminocyclitols 61 and 62 by a RCM 

Carba-sugar analogs 52 of GlcN with attached oxygen-based modifications 

(hydroxyl, ether) at the 5a-carba position are not literature-known so far. For this 

purpose, a new synthesis plan was developed that gives access to these compounds 

(cf. 4.2). First steps of this synthesis route were developed during my master’s 

thesis, in which compounds 61 and 62 were synthesized (cf. 4.2, Scheme 4).[122] This 

promising new way was continued during this project to obtain the desired 5a-

carbasugar derivatives 52 of GlcN and 53 of GlcN6P 12.  

The C7N-aminocylcitols 61 and 62 were synthesized from diene 60 by a RCM 

reaction with the aid of Grubbs catalyst 2nd gen. 71 (cf. Scheme 5). The desired 

isomer 62 was obtained in a yield of 26%.  

 

Scheme 5: Synthesis of C7N-aminocyclitols 61 and 62 by RCM with Grubbs catalyst 2nd gen. 72 of 
diene 60. The desired stereo isomer 62 was obtained in 26% yield. Adapted from D. Stängle[122]. 

Typically, the RCM reaction succeeds with nearly equivalent yields due to the loss of 

volatile ethylene, which is one of the driving forces for the RCM (cf. Figure 17).[126] 

In the RCM reaction, every reaction step is reversible but the loss of ethylene causes 

a shift of the equilibrium towards the product side.  
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Figure 17: General mechanism of the RCM reaction of a diene to the corresponding cyclic olefin. Every 
reaction is reversible but due to the loss of volatile ethylene, the reaction equilibrium is on the 
product side. Modified from Fürstner[127]. 

For unsaturated amines, it is known that they are poor substrates for the RCM due 

to coordination of their nitrogen lone pair to metal-alkylidene complexes, leading to 

decomposition of the catalyst (cf. Figure 18).[128-129]  

 

Figure 18: Degradation mechanism of ruthenium alkylidene complexes in the presence of 
unsaturated amines. N = unsaturated amine. Adapted from Lummiss et al.[129]. 

With regard to this degradation, several strategies have been developed to prevent 

this coordination, e.g. conversion of the amine into a carbamate, sulfonamide or 

amide.[130-131] Other strategies deactivate the substrate by protonation of the amine, 

either by performing the RCM reaction with the corresponding ammonium salt[132-

133] or with the free amine in the presence of camphorsulfonic or p-toluene-sulfonic 

acid[134-135]. 

The latter strategies have been applied to the RCM reaction for the conversion of 60 

into 61 and 62. Therefore, the ammonium salt of diene 60 was applied to the RCM 

reaction as well as the free amine of 60 in presence of equimolar amounts of 

camphorsulfonic or p-toluene-sulfonic acid. However, these methods did not result 

in any increase of the yield. With these methods, only a minor conversion of 60 into 

61 and 62 could be observed according to TLC and LCMS measurements.  
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Vankar and co-workers[136] could increase the yield of the RCM reaction in the 

presence of basic amines when the Grubbs catalyst 2nd generation 71 was added 

portion wise in equal time intervals over a period of 2.5 hours in boiling toluene. 

Applying this condition to diene 60 did indeed lead to an increase of the yield to 

63% or 88% based on recovered starting material (brsm) (cf. Scheme 6). 

 

Scheme 6: Synthesis of C7N-aminocyclitols 61 and 62 by a RCM with Grubbs catalyst 2nd gen. of diene 
60 by a protocol from Vankar and co-workers[136]. 

Additionally, different catalysts for the RCM were screened using the conditions by 

Vankar and co-workers[136] to further increase the yield (Figure 19). The best results 

were obtained by using Hoveyda-Grubbs catalyst 2nd gen. 74 with an overall yield of 

89% brsm (cf. Table 5, entry 4). With regard to decomposition of the catalyst by 

coordination of 60 to the metal-alkylidene complex (Figure 18), this yield is 

acceptable since 10 mol% of catalyst is used in this reaction, consuming 10 mol% of 

diene 60.  

When Grubbs catalyst 1st generation 71 and Grubbs catalyst 3rd generation 73 were 

applied to the RCM reaction, only traces of product or even no product formation 

was observed (Table 5, entry 1 and entry 3). Compared to Grubbs catalyst 2nd 

generation 72, the initiation rate of Grubbs catalyst 3rd generation 73 is increased 

by more than a millionfold.[137] It was thought that a drastically increase in the 

initiation rate could overcome the decomposition rate of the catalyst as shown for 

Grubbs catalyst 1st generation 71 and Grubbs catalyst 2nd generation 72 (Table 5, 

entry 1 and entry 2). However, when Grubbs catalyst 3rd generation was applied to 

the RCM reaction, no product formation was observed.  

Further, one molybdenum-based catalyst 75 was tested in the RCM reaction since 

they tolerate substrates with tertiary amine functionalities due to their relatively 

crowded pseudo-tetrahedral coordination sphere of the molybdenum centre.[138-139] 

Compared to ruthenium-based catalysts, molybdenum-based catalysts are more 

sensitive to moisture, oxygen and temperature. For these reasons, the RCM reaction 
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in the presence of a molybdenum-based catalyst was carried out at different 

temperatures ranging from 25 – 90 °C (Table 5, entry 5 – 8). However, no product 

formation was observed. These results may be explained by the sterically 

demanding substrate 60 or the decomposition of the catalyst at higher 

temperatures.  

 

Figure 19: Catalysts used in the RCM reaction of diene 60 to carba-sugars 61 and 62. 

Table 5: Reaction conditions for the RCM reaction. The best result was obtained with Hoveyda-
Grubbs 2nd gen. 74 with an overall yield of 89% brsm.  

 Catalyst Solvent, Temp. 61 62 

1. 71 toluene, 90 °C traces traces 
2. 72 toluene, 90 °C 33% (48% brsm) 30% (40% brsm) 
3. 73 toluene, 90 °C - - 
4. 74 toluene, 90 °C 37% (49% brsm) 30% (40% brsm) 
5. 75 benzene, 25 °C - - 
6. 75 benzene, 40 °C - - 
7. 75 benzene, 60 °C - - 
8. 75 benzene, 90 °C - - 
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4.3.1.2 Stereo correction by conversion of 61 into 62 

Since the stereochemistry at the C1 of key intermediate 63 corresponds to that of 

62, a method was searched to directly convert the undesired stereoisomer 61 into 

62. The general idea was to oxidize the enol 61 into the corresponding enone 76, 

followed by a stereoselective reduction to the enol 62 (cf. 4.2, Scheme 4, Scheme 7).  

 

Scheme 7: Conversion of enol 61 into 62. First, enol 61 was converted into the corresponding enone 
76 by a Swern oxidation. A stereoselective reduction of enone 76 into enol 62 was achieved by a 
subsequent Luche reduction.  

In a first attempt, the oxidation was carried out with Dess-Martin periodinane 

(DMP) according to Ri et al.[38] (cf. Table 6). They were able to oxidize a similar enol 

compared to 61, in which the dibenzyl amine of 61 is substituted by a benzyl ether, 

to the corresponding enone in excellent yields. However, for 61, these conditions 

led to the formation of many byproducts and no enone 76 could be isolated (cf. Table 

6 entry 1). It was hypothesized that the acetic acid formed in-situ during the 

oxidation activates the formed enone, leading to 1,4-addition or 1,2-addition of 

present nucleophiles. Therefore, non-acidic and milder oxidation methods were 

screened.  

One of them is the Swern oxidation with trifluoroacetic anhydride instead of oxalyl 

chloride.[140] This reaction has the advantage of a reduced byproduct formation 

compared to the conventional Swern oxidation with oxalyl chloride. In addition, this 

oxidation can be carried out at higher temperatures. Treatment of 61 with this 

reaction condition did result in 76 in 36% yield (cf. Table 6 entry 2).  

Finally, enol 61 was applied to a Swern oxidation under standard conditions with 

oxalyl chloride to compare both Swern oxidation methods with each other, whereby 

enone 76 was obtained in 76% yield (cf. Scheme 7, Table 6 entry 3). Further, the UV-

chromatogram of the LCMS measurement shows a clean conversion of enol 61 to 

enone 23 without any byproduct formation. 
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Additionally, it seems that 76 is not long-term stable, even under inert atmosphere, 

which was confirmed by HPLC measurements. After purification of 76 by FC, a 

sample was injected in the HPLC and the sample was afterwards stored under inert 

atmosphere in the fridge at -18 °C. The UV-chromatogram of this sample shows only 

one peak (cf. 9 Figure 28). After 3 days, the color changed from slight yellow to dark 

brown and the UV chromatogram exhibited several new peaks (cf. 9 Figure 29). 

Table 6: Used reagents for the oxidation of enol 61 to enone 76.  

 Oxidation reagent Yield of 76 

1. DMP - 
2. Trifluoracetic anhydride, DMSO 36% 
3. Oxalyl chloride, DMSO 76% 

With enone 76 in hands, the reduction was performed with L-Selectride® according 

to the procedure from Ri et al.[38] to give 62 in 74% yield (cf. Table 7 entry 1). The 

purification via flash column chromatography (FC) was challenging due to the 

formation of many byproducts. Therefore, the Luche reduction[141], which is 

commonly used to reduce enones to enols, was applied. This reaction proceeded 

more selectively and gave enol 62 in 76% yield (cf. Table 7 entry 2).  

Table 7: Used reagents for the stereoselective reduction of enone 76 to enol 62 and the obtained 
isolated yield. 

 Reducing reagent Yield of 62 

1. L-Selectride® 74% 

2. CeCl3, NaBH4 76% 
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4.3.1.3 Synthesis of key intermediate 63 

After the synthesis of 62, its C1 hydroxyl group was converted into the 

corresponding benzyl ether by a benzylation reaction to give 77 (cf. Scheme 8). 

Subsequent addition of a hydroxyl group under anti-Markovnikov conditions was 

achieved by a hydroboration reaction. As expected, the products 63 and 64 were 

obtained as a mixture of diastereomers where 63 represents the product with the 

desired stereochemistry (cf. 4.2).  

In addition to these products, a byproduct with an added proton instead of a 

hydroxyl group 78 was observed but not isolated. The amount of formed 78 during 

the reaction is in the range of 64 according to the UV-chromatogram of the LCMS 

measurement (cf. 9 Figure 30). For the success of this reaction, a minimum of 12 

equivalents of BH3*SMe2 had to be used. One reason for the excess of borane reagent 

could be the coordination of BH3 to the C2 amine of 77. Further, the subsequent 

oxidation with hydrogen peroxide only succeeded when the reaction mixture was 

heated to 75 °C for the hydrolyzation of the possibly formed borane-amine complex.     

 

Scheme 8: Benzylation of the hydroxyl group of 62 to the fully protected carba-sugar 77. The 
following addition of a hydroxyl group under anti-Markovnikov conditions was realized by a 
hydroboration reaction. The products 63 and 64 were obtained as a mixture of diastereomeres. In 
addition to these products, a byproduct with an added proton instead of a hydroxyl group 78 could 
be observed.  

The stereochemistry of 63 and 64 was confirmed by 1D NOESY NMR spectroscopy 

(cf. Figure 20, 9 Figure 31 and Figure 32). In the case of 63, a clear NOE effect 

between H-2, H-4 and H-5a with each other can be seen, as well as a coupling 
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between H-3 and H-5 (cf. Figure 20). In addition, a further NOE effect was found 

between the 5a-hydroxyl group and H-1 for 63.  

On the contrary, isomer 64 exhibits a NOE effect between H-2, H-4 and H-5, whereas 

no coupling was observed between H-3 and H-5. Regarding these findings, 63 has to 

be the compound at which the 5a-hydroxyl group was added equatorially and 64 

the compound with the axially added hydroxyl group at the 5a-carba position. 

 

Figure 20: Structure confirmed by 1D NOESY NMR spectroscopy of 63 and 64. Left: Protons that are 
connected by a red line or a red double-headed arrow exhibit a clear spatial coupling. Right: Red 
double-headed arrows indicate spatial couplings between protons. Data based on 1D NOESY NMR 
spectroscopy (cf. 9 Figure 31 and Figure 32). 

The big difference in the yield of the isolated diastereomers 63 and 64 can be 

explained by the syn-addition of the borane to the olefin in the first step of the 

hydroboration reaction. The addition of the borane reagent can occur from two 

sides of the olefin 77 (cf. Figure 21). One side – the “lower” side – that leads to the 

key intermediate 63 is sterically more hindered due to the benzyl ether in the vicinal 

position, compared to the “upper” side, which leads to the stereoisomer 64. For 

these reasons, key intermediate 63 is the side product of this reaction and the 

undesired isomer 64 is the main product. For this hypothesis, a proposed structure 

for kirkamide by Sieber et al.[142] was used, which is based on NMR spectroscopic 

data. 
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Figure 21: Syn-addition of BH3 to the olefin 77. The addition from the “upper” side that leads to 64 is 
favored, whereas the one from the “lower” side leading to 63 is disfavored due to steric hindrance of 
the benzyl ether in vicinal position to the borane. The steric clash is depicted as blue brackets. 

Many attempts have been made to improve the yield of key intermediate 63 in the 

hydroboration reaction. For instance the use of highly electrophilic borane reagents 

such as bis(pentafluorophenyl) borane[143], variation of temperature during the 

addition of borane reagent- or oxidation process as well as the use of other 

commonly available borane reagents like 9-BBN and BH3*THF. None of these 

variations led to an increase of the yield.  

For this purpose, an alternative route was developed to improve the yield of this 

hydroboration starting from compound 61 after the RCM. This reaction sequence is 

described later (cf. 4.3.3).  
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4.3.1.4 Derivatization of key intermediate 63 

After having successfully synthesized key intermediate 63, first derivatives were 

synthesized by different alkylation reactions (Scheme 9).  

 

Scheme 9: Conversion of key intermediate 63 into the corresponding methyl 66 or allyl ether 68 with 
sodium hydride and either methyl iodide or allyl bromide. 

Treatment of 63 with sodium hydride and methyl iodide gave the corresponding 

methyl ether 66. For the synthesis of the corresponding propyl ether 79 derivative, 

the idea was to synthesize this compound via the corresponding allyl ether 68. This 

synthesis route was chosen since the alkylation with sodium hydride and a 

corresponding propyl halide 80 results in an E2-elimination of the propyl halide to 

2-propene 81 (cf. Scheme 10). It was hypothesized that a change in the order of 

reagent addition could lead to a conversion of 63 into propyl ether 79. Therefore, 

the propyl halide was added prior to sodium hydride. However, this strategy did not 

succeed. 

 

Scheme 10: Synthesis of propyl ether 79 by alkylation of 63 with sodium hydride and propyl halide 
did not succeed. During the propylation of 63 with sodium hydride, in combination with propyl 
bromide or propyl iodide 80, an E2-elimination occurs, producing 2-propene 81. 

For these reasons, it was made use of the fact that the subsequent hydrogenation 

reaction, which is conducted after the derivatization reaction (cf. 4.2, Scheme 4), 
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should convert allyl ether derivative 68 into the corresponding propyl ether 84 (cf. 

Scheme 11). In a first attempt, 63 was applied to a Tsuji-Trost allylation, using the 

conditions from Huwe et al.[125]. This method was used for the allylation of C-

fucopeptides, though in case of 63 no allyl ether 68 was formed. Nevertheless, allyl 

ether 68 was synthesized by treatment of 63 with sodium hydride and allyl bromide 

in 84% yield (cf. Scheme 9).   
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4.3.1.5 Cleavage of the benzyl protecting groups 

After derivatization (cf. 4.3.1.4), the benzyl protecting groups were cleaved by 

palladium catalyzed hydrogenation (cf. Scheme 11).  

 

Scheme 11: Synthesis of (5aS)-CGlcN derivatives bearing either a hydroxyl group 82, a methyl 83 or 
propyl ether 84 at the 5a-carba position. 

Initial attempts to hydrogenate the benzyl protecting groups of 63 with Pd-C (10%, 

waterwet) - purchased from TCI Chemicals - in methanol under a hydrogen 

atmosphere (1 atm.) did not succeed (cf. Table 8, entry 1). In order to check if it 

depends on the nature of the palladium catalyst, another widely used catalyst for 

debenzylation reactions was used. The Pearlman’s catalyst (Pd(OH)2)[144] is one of 

these and was used under the same conditions as described above (cf. Table 8, entry 

2). Again, this catalyst did not lead to a formation of the desired product.  

Next, it was tried to lead the hydrogenation to success by increasing the hydrogen 

pressure. Therefore, the hydrogenation was carried out under a hydrogen pressure 

of 3 atm. according to a procedure from Wang et al.[80], who were able to deprotect 

a perbenzylated phosphonate derivative of D-glucosamine in excellent yields (cf. 

Table 8, entry 3). For 63, the formation of many byproducts was observed according 

to TLC measurements, which was referred to many partially cleaved benzyl 

protecting groups. Therefore, the reaction was continued, even with a higher 

hydrogen pressure, up to 10 atm. (not shown in Table 8), but the deprotection did 

not complete. It was hypothesized that this was due to a poisoning of the catalyst by 

the C2 amine or similar effects. Further, it is known that the debenzylation of benzyl 

amines is much slower compared to benzyl ethers and harsher conditions are 

necessary.[145]  

For that reasons, a procedure from Gonzalez-Bulnes et al.[146] was used. They could 

cleave benzyl protecting groups of an amino inositol analog by hydrogenation with 

Pd-C in a mixture of THF and conc. HClaq. (99:1 v/v) as well as 3 atm. H2-pressure 

(cf. Table 8, entry 4). These conditions did indeed lead to a total consumption of the 

starting material to a very polar compound according to TLC measurements. In 
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addition to this, no aromatic signals were visible in the 1H NMR spectrum, but the 

desired compound could not be clearly identified. 

Regarding these results, high pressure and addition of acid is necessary for the 

success of the hydrogenation. Consequently, different catalysts, solvents and acids 

were tested for the deprotection of the benzyl protecting groups. In a first try, the 

conditions from Gonzalez-Bulnes et al.[146] were used but the solvent was changed 

from THF to a more polar solvent like methanol (cf. Table 8, entry 5). A complete 

consumption of the starting material to a polar compound was observed according 

to TLC but the identification of the obtained compound was not possible.  

Next, it was thought that the acid should be changed from hydrochloric acid to a 

weaker acid like TFA (cf. Table 8, entry 6). To overcome the weaker acidity of TFA 

compared to HClaq., a 1:1 mixture of Pd-C and Pd(OH)2 was applied, since it was 

found that this mixture results in a higher activity of the catalysts in a hydrogenation 

reaction.[147] However, this did not result in any formation of product, even when 

the pressure was raised to 10 atm. (not shown in Table 8).  

Eventually, when the catalyst was changed to Pd-C 10R394 from alfa aesar under 

the same conditions with a hydrogen pressure of 8 atm., the reaction succeeded and 

the desired product was obtained as the TFA salt in quantitative yields with minor 

impurities (cf. Table 8, entry 7). It was observed that the reaction proceeded 

sluggishly after a certain time and the catalyst had to be renewed after one day. The 

progress of deprotection was monitored by NMR spectroscopy until no aromatic 

signals were visible anymore.  

To get rid of the small impurities after hydrogenation, a small amount of crude 

product was purified by HILIC chromatography. After purification, these 

compounds can be used for the biological self-cleavage assays (gradient, column, etc. 

are shown in the corresponding reaction procedure in 7.2).  

The remaining crude product was used in the next reaction step without further 

purification.  
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Table 8: Conditions of the hydrogenation reaction for the cleavage of the benzyl protecting groups to 
produce derivatives 82 - 84 of CGlcN 38. 

 Catalyst H2 solvent acid duration yield 

1. Pd-C (TCI) 1 atm. MeOH - 2 d - 

2. Pd(OH)2 (abcr) 1 atm MeOH - 2 d - 

3. Pd-C (TCI) 3 atm MeOH - 2 d - 

4. Pd-C (TCI) 3 atm THF HClaq. 5 d - 

5. Pd-C (TCI) 3 atm. MeOH HClaq. 5 d - 

6. Pd-C/Pd(OH)2 (TCI & abcr) 3 atm. MeOH TFA 2 d - 

7. Pd-C 10R394 (alfa aesar) 8 atm. MeOH TFA 3 d quant. 
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4.3.2 Synthesis of (5aS)-hydroxyl and (5aS)-ether modified 

CGlcN6P 

After the successful synthesis of the desired derivatives 82 - 84 of CGlcN 38 (cf. 

4.3.1), the next step was the phosphorylation of these derivatives in order to convert 

them into the corresponding derivatives 53 of CGlcN6P 37 (cf. 4.2). To circumvent 

a complex protecting group strategy, a general method for a regioselective 

phosphorylation of the C6 hydroxyl group was developed. Regioselective 

phosphorylations of carbohydrates can often only be carried out by a corresponding 

protective group strategy. Typically, a reactive P(V)-species[148], esters[149] or a 

P(III)-species[150] with subsequent oxidation to the appropriate P(V)-species is used. 

Nevertheless, several regioselective phosphorylation methods for carbohydrates 

are known in literature. 

An elegant and simple method for the regioselective phosphorylation of primary 

alcohols was developed by Sowa et al. in 1975 with phosphoryl chloride.[151] With 

this method, primary alcohols of unprotected nucleosides were phosphorylated 

regioselectively. However, Magnus Schmidt could show in his PhD thesis[152], when 

this procedure is transferred to hexoses with unprotected C4 and C6 hydroxyl 

groups 85, a cyclic phosphate 86 is formed (cf. Scheme 12). On the contrary, when 

the C4 hydroxyl group was protected as a benzyl ether and the C6 hydroxyl group 

was unprotected (87), he could obtain the desired noncyclic phosphate 88. These 

results indicate that in case of the (5aS)-CGlcN derivatives 82 – 84, a complex 

protecting group strategy is required, which would result in an elongation of the 

existing synthesis route. For this reasons another phosphorylation method was 

searched. 

 

Scheme 12: Phosphorylation of a C4 and C6 unprotected hexose 85 and a C6 unprotected hexose 87. 
After treatment with phosporyl chloride, pyridine and water, 85 gave the cyclic phoshate 86, 
whereas 87 yielded the acyclic C6 phosphate 88. Reaction from M. Schmidt[152]. 
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One of those methods is the phosphorylation with phosphoramidites. In a first step, 

a P(III)-species is coupled to a hydroxyl group, followed by an oxidation of the P(III) 

to P(V). An elegant procedure for this reaction was developed by Yu and Fraser-

Reid[153] for the synthesis of partially phosphorylated myo-inositols in good yields. 

For the coupling, they used dibenzyl N, N-diisopropylphosphoramidite as a P(III)-

species, which was activated in the presence of 1H-tetrazole, followed by addition 

of partially protected myo-inositol. After the coupling was complete, the P(III) was 

oxidized to the corresponding P(V)-species by addition of mCPBA.  

This procedure was assumed by Nikolaides and Ganem[154] to regioselectively 

phosphorylate the primary alcohol of 89 in the presence of secondary alcohols to 

give 90 (cf. Scheme 13). The benzyl protecting groups of the dibenzyl phosphoric 

acid ester 90 were cleaved by palladium catalyzed hydrogenation to give the 

phosphate 91.  

 

Scheme 13: Regioselective phosphorylation of the primary alcohol of 89 to 90 with the procedure 
described by Yu and Fraser-Reid[153]. After palladium catalyzed hydrogenation, the phosphate 91 was 
obtained. The depicted reaction was published by Nikolaides and Ganem[154]. 

With regard to the synthesis conducted by Nikolaides and Ganem[154], this method 

was applied to (5aS)-hydroxyl-CGlcN 82. Prior to this reaction, the C2 amine of 82 

was protected with Cbz-Cl to the corresponding carbamate 92 to avoid formation of 

by byproducts (cf. Scheme 14). The carboxybenzyl group was chosen due to its easy 

removal after the phosphorylation by catalytic hydrogenation, resulting in the fully 
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unprotected (5aS)-hydroxyl-CGlcN6P 94. While the protection of 82 succeeded, the 

regioselective phosphorylation of 92 did not lead to the desired product 93.  

To get a deeper insight, this reaction was screened via 31P NMR spectroscopy (cf. 9 

Figure 33 and Figure 34). A similar screening method was used by Jessen and co-

workers[155] to investigate the coupling of dibenzyl N, N-

diisopropylphosphoramidite to nucleoside monophosphates and diphosphates for 

the syntheses of the corresponding P(III)-P(V)-anhydrides. After oxidation, they 

could obtain the corresponding nucleoside diphosphates and triphosphates. 

 

Scheme 14: Synthesis pathway for the regioselective phosphorylation of 82 to 94. First, the amine 
group at the C2 of 82 was protected with Cbz-Cl to the corresponding carbamate 92. The following 
phosphorylation with the procedure of Nikolaides and Ganem[154] did not result in formation of 
dibenzyl phosphoric acid ester 93.  

At the beginning of the reaction, prior to the addition of carbamate 92, a major signal 

in the 31P NMR spectrum at 147.7 ppm was observed. This signal belongs to 

(BnO)2PN(iPr)2. Additionally, a minor signal at 8.5 ppm that originates from 

(BnO)2POH could be seen (cf. Figure 33, t=0 min).[155] When 92 was added, a new 

signal arose at 139.0 ppm, which was assigned to (BnO)2P-O(92). During the 

reaction, the intensity of this signal increased.  

After a reaction time of 60 minutes, the coupling was complete and the subsequent 

oxidation with mCPBA was carried out (cf. Figure 34). Throughout the oxidation 

process, the signal at 139.0 ppm decreased and a new signal appeared at -0.7 ppm – 

the dibenzyl protected phosphoric acid ester 93. The oxidation was complete after 

70 minutes and the crude product was purified via HPLC chromatography (cf. 9 

Figure 36).  
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The peak with tR = 14.6 min belongs to a mass of [M+H]+ = 588.15 g/mol based on 

LCMS measurements, in accordance with the mass of 93. However, the compound 

was isolated in only 8% yield and could not be clearly identified by NMR analysis.  

One hypothesis for the result of this reaction is that the P(III)-species reacts not only 

with the primary alcohol but also with secondary alcohols to give byproducts. To the 

best of my knowledge, the procedure of Nikolaides and Ganem[154] is the only 

procedure where this method is used for the regioselective phosphorylation of 

compounds with more than one unprotected hydroxyl group.  

Therefore, the search for another regioselective phosphorylation method of the C6 

hydroxyl group was continued. In 1956, Maley and Lardy published a method for 

the phosphorylation of anisylidene D-glucosamine with diphenyl phosphoryl 

chloride (cf. Scheme 15).[156] In this reaction, a P(V)-species is used and after 

coupling to the primary alcohol, no further oxidation is necessary.  

 

Scheme 15: Regioselective phosphorylation of anisylidene D-glucosamine 95 with diphenyl 
phosphoryl chloride to the C6 dibenzyl phosporic acid ester 96. Reaction carried out by Maley and 
Lardy[156]. 

This procedure by Maley and Lardy[156] was adopted to the carbamate 92, whereby 

acetylation was waived in order to save subsequent reaction steps for the 

deacetylation (cf. Scheme 16). In fact, this procedure did result in the desired 

diphenyl phosphoric acid ester 97 in a yield of 51%.  

 

 

 

Scheme 16: Regioselective phosphorylation of carbamate 92 with diphenyl phosphoryl chloride to 
the diphenyl phosphoric acid ester 97. 

The regioselectivity was confirmed by 1H NMR – 31P HMBC NMR spectroscopy (cf. 9 

Figure 35). In this 2D NMR spectrum a 3J coupling between P and H-6 and a 4J 
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coupling between P and H-5 can be seen. Further, a downfield shift of the H-6a of 

0.78 ppm and H-6b of 0.82 ppm of 97 was observed in the 1H NMR spectrum 

compared to carbamate 92 that supports the proof of the regioselective C6 

phosphorylation (cf. Table 9).  

Table 9: Chemical shifts of H-6a and H-6b of carbamate 92 and phosphoric acid ester 97.  

 proton chemical shift 92 [ppm] chemical shift 97 [ppm] 
1. H-6a 3.94 4.72 
2. H-6b 3.84 4.64 

Due to the success of this reaction, it was applied to the (5aS)-ether derivatives 83 

and 84 of CGlcN 38 as well (cf. Scheme 17). In general, the yields for the (5aS)-ether 

derivatives 83 and 84 of CGlcN 38 are higher compared to the hydroxyl derivative 

82. A reason for this is that carbamate 92 could not be purified by silica FC due to 

its polarity compared to the carbamates 98 and 99 and therefore was purified by 

reverse phase HPLC. In general, the loss of material by HPLC purification is higher 

compared to FC. The yields of the subsequent phosphorylation differ insignificantly 

and can be neglected. With this procedure, the phosphoric acid esters with either an 

attached methoxy (100) or propoxy moiety (101), were obtained in good yields. 

 

Scheme 17: Reaction sequence for the regioselective phosphorylation of 83 and 84. First, the C2 
amine was protected with Cbz-Cl to give the corresponding carbamates 98 and 99. The subsequent 
phosphorylation with diphenyl phosphoryl chloride and pyridine yielded the phosphoric acid esters 
100 and 101. 

Finally, the last step was the global deprotection. While the Cbz protecting group can 

be cleaved by palladium catalyzed hydrogenation, the deprotection of the diphenyl 

phosphate ester requires the Adams’ catalyst instead.[157] This problem was solved 

by changing the catalyst during the reaction (cf. Scheme 18). 

First, the carbamates 97, 98 and 99 were subjected to a hydrogenation with 

palladium on charcoal. After removal of the catalyst by centrifugation, hydrochloric 

acid was added to the resultant and stirred for two hours to form the appropriate 

ammonium hydrochloride. If this step was omitted, an increase in byproduct 

formation and deceleration of the subsequent hydrogenation was observed. 
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Eventually, Adams’ catalyst was added to the reaction mixture and the reaction 

mixture was stirred under a hydrogen atmosphere (1 atm.) for two days. The 

reaction was finished by centrifugation of the catalyst to yield the desired C6 

phosphates 102 – 104 as ammonium hydrochloride salts.  

 

Scheme 18: Deprotection of the Cbz and diphenyl protecting group by hydrogenation of 97, 98 and 
99. First, the carbamates were cleaved by palladium catalyzed hydrogenation to give the 
corresponding amines, which were protonated with 1 equivalent of hydrochloric acid to give the 
resultant ammonium hydrochlorides. Finally, the diphenyl phosphate esters were converted into the 
appropriate phosphates 102 – 104.  

In cases, in which the purity of the phosphates was satisfying according to NMR 

spectra, the obtained ammonium hydrochloride salts were directly used for the 

biological cleavage assays. In all other cases, the compounds were purified by HILIC. 

In some cases, the CGlcN6P derivatives 102 – 104 exhibited minor impurities and 

therefore purification methods were developed.  

An initial attempt to purify CGlcN6P derivative 102 with HILIC by using an isocratic 

mobile phase of 40% MeCN in 10 mM triethylammonium acetic acid buffer (TEA) 

with pH = 7.03 led to decomposition of the purified compound. This could be caused 

by hydrolysis of the phosphate since another phosphor signal arose in the 31P NMR 

spectrum after freeze drying. It was hypothesized that the level of decomposition is 

dependent on the buffer and its acidity.  

For the investigation of suitable buffer system for the HILIC purification, 

commercially available GlcN6P 12 was used in order to save precious phosphates 

102 – 104. GlcN6P 12 was dissolved in MeCN/aqueous buffer (40/60 %v/v) and 

freeze dried. Then, 31P- and 1H NMR spectra in D2O were recorded at time intervals 

ranging from 0 days – 28 days after freeze drying while the solution was retained in 

the NMR tube and left at room temperature between those time intervals (cf. Figure 

22).  
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First of all, 10 mM TEA pH = 7.03 buffer – the same buffer as for the initial 

purification of 102 – was used. Already after lyophilization (“0 days”), 8% of GlcN6P 

12 was decomposed according to NMR spectroscopy and 33% after 28 days. It was 

assumed that upon freeze drying, the concentration of the acid increases due to the 

evaporation of solvent, leading to hydrolysis of the phosphate. For this purpose, the 

buffer was changed from TEA to one with a weaker acid counterpart for 

triethylamine. A suitable buffer in this case is triethylamine ammonium bicarbonate 

(TEAB), since its pKa-value is 6.35[158] compared to acetic acid with 4.76[159]. In 

addition to this, carbonic acid should be easily removable during the freeze drying 

process, thus the concentration of acid during the freeze drying process should be 

reduced. The experiments were carried out with basic 50 mM TEAB pH = 8.5 and 

slightly basic 50 mM TEAB buffer pH = 7.16.  

 

Figure 22: Measurement of the decomposition of GlcN6P after HILIC purification with various 
buffers. GlcN6P 12 was dissolved in MeCN/aqueous buffer (40/60 %v/v), freeze dried and 
afterwards dissolved in D2O. In different time intervals, a 31P- and 1H NMR spectrum was recorded to 
monitor the decomposition of GlcN6P 12. Between the measurements, the solution was kept in the 
NMR tube and left to stand at least for 28 days at room temperature. With 50 mM TEAB, pH = 7.16, 
12% decomposition was observed after 28 days in solution, whereas when 50 mM TEAB, pH = 8.5 or 
10 mM TEA, pH = 7.03 was used, the decomposition rate was up 44%. For 10 mM TEA pH = 7.03 
buffer, the NMR spectra were only recorded after freeze drying (day 0) and 28 days later.  

After freeze drying (“0 days”), no decomposition was observed for 50 mM TEAB pH 

= 7.16 and 1% for the same buffer with pH = 8.5 (cf. Figure 22, 0 days). After one 

day, 1% hydrolysis was observed for the buffer with pH = 7.16 and 2% for pH = 8.5 

(1 day). Another 4 days later, the difference is more drastic. While for the 50 mM 

TEAB buffer pH = 7.16 only 3% decomposition was observed, it was 17% for pH = 

8.5 (day 5). Finally, after 28 days in aqueous solution, 12% of GlcN6P 12 was 
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hydrolyzed when the buffer with pH = 7.16 was used, compared to 33% for the one 

with pH = 8.5.  

These results indicate that for the HILIC purification, TEAB buffer pH ~ 7 is the most 

suitable one, especially with regard to the first 5 days where only a hydrolysis of the 

phosphate up to 3% in aqueous solution was observed. When freshly prepared 

solutions of the corresponding (5aS)-CGlcN6P derivatives 102 - 104 are used for 

the biological assays, this should not be a problem. 
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4.3.3 Alternative way for the hydroboration 

One crucial step of the shown synthesis pathway that gave access to the desired 

derivatives 82 - 84 of CGlcN 38 as well as their C6 phosphate counterparts 102 - 

104 is the hydroboration that was already discussed in 4.3.1.3. This reaction led to 

key intermediate 63 in 8% yield. That is why several attempts have been made to 

find alternative ways for the hydroboration.  

The general idea of one of these approaches was to start from enol 61 after RCM (cf. 

Scheme 6, 4.3.1) since it has a different orientation of the hydroxyl group at C1. First, 

this hydroxyl group should be protected with a temporary protecting group (105). 

With 105 in hands, the hydroboration should proceed more efficiently since the 

sterically hindrance of the axially oriented benzyl ether that caused the low yield (cf. 

Figure 21, 4.3.1.3) is no longer present (cf. Scheme 19). During the addition of the 

borane to the olefin 105, both sides are nearly equal. After oxidation, alcohol 106 

should be obtained in at least 50% yield or higher, due to the equality of the addition 

of the borane reagent.  

 

Scheme 19: General idea for the alternative approach starting from 61. It was made use of the fact, 
that the hydroxyl group of 61 has a different stereochemically orientation compared to 62. After 
protection of this hydroxyl group with a suitable protecting group (105), this difference in 
orientation removes the sterically hindrance during the addition of borane to the olefin, since the 
protected hydroxyl group points to the equatorially direction. This leads to an equality of both sides 
for the addition of the borane. Eventually, 106 should be obtained in 50% yields or higher. 

In a following reaction step, the introduced hydroxyl group can be derivatized by 

alkylation reactions to give the respective ethers (107) (cf. Scheme 20). After 

removal of the temporary protecting group (108) and inversion of the hydroxyl 

group (109), the obtained alcohol 109 can be subjected to palladium-catalyzed 

hydrogenation (cf. Scheme 11, 4.3.1) and regioselective phosphorylation (cf. 4.3.2) 

to produce the corresponding (5aS)-CGlcN derivatives 52 and (5aS)-CGlcN6P 

derivatives 53, respectively. The inversion of the alcohol (108 → 109) represents 

the key step in this reaction sequence.  
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Scheme 20: Depiction of basic reactions towards the synthesis of (5aS)-CGlcN derivatives 52 and 
(5aS)-CGlcN6P derivatives 53.  

The synthesis route that was followed and reflects the general idea is depicted in 

Scheme 22. At first, a silyl ether was introduced as a temporary protecting group, 

due to their easy removal in many instances with fluoride donor reagents like 

TBAF[160]. To investigate the influence of the sterical demand of silyl ethers in the 

hydroboration reaction, a tert-butyldimethyl silyl- (TBMDS) 110 and tert-

butyldiphenyl silyl ether 111 were synthesized starting from enol 61 with the 

corresponding silyl chloride under basic conditions. Further, the stability of silyl 

ethers is accompanied with an increase in sterical hindrance. With regard to the 

strong basic and oxidizing conditions of the hydroboration, this has to be taken into 

account as well.  

The hydroboration of the silyl ethers 110 and 111 yielded the desired alcohols 112 

and 113 in 21% and 55% yield over 2 steps, respectively. Interestingly, it seems that 

the choice of the silyl ether has a significant impact on the yield of the hydroboration 

reaction. In addition to the obtained products 112 and 113, the formation of 

compounds with a hydroxyl group pointing in the axially direction was also 

observed (114 and 115). The ratio of the isolated products in case of the TBDMS-

protected silyl ethers 112 and 114 is around 1:1, whereas for the TBDPS protected 

silyl ethers 113 and 115 is about 4:1 according to the UV chromatogram of the LCMS 

measurement (cf. 9 Figure 37).  

While an isolation of both products was possible for the TBMDS ethers 112 and 114 

after hydroboration, only the TBDPS ether 113 could be isolated, since 115 was not 

visible on the TLC plate and therefore could not be isolated via FC purification. The 

obtained product ratios indicate that sterically more demanding silyl ethers lead to 

a predominant addition of the borane from the si face, resulting in a formation of the 
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equatorially added hydroxyl group after oxidation. Owing to the higher yield over 

the first two steps, the synthesis route was continued with TBDPS ether 113.  

In order to investigate the general effectiveness of this alternative synthesis route, 

113 should be converted into a simple alkyl ether in the next step. Therefore, 113 

was subjected to a methylation reaction with NaH and MeI to give the methyl ether 

116. Besides the formation of 116, an additional byproduct 117 was isolated. This 

byproduct formation is caused by a migration of the TBDPS protecting group from 

C1 to C5a under basic conditions (cf. Figure 21).  

 

Scheme 21: Migration of the TBDPS protecting group of 113 during the methylation of its hydroxyl 
group. Upon deprotonation, the C5a-alkoxide performs a nucleophilic attack at the TBDPS, which 
leads to a shift of the protecting group. The numbering of the compounds is based on Scheme 22. 

For this reason, other methylation reactions with weaker bases like the Meerwein’s 

reagent in combination with proton sponge[161], or trimethylsilyl diazomethane[162], 

which is known to be a mild methylation reagent since it proceeds without any 

addition of base, were tested. However, under these conditions, no conversion of the 

starting material was observed. The best results for the methylation were obtained 

when MeI was applied in a huge excess (50 eq.) to the reaction, prior to the addition 

of NaH. The reaction progress could not be monitored by TLC measurements since 

the starting material 113 and the product 116 revealed the same Rf-value. 

Nevertheless, it was possible to monitor the reaction progress by TLCMS. In general, 

after 4 hours, no mass of the starting material 113 was observed, only the mass of 

product 116. The following deprotection of the silyl ether with TBAF proceeded 

smoothly and gave alcohol 118 in good yields. 

Several strategies were tested for the inversion of the alcohol 118 in the next step. 

One of them is the oxidation of the alcohol into the corresponding ketone, followed 

by a stereoselective reduction to 119. At first, the oxidation was carried out under 

Swern conditions to give the corresponding ketone according to TLC analysis. In 

addition, the oxidation was also performed with Dess-Martin periodinane but did 
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not result in any conversion of the starting material. The stereoselective reduction 

was conducted with L-Selectride® as a bulky reducing reagent, since it is known that 

the hydride of L-Selectride® mainly adds from the re face to the carbonyl.[163] 

However, in the present reaction, treatment with L-Selectride® did not yield to an 

inversion (119) but in retention (118).  

 

Scheme 22: Alternative approach for the synthesis of (5as)-methoxy-CGlcN 83 and (5aS)-methoxy-
CGlcN6P 103 starting from diastereomer 61 after RCM. First, enol 61 was protected by either 
TBDMSCl or TBDPSCl to the appropriate silyl ethers 110 or 111, respectively. A subsequent 
hydroboration reaction gave the alcohols 112 and 113. The hydroxyl group of 113 was converted 
into the corresponding methyl ether 116 in the following methylation reaction. Then, the silyl ether 
was cleaved with TBAF to give alcohol 118. The following inversion of the alcohol 118 into 119 did 
not succeed.  

Oesterreich and Spitzner[164] could show that the stereoselectivity of the reduction 

with L-Selectride® can be temperature dependent (Scheme 23). When they 

performed their reduction of 122 at -78 °C or 0 °C they obtained a mixture of 
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equatorially 120 and axially 121 pointing alcohols. On the contrary, when the 

reduction was carried out at room temperature only alcohol 121 was formed. 

 

Scheme 23: Reduction of cyclohexanone 122 with L-Selectride® at different temperatures. When the 
reaction was performed at -78 °C or 0 °C, a mixture of diastereomers 120 and 121 were obtained. 
When the same reduction was performed at room temperature, only the alcohol pointing in the 
axially direction 121 was formed. Reaction performed by Oesterreich and Spitzner[164]. 

Based on these results, the reduction for the inversion of 118 into 119 was 

conducted at room temperature. According to TLC measurements, only one product 

was formed, which is 118 according to the NMR spectroscopy. In addition to this 

procedure, the reduction was also performed with NaBH4 as a less bulky reducing 

reagent. This also did not lead to the desired inversion.  

For this purpose, other strategies for the inversion have been attempted. Among 

them is the conversion of the alcohol 118 into triflate 123. Afterwards, a SN2 

reaction under acidic conditions should lead to an inversion (Walden inversion) that 

results in the formation of 119 (cf. Scheme 24). Wessig et al[165] made use of this 

method to synthesize neo-inositol starting from myo-inositol. However, the 

formation of the triflate 123 did not succeed.  

 

Scheme 24: Inversion of the C1 hydroxyl group by conversion of 118 into the corresponding triflate 
123. A subsequent SN2 reaction should lead to the desired inversion and formation of 119. 

In addition to this procedure, it was tried to achieve the inversion by a Mitsunobu 

reaction. In general Mitsunobu reactions proceed after a SN2 reaction and therefore 

lead to an inversion.[166] Typically, the Mitsunobu reaction is performed with diethyl 

azodicarboxylate (DEAD), PPh3 and a nucleophile as its corresponding acid. This 

reaction succeeds well with acids that have a pka < 13.[167]  

In the present case, BnOH was used as nucleophile. BnOH is a weak acid with a pka 

= 15.40. For the use of such weak acids in the Mitsunobu reaction, Tsunoda et al.[168] 

https://en.wikipedia.org/wiki/Diethyl_azodicarboxylate
https://en.wikipedia.org/wiki/Diethyl_azodicarboxylate
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developed a variant with 1,1'-(azodicarbonyl)dipiperidine (ADDP) and P(nBu)3 as 

reagents that also succeeds with weaker acids with excellent yields. However, for 

the formation of 66 with this procedure, no conversion of alcohol 118 according to 

LCMS and TLC measurements could be observed (cf. Scheme 25).  

 

Scheme 25: Mitsunobu reaction for the inversion of alcohol 118 into the benzyl ether 66. Procedure 
adopted from Tsunoda et al.[168] 

In summary, the beginning of this alternative way was very promising and all 

reactions succeeded with good to excellent yields. The key step of this reaction – the 

inversion of the alcohol (118 -> 119) – by oxidation and stereoselective reduction 

did not lead to an inversion but retention.  

Additionally, several attempts have been made to find other ways for the 

conversion, mainly based on SN2 reactions, which normally proceed under a Walden 

inversion like the Mitsunobu reaction. The desired inversion did not occur though. 

With regard to these results, the alternative way was not further investigated.  
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ribozyme 

cleavage product 

 Biological cleavage assays 

4.4.1 Biological self-cleavage assays of L. monocytogenes 

In a screening of a small library containing artificial activators for the glms-

riboswitch, CGlcN6P 37 was identified to be the most potent activator of the glmS-

riboswitch known so far.[8] Modifications at the 5a-carba position can give insight 

into the structure-activity relationship (SAR), since alterations of the methylene 

group are possible compared to the ring-oxygen. Thus, the activity of the artificial 

metabolites 82, 83, 102 and 103 in the self-cleavage reaction of the glmS-riboswitch 

was evaluated. For this investigation, the appropriate riboswitches of two 

pathogenic bacterial strains – L. monocytogenes and C. difficile were used. The 

characterization of both glmS-ribozymes was investigated by Anna Schüller during 

her PhD thesis.[169]  

The cleavage assays were carried out by Paul Gehle under the supervision of Prof. 

Dr. Günter Mayer from the University of Bonn, according to a protocol published by 

Lünse et al.[8] (cf. Figure 23).  

 

  

 

 

 

 

The natural metabolite GlcN6P 12, as well as GlcN 41, (5as)-hydroxyl-CGlcN6P 102 

and (5as)-methoxy-CGlcN6P 103 exhibit significant cleavage activity. The 

unphosphorylated counterparts of the artificial activators, namely (5aS)-hydroxyl-

Figure 23: PAGE-gel of radioactive metabolite-induced self-cleavage assay to study L. monocytogenes 
ribozyme activity. Each metabolite (natural and artificial) was used in a concentration of 200 µM. 
The presence of GlcN6P 12, GlcN 41 or MgCl2 is depicted either by a + (present) or – (absent). The 
self-cleavage assays of the artificial activators were carried out in the presence of MgCl2. Artificial 
activators that were used are given underneath the corresponding PAGE-gel. The top band 
represents the uncleaved glmS-riboswitch and the lower band the cleavage product of the glmS-
riboswitch. Every experiment was performed twice on this PAGE-gel.  These self-cleavage assays 
were performed by Paul Gehle from the Mayer lab at the University of Bonn. 
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CGlcN 82 and (5aS)-methoxy-CGlcN 83 show only a minor activity. In addition to 

PAGE-gel experiments, the self-cleavage activity was quantified (cf. Figure 24).  

GlcN6P 12 shows the highest activity (~89%), followed by (5aS)-methoxy-CGlcN6P 

103 (~56%) and (5aS)-hydroxyl-CGlcN6P 102 (~42%), whereas the 

unphosphorylated equivalents show a minor activity as already presumed above (cf. 

Figure 23). This weaker activity of the unphosphorylated compounds 82 and 83 was 

expected due to the absent phosphate group, leading to missing hydrogen bonds 

upon binding of the metabolite to the glmS-ribozyme (cf. 2.4).  

Additionally, these results indicate that attachment of equatorially moieties to the 

5a-carba position are tolerated better than axially introduced residues to that 

position (e.g. fluorine by D. Matzner) (cf. 2.4.4). This was attributed to a sterical 

hindrance of the axially oriented fluorine at the 5a-carba position pointing towards 

a neighboring G-1 nucleotide, leading to a distortion of the coenzyme.[17] For 

derivatives of CGlcN6P 37, bearing equatorially attached moieties (102 and 103) at 

the 5a-carba position, such a hindrance does not exist and therefore the binding 

affinity is increased.  

The increase in activity from the hydroxyl 102 to the methoxy derivative 103 of 

about 14% is very interesting and might indicate the presence of a hydrophobic 

pocket (cf. 2.4.4). Another reason for the increase in activity could be the nature of 

the hydrogen bond acceptor to recover the missing hydrogen bond between the 

neighboring C-3 and the oxygen atom at the 5a-carba position (cf. 4.1 Figure 14). A 

hypothesis is that the hydroxyl derivative 102 acts as a weaker hydrogen bond 

acceptor under the conditions (e.g. pH) used in the biological assays compared to 

the methyl ether derivative 103. This would lead to a higher binding affinity of 103 

to the glmS-riboswitch, which is concomitant with a higher activity. In addition to 

these suggestions, an interplay of hydrophobic pocket and better hydrogen bond 

acceptor could also be a possibility for the higher activity of methyl ether 103 

compared to the hydroxyl derivative 102.   

A further aspect that has to be considered are the pKa-values of the C2 amine and C6 

phosphate. Upon binding of the metabolite to the glmS-riboswitch, the pKa-value of 

the natural metabolite GlcN6P 12 is decreased to 6.2[71], which represents the 

optimal acidity for the acid-base catalysis, necessary for the cleavage of the glmS-

riboswitch (cf. 2.3). A large deviation of this pKa-value in case of the artificial 
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activators could lead to a decrease in activity. The same is true for the pKa2-value of 

the phosphate group, which is crucial for the chelatization with Mg2+-ions (cf. 

2.4.1).[12] The determination of these pKa-values was not performed so far and could 

be part of further studies. 

 

 

Figure 24: Quantification of the L. monocytogenes glmS-riboswitch activation. Each metabolite 
(natural and artificial) was used in a concentration of 200 µM. The presence of GlcN6P 12, GlcN 41 
or MgCl2 is depicted either by a + (present) or – (absent). The self-cleavage assays of the artificial 
activators were carried out in the presence of MgCl2. Artificial activators that were used are depicted 
in shades of orange and are given underneath the bar. The activity values are the result of 
quadruplicates. Experiments were performed by Paul Gehle from the Mayer lab at the University of 
Bonn.  

Since the 5a-methyl ether derivative 103 of CGlcN6P 37 exhibits a higher activity in 

the self-cleavage reaction of the glmS-riboswitch of L. monocytogenes compared to 

the 5a-hydroxyl derivative 102 of CGlcN6P 37, an important question is, how the 

activity of ether derivatives of CGlcN6P 37 with a longer alkyl chain would be.  

For this purpose, the 5a-propyl ether CGlcN6P derivative 104 was synthesized (cf. 

4.3.2). The relevant results for the self-cleavage assays are currently pending. It is 

expected, if the hydrophobic pocket of the L. monocytogenes glmS-riboswitch offers 

enough space next to the 5a-carba position, that the activity will be higher compared 

to the 5a-methyl ether CGlcN6P derivative 103 due to stronger hydrophobic 

interactions. If there is not enough space, a steric clash of the attached moiety at the 

5a-carba position and its surrounding would lead to a drastic decrease in binding 

affinity.  
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ribozyme 

4.4.2 Biological self-cleavage assays of C. difficile 

In addition to the self-cleavage experiments with L. monocytogenes, the artificial 

activators 82, 83, 102 and 103 were applied to biological cleavage assays of the 

glmS-riboswitch of C. difficile. This bacterium represents an interesting target for the 

development of new antibiotics since a hypervirulent and antibiotic resistant strain 

emerged (cf. 2.6). Again, these biological cleavage assays were carried out by Paul 

Gehle from the University of Bonn under the supervision of Prof. Dr. Günter Mayer.   

The natural metabolite GlcN6P 12, as well as GlcN 41, (5as)-hydroxyl-CGlcN6P 102 

and (5as)-methoxy-CGlcN6P 103 exhibit significant activity (cf. Figure 25). The 

unphosphorylated counterparts of the artificial activators, namely (5aS)-hydroxyl-

CGlcN 82 and (5aS)-methoxy-CGlcN 83 show only a minor activity. Compared to the 

activity of L. monocytogenes it seems that the artificial activators trigger the self-

cleavage reaction of the glmS-riboswitch from C. difficile to a lesser extent.  

   

 

 

 

 

 

 

 

To get a deeper insight in the activity of the C. difficile glmS-riboswitch self-cleavage 

reaction, the assays were performed in a series and after the readout of the gels, the 

activity was quantified (cf. Figure 26). 

The obtained results look significantly different compared to those of L. 

monocytogenes (cf. 4.4.1, Figure 23). Both have in common that the natural 

metabolite GlcN6P 12 exhibits the highest activity in the self-cleavage reaction, 

whereas the (5aS)-hydroxyl derivative 102 of CGlcN6P 37 shows a slightly higher 
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Figure 25: PAGE-gel of radioactive metabolite-induced self-cleavage assay to study C. difficile 
ribozyme activity. Each metabolite (natural and artificial) was used in a concentration of 200 µM. The 
presence of GlcN6P, GlcN or MgCl2 is depicted either by a + (present) or – (absent). The self-cleavage 
assays of the artificial activators were carried out in the presence of MgCl2. Artificial activators that 
were used are given underneath the corresponding PAGE-gel. The top band represents the uncleaved 
glmS-riboswitch and the lower band the cleavage product of the glmS-riboswitch. Every experiment 
was performed twice on this PAGE-gel.  These self-cleavage assays were performed by Paul Gehle 
from the Mayer lab at the University of Bonn. 
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activity (39%) in contrast to the (5aS)-methyl ether derivative 103 of CGlcN6P 37 

(35%).  

This is quite surprising with regard to the observations of the activity assays of L. 

monocytogenes, whereby the (5aS)-methyl ether derivative 103 was more potent in 

comparison to the (5aS)-hydroxyl derivative 102. In addition to this, the 

unphosphorylated derivatives, both of the natural metabolite 12 and GlcN 41 as well 

as of the artificial ones, 82 and 83, show a higher activity compared to L. 

monocytogenes.  

Figure 26: Quantification of the C. difficile glmS-riboswitch activation. Each metabolite (natural and 
artificial) was used in a concentration of 200 µM. The presence of GlcN6P, GlcN or MgCl2 is depicted 
either by a + (present) or – (absent). The self-cleavage assays of the artificial activators were carried 
out in the presence of MgCl2. Artificial activators that were used are depicted in shades of orange and 
are given underneath the bar. The activity values are the result of quadruplicates. Experiments were 
performed by Paul Gehle from the Mayer lab at the University of Bonn. 

For the slightly more potent (5aS)-hydroxyl CGlcN6P derivative 102, the EC50-value 

was determined to be 189 µM ±25 µM (GlcN6P 0.46 µM[169]).  

These results indicate that for C. difficile, modifications at the 5a-carba position are 

not as well tolerated as for L. monocytogenes. This might be due to a smaller 

hydrophobic pocket next to the 5a-carba position resulting in a sterical hindrance 

of the equatorially attached moieties. While the (5aS)-hydroxyl derivative 102 of 

CGlcN6P 37 owns a smaller moiety at the 5a-carba positon and can bind more 

effectively to the glmS-riboswitch, the methyl ether does not due to its size.  
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To answer this question, further studies are necessary. An ongoing study, the 

evaluation of the propyl ether derivative 104 of CGlcN6P 37 can confirm this thesis. 

If the size of the hydrophobic pocket is the limiting factor, it is expected that the 

propyl ether will exhibit only a minor or no activity at all.   
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  Summary and Outlook 

In the context of this thesis, the syntheses of new (5aS)-hydroxylated, (5aS)-

methoxylated and (5aS)-propoxylated glycomimetics of α-D-glucosamine (82 – 84) 

as well as the α-D-glucosamine-6-phosphate counterparts (102 – 104) were 

established (cf. Figure 27). The synthesis of these compounds has already been in 

the focus of other PhD projects in the Wittmann group. So far, I am the first one who 

was able to synthesize derivatives 82 - 84 of CGlcN 38 and variants 102 – 104 of 

CGlcN6P 37. 

Starting from commercially available GlcNAc 54, acyclic diol 56 was synthesized in 

5 steps in a yield of 53%. Afterwards, diol 56 was converted into the corresponding 

diene 60 in 30% over 6 steps as a mixture of diastereomers. These reaction steps 

were carried out during my master’s thesis. The conversion of diene 60 into the 

corresponding cyclic olefin 62 with a RCM reaction represents one key step in this 

synthesis route. By the screening of reaction conditions (cf. 4.3.1.1), C7N-

aminocyclitol 62 was obtained in 68%. Key intermediate 63 could be synthesized in 

6% over 2 steps from 62 by a benzylation and a subsequent hydroboration reaction. 

The hydroboration represents the second key in the synthesis pathway and also the 

bottleneck of this reaction pathway (cf. 4.3.1.3). With regard to the yield of this 

hydroboration reaction, several attempts have been made to overcome the yield of 

this reaction (cf. 4.3.1.3), as well as alternative routes were searched (cf. 4.3.3).  

 

Figure 27: Established synthesis route for 5aS-modfied CGlcN derivatives 82 – 84 and their C6 
phosphorylated counterparts 102 – 104. 
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Key intermediate 63 exhibits a hydroxyl group at the 5a-carba position. In 

subsequent derivatization reactions, it was shown that this key intermediate 63 acts 

as a suitable precursor for the syntheses of 5aS-alkoxy analogs 66 and 68 (cf 4.3.1.4) 

in 66% to 84%, respectively. With a subsequent hydrogenation reaction, (5aS)-

hydroxyl and (5aS)-alkoxy analogs of 5a-carba-glucosamine (CGlcN) 82 – 84 were 

obtained in excellent yields (cf 4.3.1.5). Finally, the CGlcN derivatives 82 – 84 could 

be converted into the corresponding CGlcN6P analogs 102 – 104 by a regioselective 

phosphorylation in 3 steps.  

In biological self-cleavage assays with glmS-riboswitches of L. monocytogenes and C. 

difficile, CGlcN derivatives 82 and 83 as well as their C6-phosphorylated 

counterparts 102 and 103 were tested for their activity. When these compounds 

were applied to the glmS-riboswitch of L. monocytogenes, an increase of the activity 

in the self-cleavage reaction from the 5a-hydroxyl CGlcN6P 102 to the 5a-methoxy 

CGlcN6P 103 was observed (cf. 4.4.1, 4.4.2). This finding was referred to a distinct 

hydrophobic pocket next to the 5a-carba position in the binding pocket of the glmS-

riboswitch, leading to an increase in the binding affinity. This is explained by 

hydrophobic interactions of the artificial activator 103 with its vicinity in the 

binding site of the glmS-riboswitch.  

In addition to this, it was hypothesized that the oxygen of the ether moiety acts as a 

stronger hydrogen bond acceptor compared to the hydroxyl residue at the 5a-carba 

position of derivative 102, resulting in a higher overall activity in the self-cleavage 

reaction. For the investigation of the influence of the alkyl ether chain length, (5aS)-

propoxy CGlcN 84 and its C6 phosphate 104 were synthesized. The results of these 

biological self-cleavage assays of the glmS-riboswitch are part of further studies. 

If, on the other hand, the CGlcN6P derivatives 102 and 103 were used as activators 

for the glmS-riboswitch of C. difficile the (5aS)-methoxy CGlcN6P 103 derivative 

exhibited a minimal weaker activity compared to the (5aS)-hydroxyl derivative 102. 

This indicates that there is no distinct hydrophobic pocket next to the 5a-carba 

position that could result in a steric hindrance of the methyl group with the vicinity. 

To confirm this hypothesis, (5aS)-propoxy CGlcN 84 and its C6 phosphate 104 have 

to be applied to the self-cleavage reaction of the glmS-riboswitch of C. difficile. This 

experiment is part of an ongoing study.  
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In summary, I was able to synthesize derivatives 82 - 84 of CGlcN 38 and variants 

102 – 104 of CGlcN6P 37 that exhibited activity in the self-cleavage reaction of the 

glmS-riboswitch of C. difficile and L. monocytogenes. Further studies should clarify 

the dependence of the activity on the alkyl ether chain length of the (5aS)-modified 

CGlcN6P derivatives.   
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 Zusammenfassung und Ausblick 

Im Rahmen dieser Arbeit wurden die Synthesen neuer (5aS)-hydroxylierter, (5aS)-

methoxylierter und (5aS)-propoxylierter Glycomimetika von α-D-Glucosamin (82 - 

84) sowie deren C6 Phosphat Analoga (α-D-Glucosamin-6-Phosphat) (102 - 104) 

etabliert (vgl. Schema 1). Die Synthese dieser Verbindungen stand bereits im Fokus 

anderer Doktorarbeiten in der AG Wittmann. Bislang bin ich der erste, dem es gelang 

Derivate 82 - 84 von CGlcN 38 und Varianten 102 - 104 von CGlcN6P 37 zu 

synthetisieren. 

Ausgehend von kommerziell erhältlichem GlcNAc 54, wurde in 5 Stufen das 

azyklische Diol 56, in einer Ausbeute von 53%, synthetisiert. Anschließend wurde 

Diol 56 in das entsprechende Dien 60, als Mischung von Diastereomeren, in 30% 

über 6 Stufen, umgewandelt. Diese Reaktionen wurden während meiner 

Masterarbeit durchgeführt. Die Umwandlung von Dien 60, in das entsprechende 

zyklische Olefin 62 mittels einer RCM-Reaktion, stellt einen wichtigen Schritt dieses 

Synthesewegs dar. Durch das Untersuchen von Reaktionsbedingungen (vgl. 4.3.1.1), 

wurde C7N-Aminocyclitol 62 in 68% erhalten. Das wichtige Zwischenprodukt 63 

konnte ausgehend von 62 durch eine Benzylierung und anschließender 

Hydroborierung in 6% über 2 Stufen erhalten werden. Die Hydroborierung stellt 

den zweiten Schlüsselschritt, sowie den Engpass dieses Synthesewegs dar (vgl. 

4.3.1.3). Hinsichtlich der Ausbeute dieser Hydroborierungsreaktion wurden 

mehrere Versuche unternommen, die Ausbeute dieser Reaktion zu erhöhen (vgl. 

4.3.1.3), sowie alternative Wege für diese Reaktion zu finden (vgl. 4.3.3).  

Die entscheidende Zwischenverbindung 63 weist an der 5a-Carba-Position eine 

Hydroxylgruppe auf. In nachfolgenden Derivatisierungsreaktionen konnte gezeigt 

werden, dass 63 als geeigneter Vorläufer für die Synthesen der (5aS)-Alkoxyanaloga 

66 und 68 (vgl. 4.3.1.4), in 66% und 84%, dient. Mit einer anschließenden 

Hydrierung wurden (5aS)-Hydroxyl- und (5aS)-Alkoxy-analoga von 5a-Carba-

Glucosamin (CGlcN) 82 - 84 in exzellenten Ausbeuten erhalten (vgl. 4.3.1.5). 

Schließlich konnten die CGlcN-Derivate 82 - 84 durch eine regioselektive 

Phosphorylierung in 3 Schritten in die entsprechenden CGlcN6P-Analoga 102 - 104 

überführt werden.  
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In biologischen Selbstspaltungstests mit den glmS-Riboswitches von L. 

monocytogenes und C. difficile wurden CGlcN-Derivate 82 und 83 sowie deren C6-

phosphorylierte Gegenstücke 102 und 103 auf ihre Aktivität hin untersucht. Im 

Falle des glmS-Riboswitch von L. monocytogenes wurde eine Erhöhung der Aktivität 

in der Selbstspaltungsreaktion von (5aS)-Hydroxyl-CGlcN6P 102 zu (5aS)-Methoxy-

CGlcN6P 103 beobachtet (vgl. 4.4.1, 4.4.2). Dieser Befund wurde auf eine 

ausgeprägte hydrophobe Tasche neben der 5a-Carba-Position in der 

Bindungstasche des glmS-Riboswitch zurückgeführt, was zu einer Erhöhung der 

Bindungsaffinität von 103 gegenüber 102 führt. Dies wird durch hydrophobe 

Wechselwirkungen des künstlichen Aktivators 103 mit seiner Umgebung in der 

Bindungsstelle des glmS-Riboswitch erklärt. 

Darüber hinaus wurde angenommen, dass der Sauerstoff der Alkoxy Gruppe als 

stärkerer Wasserstoffbindungsakzeptor wirkt, verglichen mit dem Hydroxylrest an 

der 5a-Carba-Position des Derivats 102, was wiederum zu einer höheren 

Gesamtaktivität in der Selbstspaltungsreaktion führt. Zur Untersuchung des 

Einflusses der Kettenlänge der Alkylether, wurden (5aS)-Propoxy-CGlcN 84 und das 

entsprechende C6-Phosphat 104, synthetisiert. Die Ergebnisse dieser biologischen 

Selbstspaltungstests des glmS-Riboswitch sind Bestandteil weiterer Studien. 

Wenn hingegen die CGlcN6P-Derivate 102 und 103 als Aktivatoren für den glmS-

Riboswitch von C. difficile verwendet wurden, zeigte sich, dass (5aS)-Methoxy-

CGlcN6P 103 eine minimal schwächere Aktivität im Vergleich zum (5aS)-

Hydroxylderivat 102. Dies deutet darauf hin, dass es neben der 5a-Carba-Position 

Schema 1: Etablierter Syntheseweg für (5aS)-modifizierte CGlcN-Derivate 82 - 84 und deren C6 
phosphorylierte Gegenstücke 102 - 104. 
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keine ausgeprägte hydrophobe Tasche gibt, welche zu einer sterischen Hinderung 

der Methylgruppe mit der Umgebung führen könnte. Um diese Hypothese zu 

bestätigen, müssen die Aktivitäten von (5aS)-Propoxy-CGlcN 84 und seines C6-

Phosphats 104 in biologischen Selbstspaltungstests des glmS-Riboswitches von C. 

difficile evaluiert werden. Diese Experimente sind Bestandteil einer laufenden 

Studie. 

Zusammenfassend war es mir möglich, die Derivate 82 - 84 von CGlcN 38 und die 

Varianten 102 - 104 von CGlcN6P 37 zu synthetisieren. Diese Verbindungen zeigten 

bereits eine Aktivität in der Selbstspaltungsreaktion der glmS-Riboswitches von C. 

difficile und L. monocytogenes. Weitere Studien sollen die Abhängigkeit der Aktivität 

von der Alkylether Kettenlänge der (5aS)-modifizierten CGlcN6P Derivate klären. 
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 Experimental Part 

 General 

The reactions were carried out under argon atmosphere if necessary. Therefore, the 

Schlenk technique was used. The solvents were dried by common methods or 

bought from Sigma-Aldrich or Acros Organics. 

Chemicals were purchased from Acros Organics, Sigma-Aldrich or TCI Chemicals 

Europe. The chemicals were used without further purification. Technical solvents 

were distilled prior to use. 

Flash Column Chromatography (FC) 

Preparative flash column chromatography (FC) was carried out on silica gel 60 

(Geduran Si 60; 0.040-0.063 mm particle size) from Merck. Data regarding solvent 

mixtures is given as volume ratio (v/v). Technical solvents were distilled prior to 

use for FC. 

Thin-Layer Chromatography (TLC) 

For the visualization of reaction progresses and to characterize products using Rf 

values analytical thin-layer chromatography (TLC) was performed. Therefore, silica 

coated aluminium sheets (TLC Silica gel 60 F254) from Merck were used. Detection 

was carried out either by excitation of the fluorescence at 254 nm or by dipping in 

one of the following staining solutions and subsequent gentle heating. 

Used staining solutions: 

• 4-anisaldehyde: ethanol (135 mL), conc. H2SO4 (5 mL), 4-anisyaldehyde (3.7 

mL), glacial acetic acid (1.5 mL). 

• vanillin: ethanol (250 mL), conc. H2SO4(2.5 mL), vanillin (6 g) 

• potassium permanganate: 0.1 % KMnO4 in 1 MNaOH.[170] 

• Mostain: ammonium molybdate (10 g), Ce(IV)sulfate (0.2 g), 10% H2SO4 (200 

mL) 
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High-Performance liquid chromatography (HPLC) 

Preparative high-performance liquid chromatography (HPLC) was performed on a 

LC-20A device from Shimadzu. The device contains the following components: 

degaser: DGU-20A3, auto sampler: SIL-20A, pumps: LC-20AT, column oven: CTO-

20AC, controller: CMB-20A, photodiode array detector: SPD-M20A, columns for 

separation are written in the syntheses procedures.  

As eluent a gradient of water with 0.1 % formic acid and acetonitrile with 0.1 % 

formic acid was used. Data regarding eluents are given in the syntheses procedures 

as a volume ratio of acetonitrile in water (v/v). The Data analysis was performed 

with LCsolution v. 1.25 from Shimadzu. 

Nuclear magnetic resonance spectroscopy (NMR) 

NMR spectra were collected on an Avance III 400 or Avance III 600 spectrometer 

from Bruker. The measurements were performed at room temperature. Chemical 

shifts are indicted in ppm. Positive values indicate downfield shifts. Coupling 

constants J are given in Hertz (Hz). As internal reference signals partly deuterated 

solvents were used (CDCl3: δH = 7.26 ppm, δC = 77.16 ppm).[170] To assign signals 2D 

NMR spectroscopy was performed (COSY, HSQC, HMBC & NOESY). For the 

description of multiplicity the following abbrevations were used: br.: broad signal, 

d: doublet, dd: doublet of doublet, ddd: doublet of doublet of doublet, m: multiplet, 

q: quartet, s: singlet, t: triplet, td: triplet of doublet. 

As a Analysis programme was used MestReNova v8.1.4 from Mestrelab Resarch S.L.. 

Liquid chromatography-mass spectrometry (LCMS) 

Liquid chromatography-mass spectrometry (LCMS) measurements were performed 

on a LCMS-2020 device from manufacturer Shimadzu containing the following 

components: degaser: DGU-20A3, auto sampler: SIL-20AT HT, pumps: LC-20 AD, 

column oven: CTO-20AC, controller: CBM-20, UV/VIS detector: SPD-20A, ESI 

detector, column: MACHEREY NAGEL Nucleodur C18 Gravity, 3 µm, 125x4 mm. 

As eluent a gradient of water with 0.1 % formic acid and acetonitrile with 0.1 % 

formic acid was used. Data analysis was performed with LabSolutions v. 5.60 SP2 

from Shimadzu.  
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High-resolution mass spectrometry (HRMS) 

High-resolution mass spectra were collected on a micrOTOF II ESI mass 

spectrometer from Bruker or LTQ Orbitrap Velos from Thermo Scientific. Analysis of 

data and calculation of the expected mass was performed with Compass 

DataAnalysis 4.0 from Bruker. Samples were dissolved in water, acetonitrile or 

mixtures of both. 

Thin layer chromatography/mass spectrometry (TLCMS) 

Thin layer chromatography/mass spectrometry was performed on an Advion 

Expression CMS mass spectrometer attached to a Plate express TLC plate reader. As 

ionization source, either an ESI or APCI probe was used, depending on the polarity 

of the compound. As a mobile phase, either MeCN with 0.1% FA or MeOH with 0.1% 

FA, also depending on the polarity of the probe, was used. The TLC plates were not 

stained prior to the TLCMS measurement. If the product exhibited UV activity, the 

spot on the TLC was marked with a pencil. If not, two TLC plates were prepared and 

were applied to a TLC measurement at the same time with the same mobile phase. 

Afterwards, one plate was stained with an appropriate staining mixture. After 

determination of the Rf-value, the unstained plate was marked at that Rf-value with 

a pencil and afterwards applied to the TLCMS measurement.  

In some cases, staining of the TLC plate in an iodine chamber, prior to the TLCMS 

measurement and removal of the iodine via heating, worked. 
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 Syntheses 

General procedure A: hydrogenation 

The benzylated carba-sugar was dissolved in MeOH (6.7 mL/1.0 mmol) and 10% 

Pd-C (waterwet, 35% w/w% of carba-sugar) was added. After addition of TFA (10 

eq.), the reaction was placed into a laboratory autoclave and stirred under 15 bar 

hydrogen pressure until HPLC monitoring showed complete consumption of the 

starting material. Afterwards, the catalyst was removed by filtration over a plug of 

celite followed by filtration through a regenerated cellulose syringe filter. The 

solvent was removed under reduced pressure to give the corresponding CGlcN 

derivative as a colorless TFA salt. 

General procedure B: Cbz protection of C2 amine 

To a stirred solution of the corresponding CGlcN derivative in water (6.7 mL/1.0 

mmol) was added NaHCO3 (3 eq.) and benzyl chloroformate (1.7 eq.) at room 

temperature. The resulting solution was stirred overnight and the product 

precipitated as a colorless solid. The solvent was removed under reduced pressure 

and the crude product was purified whether via HPLC or FC. 

General procedure C: phosphorylation 

To a stirred solution of the corresponding Cbz protected CGlcN derivative in 

pyridine (10.0 mL/1.0 mmol) was added ClPO(OPh)2 (1.1 eq.) at -40 °C at once. The 

color of the solution turned from colorless to yellowish. The reaction mixture was 

stirred at room temperature overnight and quenched with water (5.0 mL/1.0 

mmol). The solvent was removed under reduced pressure and co-evaporated with 

toluene. The crude product was purified via HPLC or FC.  

General procedure D: hydrogenation 

To a stirred solution of the corresponding diphenyl phosphoric acid ester dissolved 

in MeOH (8.0 mL/1.0 mmol) was added Pd-C (10% waterwet, 10 w/w% of 

phosphoric acid ester). The resulting suspension was stirred under hydrogen 

atmosphere (1 atm.) for 1 h. The catalyst was centrifuged or removed with a syringe 

filter and the supernatant was concentrated under reduced pressure. The residue 

was dissolved in MeOH (8.0 mL/1.0 mmol) and HClaq. 1 M (1 eq.) was added and the 

reaction mixture was stirred for 2 h. Then PtO2 (10 w/w% of phosphoric acid ester) 
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was added and the suspension was stirred under hydrogen atmosphere (1 atm.) for 

2 d. Afterwards, the platinum catalyst was removed by centrifugation or syringe 

filter and the resultant solution was concentrated under reduced pressure to give 

the corresponding phosphate as a colorless solid. If necessary, the obtained product 

was further purified by HILIC (purification instructions given in the reaction 

procedures). 

Numbering of protons for NMR spectroscopy 

The numbering of protons and carbons for the NMR analysis is in accordance with 

the general indexing for carba-sugars from Suami and Ogawa[19]. The numbering is 

analogous to that of natural monosaccharides, except for the ring oxygen position, 

which is called the 5a position in case of carba-hexoses. The numbering for the NMR 

spectroscopic analysis is also depicted in each structure in the following reaction 

procedures. The numeration in the compound names is in accordance to the IUPAC 

nomenclature 
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(1S,4R,5R,6S)-4,5-Bis(benzyloxy)-3-((benzyloxy)methyl)-6-

(dibenzylamino)cyclohex-2-en-1-ol & (1R,4R,5R,6S)-4,5-Bis(benzyloxy)-3-

((benzyloxy)methyl)-6-(dibenzylamino)cyclohex-2-en-1-ol (61 & 62) 

 

To a stirred solution of 60 (60.0 mg, 92.0 µmol) dissolved in anhydrous toluene 

(730.0 µL) was added Hoveyda-Grubbs catalyst 2nd generation (1.93 mg, 3.3 µmol) 

at room temperature under argon atmosphere. The reaction mixture was stirred for 

50 min at 90 °C. Afterwards, another portion of Hoveyda-Grubbs catalyst 2nd 

generation (1.93 mg, 3.3 µmol) was added. After stirring for further 50 min at 90 °C, 

the last portion of Grubbs catalyst second generation (1.93 mg, 3.3 µmol) was added 

and the reaction mixture was stirred at 90 °C for further 50 min. After a total 

reaction time of 2.5 h, the reaction mixture was cooled to room temperature and the 

solvent was removed under reduced pressure. The obtained charcoal black residue 

was purified by column chromatography (petroleum ether/EtOAc = 10:1 – 6:1) to 

afford 61 (21.1 mg, 34.0 µmol, 37% (49% brsm) and 62 (16.8 mg, 27.0 µmol, 30% 

(40% brsm)) as a blackish oil as a separable mixture of diastereomeres. Starting 

material (11.0 mg, 17.0 µmol, 18%) was also isolated. 62: Rf = 0.35 (1R-Isomer, 

petroleum ether/EtOAc = 6:1), vanillin; 1H NMR (CDCl3, 400 MHz): δ [ppm] = 7.47-

7.24 (m, 25H, arenes), 5.96 (m, 1H, H-5a), 5.07 (d, 1H, J  =  11.6  Hz, O-CHH’Ph), 4.85 

(d, 1H, J = 11.6 Hz, O-CHH’Ph), 4.77 (m, 2H, O-CH2Ph), 4.49 (d, 2H, J = 2.4 Hz, O-

CH2Ph), 4.28 (m, 4H, H-1, H-3, H-4, H-6a), 4.16 (d, 2H, J = 14.0 Hz, N-CH2Ph), 3.97 (m, 

3H, N-CH2Ph, H-6a), 3.01 (dd, 1H, J = 9.2 Hz, J = 4.5 Hz, H-2), 2.50 (m, 1H, OH); 13C 

NMR (CDCl3, 101 MHz): δ [ppm] = 140.5 (2 x Cquart. N-CH2Ph), 139.0 (Cquart. O-CH2Ph), 

138.6 (Cquart. C-5), 138.3, 137.9 (Cquart. O-CH2Ph), 128.50, 128.45, 128.42, 128.39, 

128.37, 127.9, 127.8, 127.70, 127.68, 127.6, 127.5, 127.4, 126.9 (arenes), 81.6 (C-

3/4), 78.1 (C-3/4), 73.6, 72.8, 72.7 (3 x O-CH2Ph), 70.4 (C-6), 68.7 (C-1), 59.7 (C-2), 

56.8 (2 x N-CH2Ph); HRMS: [M+H+]+calculated = 626.3265 g/mol; [M+H+]+found = 

626.3251 g/mol; 61: Rf = 0.23 (1S-Isomer, petroleum ether/EtOAc = 6:1), vanillin; 

1H NMR (CDCl3, 400 MHz): δ [ppm] = 7.54-7.25 (m, 25H, arenes), 5.87 (m, 1H, H-5a), 
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5.18 (d, 1H, J = 11.5 Hz, O-CHH’Ph), 4.94 (d, 1H, J = 11.5 Hz, O-CHH’Ph), 4.85 (d, 1H, 

J = 10.8 Hz, O-CH’’H’’’Ph), 4.75 (d, 1H, J = 10.9 Hz, O-CH’’H’’’Ph), 4.51 (m, 2H, O-

CH2Ph), 4.45 (m, 1H, H-4), 4.30 (m, 1H, H-6a), 4.22 (m, 1H, H-1), 4.10 (dd, 1H, J = 

10.9 Hz, J = 7.0 Hz,H-3), 3.91 (m, 5H, 2 x N-CH2Ph & H-6b), 3.02 (s, 1H, OH), 2.90 (dd, 

1H, J = 10.9 Hz, J = 9.2 Hz, H-2); 13C NMR (CDCl3, 101 MHz): δ [ppm] = 139.8 (2 x 

Cquart. N-CH2Ph), 138.8, 138.3, 138.1 (3 x Cquart. O-CH2Ph), 135.0 (Cquart. C-5), 129.3, 

129.2, 128.53, 128.50, 128.4, 127.8, 127.74, 127.70, 127.68, 127.66, 127.6, 127.3 

(arenes), 83.0 (C-4), 81.2 (C-3), 73.8, 73.6, 72.3 (3 x O-CH2Ph), 70.3 (C-6), 66.7 (C-1), 

64.7(C-2), 55.1 (2 x N-CH2Ph); HRMS: [M+H+]+calculated = 626.3265 g/mol; 

[M+H+]+found = 626.3255 g/mol; 

(1S,2S,5R,6R)-N,N-dibenzyl-2,5,6-tris(benzyloxy)-4-

((benzyloxy)methyl)cyclohex-3-en-1-amine (77) 

 

To a stirred solution of 62 (7 g, 11.2 mmol) in anhydrous THF (74.0 mL) was added 

NaH (895.0 mg, 60% dispersion in mineral oil, 22.4 mmol) at 0 °C. Benzyl bromide 

(2.7 mL, 22.4 mmol) was added dropwise over 30 min. After stirring overnight, 

MeOH was added carefully to quench the excess of NaH. THF was removed under 

reduced pressure. The residue was dissolved in CH2Cl2 (150 mL) and washed with 

water (20 mL) and brine (20 mL). The organic layer was dried over MgSO4 and 

concentrated under reduced pressure to give a brown oil. The residue was purified 

by FC (petroleum ether/EtOAc = 8:1) to give 77 as a yellow oil (6.5 g, 9.1 mmol, 

81%). Rf = 0.48 (petroleum ether/EtOAc = 8:1), vanillin; 1H NMR (400 MHz, CDCl3): 

δ [ppm] = 7.48 – 7.28 (m, 30H, arenes), 6.11 (m, 1H, H-5a), 5.28 (d, J = 11.3 Hz, 1H, 

O-CHH‘Ph), 4.58 – 4.86 (m, 9H, H-1, H-3, 2 x N-CH2Ph, O-CH2Ph, O-CHH‘Ph), 4.46 (s, 

2H, O-CH2Ph), 4.38 (d, J = 6.8 Hz, 1H, H-4), 4.25 (d, J = 12.6 Hz, 1H, H-6a), 4.04 (d, J = 

12.8 Hz, 2H, O-CH2Ph), 3.95 (d, J = 12.6 Hz, 1H,  H-6b), 3.36 (dd, J = 11.4 Hz, 3.4 Hz, 

1H, H-2); 13C NMR (CDCl3, 101 MHz): δ [ppm] = 139.6 (Cquart. C-5), 138.0, 137.9, 

137.8, 137.6, 131.0 (6 x Cquart. arenes), 128.9, 128.65, 128.60, 128.5, 128.4, 128.3, 

128.0, 127.92, 127.87, 128.8 (arenes), 125.2 (C-7), 82.6 (C-4), 76.4, 74.2 (C-1/C-3), 
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72.6 (2 x N-CH2Ph), 73.4, 71.9, 71.3 (3 x O-CH2Ph), 69.8 (C-6), 59.4 (C-2), 57.5 (O-

CH2Ph); HRMS: [M+H+]+calculated = 716.3734 g/mol, [M+H+]+found = 716.3714 g/mol. 

(1S,2R,3S,4R,5R,6S)-2,4,5-tris(benzyloxy)-6-((benzyloxy)methyl)-3-

(dibenzylamino)cyclohexan-1-ol (63 & 64) 

 

To a stirred solution of 77 (4.1 g, 5.8 mmol) in anhydrous THF (86.0 mL) was added 

BH3*SMe2 (7.7 mL, 69.1 mmol) dropwise and the reaction was stirred overnight at 

room temperature. The reaction was quenched carefully with H2O. Then, H2O2 (27 

mL, 1.2 mol) and NaOHaq. (1 M, 57.6 mL, 57.6 mmol) was added carefully and the 

reaction was heated to reflux overnight. Then, the reaction was quenched with H2O 

(20 mL) and the organic layer was separated. The aqueous layer was extracted twice 

with EtOAc (20.0 mL), washed with brine (15.0 mL), dried over MgSO4 and 

concentrated under reduced pressure. The residue was purified by FC (petroleum 

ether/EtOAc = 12:1 – 5:1) to give 63 (338 mg, 0.46 mmol, 8%) and 64 (1.61g, 2.20 

mmol, 38%) as  colorless syrups. 63: Rf = 0.56 (petroleum ether/EtOAc = 5:1), 

vanillin;  1H NMR (600 MHz, CDCl3): δ [ppm] = 7.34-7.04 (m, 30H, arenes), 4.93 (t, J 

= 17.3 Hz, 11.3 Hz, 2H, O-CH2Ph), 4.82 (d, J = 11.6 Hz, 1H, O-CHH‘Ph), 4.70 (d, J = 18.9 

Hz, J = 10.9 Hz, 2H, O-CH2Ph), 4.38 (m, 3H, O-CH2Ph, O-CHH‘Ph), 4.17 (dd, J = 11.0 

Hz, 8.6 Hz, 1H, H-3), 4.04 (t, J = 2.3 Hz, 1H, H-1), 3.98 (m, 4H, 2 x N-CH2-Ph), 3.73 (dd, 

J = 9.1 Hz, 2.7 Hz, 1H, H-6b), 3.55 (dd, J = 9.1 Hz, 5.8 Hz, 1H, H-6a), 3.46 (ddd, J = 10.8 

Hz, 5.3 Hz, 2.4 Hz, 1H, H-5a), 3.28 (dd, J = 11.0 Hz, 8.6 Hz, 1H, H-4), 2.74 (d, J  = 5.3 

Hz, 1H, OH), 2.64 (dd, J = 11.1 Hz, 2.1 Hz, 1H, H-2), 2.21 (dddd, J = 10.8 Hz, 10.8 Hz, 

5.8 Hz, 2.7 Hz, 1H, H-5); 13C NMR (CDCl3, 101  MHz): δ  [ppm] = 139.6, 138.3, 138.8, 

137.2, 136.7 (Cquart.), 127.5, 127.4, 127.3, 127.2, 127.1, 126.81, 126.80, 126.77, 

126.60, 126.55, 126.4, 126.1, 125.9, 125.6 (arenes), 81.3 (C-1), 80.0 (C-4), 79.5 (C-

3), 74.2, 73.9, 72.3, 72.0 (4 x O-CH2Ph), 71.7 (C-5a), 62.7 (C-6), 57.7 (C-2), 54.9 (2 x 

N-CH2Ph), 42.8 (C-5); HRMS: [M+H+]+calculated = 734.3840 g/mol, [M+H+]+found = 

724.3824 g/mol; 64: Rf = 0.23 (petroleum ether/EtOAc = 5:1), vanillin;  1H NMR (600 

MHz, CDCl3): δ [ppm] = 7.31 – 7.09 (30H, arenes), 4.81 (t, J = 9.8 Hz, 1H, O-CHH‘Ph), 

4.58 (d, J = 11.1 Hz, 2H, O-CH2Ph), 4.53 (d, J = 10.9 Hz, 1H, O-CHH‘Ph), 4.45 (d, J = 
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10.9 Hz, 2H, O-CH2Ph), 4.31 (m, 2H, O-CHH‘Ph, H-5a), 4.24 (d, J = 11.8 Hz, 1H, O-

CHH‘Ph), 4.06 (dd, J = 9.3 Hz, 7.4 Hz, 1H, H-3), 3.97 (d, J = 14.0 Hz, 2H, N-CH2Ph), 3.89 

(d, J = 13.9 Hz, 2H, N-CH2Ph), 3.83 (m, 1H, H-4), 3.80 (d, J = 9.6 Hz, 1H, H-6b), 3.73 (t, 

J = 3.8 Hz, 1H, H-1), 3.67 (dd, J = 9.1 Hz, 5.3 Hz, 1H, H-6a), 3.21 (dd, J = 9.4 Hz, 3.7  Hz, 

1H, H-2), 2.41 (m, 1H, H-5); 13C NMR (CDCl3, 101  MHz): δ  [ppm] = 141.0, 139.2, 

138.34, 138.31, 138.0 (Cquart.), 128.5, 128.4, 128.28, 128.24, 128.15, 128.10, 128.0, 

127.96, 127.73, 127.69, 127.44, 127.42, 127.39, 127.3, 127.2, 127.1, 127.0, (arenes), 

84.2 (C-1), 80.3 (C-4), 77.4 (C-3), 73.0, 72.8, 72.5, 72.0 (4 x O-CH2Ph), 68.1 (C-6), 67.1 

(C-5a), 57.3 (C-2), 56.5 (2 x N-CH2Ph), 43.9 (C-5); HRMS: [M+H+]+calculated = 734.3840 

g/mol, [M+H+]+found = 734.3835 g/mol; 

(1S,2R,3R,4S,5S,6R)-N,N-dibenzyl-2,3,6-tris(benzyloxy)-4-

((benzyloxy)methyl)-5-methoxycyclohexan-1-amine (66) 

 

To a stirred solution of 63 (488.0 mg, 670 µmol) in THF abs. (1.4 mL) under N2 

atmosphere was added NaH (53.2 mg, 1.33 mmol, 60% dispersion in mineral oil) at 

0 °C and stirred for 30 min at that temperature. Then, MeI (83.1 µL, 1.33 mmol) was 

added at 0 °C and the reaction mixture was stirred overnight at room temperature. 

The reaction was quenched with MeOH (700.0 µL) and Et3N (420.0 µL). After 

stirring for 15 min at room temperature, H2O (2 mL) was added and the aqueous 

layer was extracted twice with EtOAc (2 x 4.0 mL). The organic layer was dried over 

brine, MgSO4 and concentrated under reduced pressure. The obtained residue was 

purified by FC (petrol ether/EtOAc = 12:1). The product 66 (330.0 mg, 440 µmol, 

66%) was obtained as a colorless oil. 1H NMR (600 MHz, CDCl3): δ [ppm] = 7.63-7.34 

(m, 30H, arenes), 5.19 (m, 2H, O-CH2-Ph), 5.02 (m, 2H, O-CH2-Ph), 4.77 (m, 2H, O-

CH2-Ph), 4.64 (m, 2H, O-CH2-Ph), 4.46 (dd, J = 2.3 Hz, 2.2 Hz, 1H, H-1), 4.41 (dd, J = 

11.0 Hz, 8.7 Hz, 1H, H-3), 4.25 (m, 4H, 2 x N-CH2-Ph), 3.93 (m, 2H, H-6a, H-6b), 3.82 

(dd, J = 11.0 Hz, 8.7 Hz, 1H, H-4), 3.54 (s, 3H, CH3), 3.28 (dd,  J = 11.3, 1.9 Hz, 1H, H-

5a), 2.87 (dd, J = 11.0, 1.9 Hz, 1H, H-2), 2.46 (m, 1H, H-5); 13C NMR (151 MHz, CDCl3): 

δ  [ppm] = 141.0, 139.8, 139.0, 138.9, 138.6 (Cquart. arenes), 128.53, 128.51, 128.44, 

128.42, 128.40, 128.3, 128.1, 128.03, 127.95, 127.8, 127.7, 127.5, 127.3, 127.1, 126.8 
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(arenes), 80.9 (C-3, C-4), 79.9 (C-7), 77.4 (C1), 75.3, 74.4, 73.4, 73.3 (4 x O-CH2Ph), 

65.0 (C-6), 59.2 (C-2), 57.9 (CH3), 56.1 (2 x N-CH2-Ph), 43.6 (C-5); HRMS: 

[M+H+]+calculated = 748.3997 g/mol; [M+H+]+found = 748.3985 g/mol. 

(1R,2R,3R,4R,5S,6R)-N,N-dibenzyl-2,3,6-tris(benzyloxy)-4-

((benzyloxy)methyl)-5-(((E)-prop-1-en-1-yl)oxy)cyclohexan-1-amine (68) 

 

To a stirred solution of 63 (11 mg, 15 µmol) in DMF abs. (85 µL) under N2 

atmosphere was added NaH (1.8 mg, 45 µmol, 60% dispersion in mineral oil) at 0 °C 

and stirred for 30 min at that temperature. Then, AllBr (1.95 µL, 22.5 µmol) was 

added at 0 °C and the reaction mixture was stirred overnight at room temperature. 

The reaction was quenched with H2O (50.0 µL) carefully. The aqueous layer was 

extracted twice with EtOAc (2 x 0.5 mL). The organic layer was dried over brine, 

MgSO4 and concentrated under reduced pressure. The obtained residue was 

purified by FC (petrol ether/EtOAc = 10:1). The product 68 (9.7 mg, 12.5 µmol, 84%) 

was obtained as a colorless oil. Rf = 0.57 (petroleum ether/ EtOAc 10:1) UV; 1H NMR 

(800 MHz, CDCl3): δ [ppm] = 7.39 – 7.09 (m, 30H, arenes), 5.83 (dddd, J = 17.2 Hz, 

10.4 Hz, 5.6 Hz, 5.4 Hz, 1H, CH=CH2), 5.19 (dd, J = 17.1 Hz, 1.7 Hz, 1H, CH=CHH‘), 5.10 

(dd, J = 10.4 Hz, 1.7 Hz, 1H, CH=CHH‘), 4.97 (m, 2H, O-CHH’Ph, O-CH‘‘H‘‘‘Ph), 4.82 (d, 

J = 11.5 Hz, 1H, O-CHH’Ph, 4.73 (d, J = 10.5 Hz, 1H, O-CH‘‘‘‘H‘‘‘‘’Ph), 4.56 (d, J = 10.3 

Hz, 1H, O-CH‘‘H‘‘‘Ph), 4.50 (d, J = 10.5 Hz, O-CH‘‘‘‘H‘‘‘‘’Ph), 4.40 (d, J = 2.3 Hz, 2H, O-

CH2Ph), 4.17 (m, 2H, H-1 and H-3), 4.05 (m, 1H, CHH‘-CH=CH2), 4.00 (m, 4H, 2 x N-

CH2Ph), 3.89 (m, 1H, CHH‘-CH=CH2), 3.73 (m, 1H, H-6a), 3.70 (m, 1H, H-6b), 3.58 (dd, 

J = 11.0 Hz, 8.7 Hz, 1H, H-4), 3.20 (dd, J = 11.3 Hz, 2.0 Hz, H-5a), 2.62 (dd, J = 11.0 Hz, 

2.0 Hz, 1H, H-2), 2.26 (dd, J = 11.1 Hz, 2.3 Hz, 1H, H-5); 13C NMR (CDCl3, 151  MHz): 

δ  [ppm] = 140.9, 139.6, 138.9, 138.7, 138.3 (Cquart.), 134.9 (CH=CH2), 128.4, 128.28, 

128.27, 128.2, 128.14, 128.08, 127.90, 127.88, 127.7, 127.5, 127.3, 127.1, 126.9, 

126.6 (arenes), 116.9 (CH=CH2), 80.70 (C-4), 80.68 (C-1 or C-3), 78.3 (C-1 or C-3), 

77.3 (C-5a, overlapping with CDCl3), 75.2, 74.3, 73.3, 73.0 (4 x O-CH2Ph), 71.1 (CH2-

CH=CH2), 64.9 (C-6), 58.9 (C-2), 56.0 (2 x N-CH2Ph), 43.3 (C-5); HRMS: 

[M+H+]+calculated = 774.4153 g/mol, [M+H+]+found = 774.4142 g/mol; 
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(1R,2R,3S,4R,5S,6S)-3-amino-6-(hydroxymethyl)cyclohexane-1,2,4,5-tetraol 
(82) 

 

The benzylated carba-sugar 63 (14.0 mg, 19.0 µmol) was treated according to the 

conditions of general procedure A. The crude product (3.6 mg) was purified by HILIC 

to give 82 as a colorless solid (1.1 mg, 5.7 µmol, 30 %). 1H NMR (600 MHz, D2O): δ 

[ppm] = 3.82 (dd, J = 4.2 Hz, 4.2 Hz, 1H, CH), 3.66 (m, 5H, 3 x CH, CH2), 3.01 (br. s, 1H, 

CH), 1.87 (br. S, 1H, CH); 13C NMR (151 MHz, CDCl3): δ  [ppm] = 71.9, 71.1, 70.6, 68.0 

(4 x CH), 59.3 (C-6), 54.9, 44.6 (2 x CH); HPLC: tR = 8.5 min (Phenomenex® Luna 5µ 

HILIC 200Å, AXIA Pa, 250 x 21.20 mm, 40% MeCN isocrat. in 15 mM TEAB buffer pH = 

7.2 in 15 min, 10.0 mL/min, ELSD); HRMS: [M+H+]+calculated = 194.1023 g/mol; 

[M+H+]+found = 194.1020 g/mol. 

(1R,2R,3R,4R,5S,6R)-3-amino-6-(hydroxymethyl)-5-methoxycyclohexane-

1,2,4-triol (83) 

 

The benzylated carba-sugar 66 (300.0 mg, 400 µmol) was treated according to the 

conditions of general procedure A. The crude product (123.0 mg, 384 µmol, 96%) 

was obtained as a colorless solid with minor impurities. A small portion of the crude 

product (13.5 mg) was purified by HILIC to give 68 as a colorless solid (8.0 mg, 5.7 

µmol, 30 %) that can be directly used in biological assays. 1H NMR (400 MHz, D2O): 

δ [ppm] = 4.34 (dd, J = 2.8 Hz, 2.6 Hz, 1H, H-1), 3.93 (dd, J = 11.5 Hz, 2.8 Hz, 1H, H-

6b), 3.82 (dd, J = 11.5 Hz, 2.8 Hz, 1H, H-6a), 3.52 (dd, J = 10.4 Hz, 9.2 Hz, H-3), 3.41 

(m, 4H, H-4, O-CH3), 3.37 (dd, J = 8.5 Hz, 2.8 Hz, 1H, H-5a), 2.71 (dd, J = 10.4 Hz, 2.7 

Hz, 1H, H-2), 1.82 (ddt, J = 11.1 Hz, 8.4 Hz, 2.8 Hz, 1H, H-5); 13C NMR (101 MHz, D2O): 

δ  [ppm] = 76.8 (C-7), 73.8 (C-3), 69.9 (C-4), 66.6 (C-1), 56.8 (C-6), 56.4 (CH3), 53.1 

(C-2), 43.2 (C-5); HPLC: tR = 7.9 min (Phenomenex® Luna 5µ HILIC 200Å, AXIA Pa, 

250 x 21.20 mm, 20-30% MeCN in 15 mM TEAB buffer pH = 7.0 in 15 min, 10.0 mL/min, 

ELSD); HRMS: [M+H+]+calculated = 208.1179 g/mol; [M+H+]+found = 208.1177 g/mol. 
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(1R,2R,3R,4R,5S,6R)-3-amino-6-(hydroxymethyl)-5-propoxycyclohexane-

1,2,4-triol (84) 

 

The benzylated carba-sugar 68 (122.0 mg, 157.6 µmol) was treated according to the 

conditions of general procedure A. The crude product (54.2 mg, 157.6 µmol, quant.) 

was obtained as a colorless solid with minor impurities. A small portion of the crude 

product was purified by HILIC to give 84 as a colorless solid that can be directly used 

in biological assays. 1H NMR (600 MHz, D2O): δ [ppm] = 4.34 (dd, J = 2.7 Hz, 2.7 Hz, 

1H, H-1), 3.93 (dd, J = 11.4 Hz, 2.6 Hz, 1H, H-6a), 3.84 (dd, J = 11.3 Hz, 2.6 Hz, 1H, H-

6b), 3.71 (m, 1H, OCHH’CH2CH3), 3.61 (dd, J = 10.7 Hz, 9.7 Hz, 1H, H-3), 3.43 (m, 3H, 

H-4, H-5a, OCHH’CH2CH3), 2.89 (dd, J = 10.7 Hz, 2.7 Hz, 1H, H-2), 1.83 (m, 1H, H-5), 

1.60 (m, 2H, OCH2CH2CH3), 0.92 (t, J = 7.4 Hz, 3H, CH3); 13C NMR (D2O, 151  MHz): 

δ  [ppm] = 75.0 (C-4 or C-5a), 72.5 (C-3), 71.5 (OCH2CH2CH3), 70.0 (C-4 or C-5a), 66.5 

(C-1), 56.6 (C-6), 53.3 (C-2), 43.0 (C-5), 22.3 (OCH2CH2CH3), 9.9 (CH3); HPLC: tR = 9.6 

min (Phenomenex® Luna 5µ HILIC 200Å, AXIA Pa, 250 x 21.20 mm, 50%% MeCN in 40 

mM TEAB buffer pH = 6.4 in 15 min, 10.0 mL/min, ELSD); HRMS: [M+H+]+calculated = 

236.1492g/mol, [M+H+]+found = 236.1486 g/mol; 

benzyl ((1S,2R,3R,4S,5S,6R)-2,3,5,6-tetrahydroxy-4-

(hydroxymethyl)cyclohexyl)carbamate (92) 

 

Compound 82 (80.4 mg, 262 µmol) was treated according to the conditions of 

general procedure B. The crude product was purified by HPLC. Product 92 was 

obtained as a colorless solid (21 mg, 65 µmol, 25%). Rf = 0.63 (DCM/MeOH = 5:1) 

UV;  1H NMR (400 MHz, CD3OD): δ [ppm] = 7.41-7.29 (m, 5H, arenes), 5.12 (s, 2H, 

CH2Ph), 3.93 (m, 3H, H-6a/b, CH), 3.60 (m, 2H, 2 x CH), 3.41 (m, 2H, 2x CH), 1.87 (m, 

1H, H-5); 13C NMR (CD3OD, 101 MHz): δ [ppm] = 160.1 (C=O), 139.7 (Cquart. arenes), 

130.8, 130.34, 130.30 (arenes), 75.4, 75.0, 74.2, 71.2 (4 x CH), 68.9 (CH2Ph), 61.8 (C-
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6), 57.8 (CH), 46.8 (C-5), HRMS: [M+H+]+calculated = 328.1391 g/mol; [M+H+]+found = 

328.1387 g/mol; 

benzyl ((1R,2R,3R,4R,5S,6R)-2,3,6-trihydroxy-4-(hydroxymethyl)-5-

methoxycyclohexyl)carbamate (98) 

 

Compound 83 (109.8 mg, 342 µmol) was treated according to the conditons of 

general procedure B. The crude product was purified by FC (DCM/MeOH = 5:1). 

Product 98 was obtained as a colorless solid (76 mg, 220 µmol, 65%). Rf = 0.53 

(DCM/MeOH 5:1) vanillin; 1H NMR (400 MHz, CD3OD): δ [ppm] = 7.42-7.30 (m, 5H, 

arenes), 5.14 (s, 2H, CH2Ph), 4.25 (dd, J= 2.6 Hz, 2.6 Hz, 1H, H-1), 3.94 (dd, J = 10.8 

Hz, 2.7 Hz, 1H, H-6b), 3.82 (dd, J = 10.8 Hz, 3.3 Hz, 1H, H-6a), 3.60 (dd, J = 10.7 Hz, 

8.9 Hz), 3.41 (m, 4H, CH3, H-4), 3.38 (dd, J = 10.7 Hz, 2.6 Hz, 1H, H-2), 3.27 (dd, J = 

11.3 Hz, 2.6 Hz, 1H, H-5a), 1.87 (ddt, J = 11.0 Hz, 10.9 Hz, 3.1 Hz, 1H, H-5); 13C NMR 

(101 MHz, MeOD4,): δ  [ppm] = 158.7 (C=O), 138.3 (Cquart.), 129.4, 128.98, 128.95 

(arenes), 78.5 (C-7), 74.0 (C-3), 72.3 (C-4), 68.2 (C-1), 67.6 (CH2Ph), 58.9 (C-6), 57.0 

(CH3), 56.3 (C-2), 44.8 (C-5); HRMS: [M+H+]+calculated = 342.1547 g/mol; [M+H+]+found 

= 342.1545 g/mol. 

benzyl ((1R,2R,3R,4R,5S,6R)-2,3,6-trihydroxy-4-(hydroxymethyl)-5-

propoxycyclohexyl)carbamate (99) 

 

Compound 84 (34 mg, 102 µmol) was treated according to the conditions of general 

procedure B. The crude product was purified by FC (DCM/MeOH = 10:1). Product 

99 was obtained as a colorless solid (26 mg, 67 µmol, 65%). Rf = 0.54 (DCM/MeOH 

10:1) Mostain; 1H NMR (400 MHz, MeOD4): δ [ppm] = 7.43 – 7.30 (m, 5H, arenes), 

5.14 (s, 2H, CH2Ph), 4.21 (d, J = 2.7 Hz, H-1), 3.97 (dd, J = 10.7 Hz, 2.9 Hz, 1H, H-6a), 

3.86 (dd, J = 10.6 Hz, 3.1 Hz, 1H, H-6b), 3.67 (m, 1H, O-CHH’CH2CH3), 3.61 (m, 1H, H-

3), 3.42 (m, 4H, H-2, H-4, H-5a, O-CHH’CH2CH3), 1.91 (m, 1H, H-5), 1.64 (m, 2H, 
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CH2CH2CH3), 0.99 (t, J = 7.4 Hz, 3H, CH3); 13C NMR (CDCl3, 101  MHz): δ  [ppm] = 

157.3 (C=O), 136.9 (Cquart.), 128.1, 127.6, 127.5 (arenes), 75.9 (C-4 or C-5a), 72.5 (C-

3), 71.2 (C-4 or C-5a), 70.7 (CH2CH2CH3), 67.8 (C-1), 66.2 (CH2Ph), 58.0 (C-6), 55.0 

(C-2), 43.4 (C-5), 22.8 (CH2CH2CH3), 9.6 (CH3); HRMS: [M+Na+]+calculated = 392.1680 

g/mol, [M+Na+]+found = 392.1663 g/mol; 

benzyl ((1S,2R,3R,4S,5S,6R)-4-(((diphenoxyphosphoryl)oxy)methyl)-2,3,5,6-

tetrahydroxycyclohexyl)carbamate (97) 

 

Compound 92 (5.3 mg, 16.2 µmol) was treated according to the conditions of 

general procedure C. The crude product was purified by FC (DCM/MeOH = 10:1). 

Product 97 was obtained as a colorless syrup (4.6 mg, 8.2 µmol, 51%). 1H NMR (600 

MHz, MeOD4): δ [ppm] = 7.46-7.22 (m, 15H, arenes), 5.12 (s, 2H, CH2Ph), 4.72 (ddd, 

J = 9.5 Hz, 4.9 Hz, 2.0 Hz, 1H, H-6b), 4.64 (ddd, J = 9.5 Hz, 4.9 Hz, 2.0 Hz, 1H, H-6a), 

3.93 (s, 1H, H-1), 3.56 (m, 2H, H-3, H-5a), 3.36 (m, 2H, H-2, H-4), 1.99 (m, 1H, H-5); 

13C NMR (151 MHz, MeOD4): δ  [ppm] = 158.7 (Cbz-C=O), 151.94, 151.89, 138.3 

(Cquart. arenes), 131.1, 129.4, 129.0, 128.9, 126.9, 121.33, 121.32, 121.30, 121.29 

(arenes), 74.0 (C-7), 73.4 (C-1), 71.0 (C-4), 67.9 (CH2Ph), 67.5 (C-3), 66.7 (d, JC-P = 

6.2 Hz, C-6), 56.4 (C-2), 45.0 (d, JC-P = 8.2 Hz, C-5); 31P-NMR (162 MHz, MeOD4): δ 

[ppm] = -12.29 (s, 1P); HPLC: tR = 22.6 min (KINETEX® C18 5µ 100Å, 250 x 21.20 mm, 

5-60% MeCN in H2O in 20 min, 10.0 mL/min, UV); HRMS: [M+H+]+calculated = 560.1680 

g/mol; [M+H+]+found = 560.1674 g/mol. 

 

 

 

 

 

 



 Experimental Part  89 

benzyl ((1R,2R,3R,4R,5S,6R)-4-(((diphenoxyphosphoryl)oxy)methyl)-2,3,6-

trihydroxy-5-methoxycyclohexyl)carbamate (100) 

 

Compound 98 (60 mg, 176 µmol) was treated according to the conditions of general 

procedure C. The crude product was purified by FC (DCM/MeOH = 10:1). Product 

100 was obtained as a colorless syrup (64 mg, 110 µmol, 64%). Rf = 0.52 

(DCM/MeOH = 8:1) vanillin; 1H NMR (400 MHz, CDCl3): δ [ppm] = 7.42-7.21 (m, 15H, 

arenes), 5.57 (m, 1H, NH), 5.16 (m, 2H, CH2Ph), 4.69 (ddd, J = 10.4 Hz, 8.9 Hz, 1.8 Hz, 

1H, H-6b), 4.45 (m, 1H, H-6a), 4.20 (m, 1H, H-1), 3.65 (dd, J = 9.8 Hz, 9.8 Hz, 1H, H-

3), 3.43 (m, 1H, H-2), 3.30 (s, 3H, CH3), 3.26 (m, 1H, H-4), 3.08 (m, 1H, H-5a), 2.55 

(br. s, 3H, 3 x OH), 1.94 (m, 1H, H-5); 13C NMR (101 MHz, CDCl3): δ  [ppm] = 156.9 

(C=O), 150.5, 150.4, 150.3 (Cquart.), 136.3, 130.0, 129.9, 128.6, 128.20, 128.17, 125.9, 

125.6, 120.32, 120.27, 120.14, 120.09 (arenes), 75.9 (C-7), 72.7 (C-3), 69.2 (C-4), 

67.4 (C-1), 67.1 (NH-CH2-C=O), 64.6 (C-6), 57.4 (CH3), 53.9 (C-2), 42.5 (d, JP-C = 6.2 

Hz, 1C, C-5); 31P-NMR (162 MHz, CDCl3): δ [ppm] = -10.6 (s, 1P); HRMS: 

[M+H+]+calculated = 574.1837 g/mol; [M+H+]+found = 574.1829 g/mol. 

benzyl ((1R,2R,3R,4R,5S,6R)-4-(((diphenoxyphosphoryl)oxy)methyl)-2,3,6-

trihydroxy-5-propoxycyclohexyl)carbamate (101) 

 

Compound 99 (20.7 mg, 56.0 µmol) was treated according to the conditions of 

general procedure C. The crude product was purified by FC (DCM/MeOH = 12:1). 

Product 101 was obtained as a colorless syrup (22.6 mg, 37.6 µmol, 67%). Rf = 0.48 

(DCM/MeOH = 12:1) Mostain; 1H NMR (600 MHz, MeOD4): δ [ppm] = 7.44 – 7.25 (m, 

15H, arenes), 5.12 (s, 2H, CH2Ph), 4.78 (m, 1H, H-6a), 4.58 (m, 1H, H-6b), 4.14 (dd, J 

= 2.5 Hz, 2.5 Hz, 1H, H-1), 3.58 (dd, J = 10.7 Hz, 8.9 Hz, 1H, H-3), 3.51 (m, 1H, O-

CHH‘CH2CH3), 3.40(m, 1H, H-4), 3.35 (dd, J = 10.7 Hz, 2.5 Hz, 1H, H-2), 3.18 (dd, J = 
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11.2 Hz, 2.6 Hz, 1H, H-5a), 3.10 (m, 1H, O-CHH‘-CH2CH3), 2.04 (m, 1H, H-5), 1.50 (m, 

2H, CH2CH2CH3), 0.84 (t, J = 7.4 Hz, 3H, CH3); 13C NMR (MeOD4, 151  MHz): δ  [ppm] 

= 158.7 (C=O), 151.9 (d, JP-C = 7.5 Hz, Cquart.), 151.8 (d, JC-P = 7.4 Hz, Cquart.), 138.3 

(Cquart.), 131.1, 129.4, 129.0, 128.9, 126.9, 121.31, 121.28 (arenes), 76.0 (C-5a), 73.9 

(C-3), 72.0 (O-CH2CH2CH3), 70.9 (C-4), 68.7 (C-1), 67.6 (CH2Ph), 66.4 (d, J = 6.2 Hz, 

C-6), 56.2 (C-2), 44.0 (d, J = 8.8 Hz, C-5), 24.0 (O-CH2CH2CH3), 10.9 (CH3); 31P-NMR 

(162 MHz, MeOD4): δ [ppm] = -12.73 (s, 1P); HRMS: [M+Na+]+calculated = 624.1969 

g/mol, [M+H+]+found = 624.1949 g/mol; 

((1S,2R,3R,4S,5R,6S)-4-amino-2,3,5,6-tetrahydroxycyclohexyl)methyl 

dihydrogen phosphate (102) 

 

Compound 97 (5.2 mg, 9.4 µmol) was treated according to the conditions of general 

procedure D. Product 102 was obtained as a colorless solid (2.9 mg, 9.4 µmol, 

quant.). 1H NMR (400 MHz, CDCl3): δ [ppm] = 4.23 (m, 2H, H-6a, H-1 or H-3), 4.13 

(m, 1H, H-6b), 3.82 (m, 1H, H-4 or H-5a), 3.76 (m, 1H, H-1 or H-3), 3.55 (dd, J = 10 

Hz, 10 Hz, 1H, H-4 or H-5a), 3.27 (dd, J = 10 Hz, 2.8 Hz, 1H, H-2), 1.92 (m, 1H, H-5); 

13C NMR (151 MHz, D2O): δ  [ppm] = 70.6 (C-1 or C-3), 69.2 (C-1 or C-3), 68.8 (C-4 

or C-5a), 66.1 (C-4 or C-5a), 60.0 (d, JC-P = 5.0 Hz, 1C, C-6), 53.4 (C-2), 43.2 (d, JC-P = 

8.2 Hz, 1C, C-5); 31P-NMR (162 MHz, D2O): δ [ppm] = 0.12 (s, 1P); HRMS: [M-H+]-

calculated = 272.0541 g/mol; [M-H+]-found = 272.0543 g/mol; 

((1R,2R,3R,4R,5R,6S)-4-amino-2,3,5-trihydroxy-6-methoxycyclohexyl)methyl 

dihydrogen phosphate (103) 

 

Compound 100 (17.5 mg, 30.0 µmol) was treated according to the conditions of 

general procedure D. Product 103 was obtained as a colorless solid (9.7 mg, 30.0 
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µmol, quant.). The crude product was purified by HILIC. 1H NMR (400 MHz, D2O): δ 

[ppm] = 4.48 (dd, J = 2.7 Hz, 2.7 Hz, 1H, H-1), 4.12 (m, 1H, H-6b), 4.00 (m, 1H, H-6a), 

3.77 (dd, J = 10.1 Hz, 10.1 Hz, 1H, H-3), 3.61 (dd, J = 10.1 Hz, 10.1 Hz, 1H, H-4), 3.46 

(m, 4H, OCH3, H-5a), 3.23 (m, 13H, CH2, H-2), 1.86 (m, 1H, H-5), 1.31 (t, J = 7.3 Hz, 

18H, CH3); 13C NMR (101 MHz, D2O): δ  [ppm] = 75.8 (C-5a), 70.3 (C-3), 68.9 (C-4), 

64.8 (C-1), 58.89 (d, JC-P = 4.8 Hz, 1C, C-6), 57.0 (OCH3), 53.8 (C-2), 46.7 (6 x CH2), 

42.96 (d, JC-P = 7.5 Hz, 1C,  C-5), 8.2 (6 x CH3), 31P-NMR (162 MHz, D2O): δ [ppm] = 

3.0 (s, 1P); HPLC: tR = 5.5 min (Phenomenex® Luna 5µ HILIC 200Å, AXIA Pa, 250 x 

21.20 mm, 40% isocrat. MeCN in 15 mM TEAB buffer pH = 6.99 in 15 min, 10.0 mL/min, 

ELSD); HRMS: [M-H+]-calculated = 286.0686 g/mol; [M-H+]-found = 286.0698 g/mol; 

((1R,2R,3R,4R,5R,6S)-4-amino-2,3,5-trihydroxy-6-propoxycyclohexyl)methyl 

dihydrogen phosphate (104) 

 

Compound 101 (20.5 mg, 34.0 µmol) was treated according to the conditions of 

general procedure D. Product 104 was obtained as a colorless solid (11.9 mg, 34.0 

µmol, quant.). 1H NMR (400 MHz, D2O): δ [ppm] = 4.44 (dd, J = 2.8 Hz, 2.8 Hz, 1H, H-

1), 4.23 (m, 1H, H-6a), 4.14 (m, 1H, H-6b), 3.74 (m, 2H, H-3, O-CHH’CH2CH3), 3.54 

(m, 3H,H-4, H-5a, O-CHH’CH2CH3), 3.23 (dd, J = 10.9 Hz, 2.7 Hz, 1H, H-2), 1.94 (m, 

1H, H-5), 1.64 (m, 2H, OCH2CH2CH3), 0.95 (t, J = 7.4 Hz); 13C NMR (101 MHz, D2O): 

δ  [ppm] = 74.2, 72.0, 70.6, 68.9 (4 x C), 60.1 (d, JC-P = 4.7 Hz, 1C, C-6), 53.6 (C), 42.4 

(d, JC-P = 9.4 Hz, 1C,  C-5), 22.3 (OCH2CH2CH3), 9.9 (OCH2CH2CH3); 31P-NMR (162 MHz, 

D2O): δ [ppm] = 0.20 (s, 1P); HRMS: [M-H]-calculated = 314.1010 g/mol; [M-H]-found = 

314.1009 g/mol; 
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(1R,2R,5R,6R)-N,N-dibenzyl-5,6-bis(benzyloxy)-4-((benzyloxy)methyl)-2-

((tert-butyldiphenylsilyl)oxy)cyclohex-3-en-1-amine (111) 

 

To a stirred solution of 61 (200 mg, 320 µmol) in anhydrous DMF (650 µL) was 

added TBDPSCl (460 µL, 640 µmol) and imidazole (107 mg, 1.57 mmol) under N2 

atmosphere at room temperature. The reaction was warmed to 45 °C and stirred 

overnight. Then, DMF was removed under reduced pressure and the residue was 

dissolved in a mixture of H2O and EtOAc (1:1, 5mL). The organic phase was 

separated from the aqueous phase and the aqueous phase was extracted with EtOAc 

(2 x 5 mL). The combined organic phases were washed with brine and dried over 

MgSO4. The product was purified by FC (petroleum ether/EtOAc = 8:1). The product 

111 was obtained as a colorless oil in quantitative yield (276 mg, 320 µmol). Rf = 

0.52 (petroleum ether/EtOAc = 8:1) Mostain, 1H NMR (400 MHz, CDCl3): δ [ppm] = 

7.76 (m ,4H, arenes), 7.47 – 7.14 (m, 31H, arenes), 5.61 (m, 1H, 5a), 4.81 (m, 3H, O-

CH2Ph, H-1), 4.64 (m, 2H, O-CH2Ph), 4.24 (m, 3H, O-CH2Ph, H-4), 4.02 (m, 5H, 2 x N-

CH2Ph, H-6a), 3.76 (dd, J = 9.6 Hz, 6.9 Hz, 1H, H-3), 3.57 (d, J = 12.3 Hz,H-6b), 3.39 

(dd, J = 8.8 Hz, 8.8 Hz, 1H, H-2), 1.14 (s, 9H, 3 x CH3); 13C NMR (CDCl3, 101  MHz): 

δ  [ppm] = 140.4, 139.2, 138.6, 138.4 (Cquart.), 136.2, 136.0 (arenes), 135.2, 134.8, 

133.5 (Cquart.), 130.4 (C-5a), 130.0, 129.7, 129.1, 128.4, 128.3, 128.2, 128.0, 127.8, 

127.7, 127.60, 127.57, 127.5, 127.4, 127.3, 126.7 (arenes), 81.5 (C-3), 80.4 (C-4), 

74.1 73.3, 72.0 (3 x O-CH2PH), 71.3 (C-1), 70.4 (C-6), 65.6 (C-2), 55.2 (2 x N-CH2Ph), 

27.3 (3 x CH3), 19.5 (Cquart. tBu); HRMS: [M+H+]+calculated = 864.4443 g/mol, 

[M+H+]+found = 864.4442 g/mol; 
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(1S,2S,3R,4R,5R,6S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-6-((tert-

butyldimethylsilyl)oxy)-5-(dibenzylamino)cyclohexan-1-ol 112 & 

(1R,2R,3R,4R,5R,6S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-6-((tert-

butyldimethylsilyl)oxy)-5-(dibenzylamino)cyclohexan-1-ol 114 

 

To a stirred solution of 61 (87 mg, 120 µmol) in anhydrous DMF (240 µL) was added 

TBDMSCl (36.0 mg, 240 µmol) and imidazole (40.0 mg, 590 µmol) under N2 

atmosphere at room temperature. The reaction was warmed to 45 °C and stirred 

overnight. Then, DMF was removed under reduced pressure and the residue was 

dissolved in a mixture of H2O and EtOAc (1:1, 1.0 mL). The organic phase was 

separated from the aqueous phase and the aqueous phase was extracted with EtOAc 

(2 x 2.0 mL). The combined organic phases were washed with brine and dried over 

MgSO4. The solvent was removed under reduced pressure and the crude product 

110 was used in the next step without further purification.  

To a stirred solution of crude 110 (88 mg, 120 µmol) in anhydrous THF (1.3 mL) 

was added BH3*SMe2 (137 µL, 1.44 mmol) at 0 °C under argon atmosphere. The 

solution was stirred overnight. Then, H2O (150 µL) was added slowly at 0 °C, 

followed by addition of H2O2 (400 µL, 3.6 mmol) and KOHaq. (1 M) (960 µL, 960 µM) 

at 0 °C. The resulting reaction mixture was heated to 75 °C and stirred overnight to 

hydrolyze the borane amine complex. The next day, H2O (2.0 mL) was added and the 

aqueous phase was separated and extracted twice with EtOAc (2 x 2.0 mL). The 

combined organic layers were washed with brine, dried over MgSO4 and 

concentrated under reduced pressure. The remaining residue was purified by FC 

(petroleum ether/EtOAc = 15:1 – 6:1) to obtain 112 and 114 as a colorless syrups 

(112: 19.5 mg, 25.7 µmol, 21%; 114: 17.5 mg, 23.1 µmol, 19%). 112: Rf = 0.59 

(petroleum ether/EtOAc = 9:1) vanillin; 1H NMR (600 MHz, CDCl3): δ [ppm] = 7.50 – 

7.18 (m, 25H, arenes), 5.19 (d, J = 11.5 Hz, 1H, O-CHH‘Ph, 4.95 (d, J = 11.5 Hz, 1H, O-

CHH‘Ph), 4.80 (d, J = 10.7 Hz, 1H, O-CHH‘Ph), 4.57 (dd, J = 18.4 Hz, 11.1 Hz, 2H, O-

CH2Ph), 4.38 (d, J = 11.4 Hz, 1H, O-CHH‘Ph), 3.84 (m, 7H, 2 x N-CH2Ph, H-6a, H-6b, H-

3), 3.67 (dd, J = 11.2 Hz, 8.9 Hz, 1H, H-4), 3.58 (dd, J = 10.4 Hz, 8.4 Hz, 1H, H-5a), 3.49 
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(br. s, 1H, OH), 3.26 (dd, J = 10.4 Hz, 8.3 Hz, 1H, H-1), 2.60 (dd, J = 10.4 Hz, 10.4 Hz, 

1H, H-2), 1.58 (m, 1H, H-5), 0.92 (s, 9H, Si-C(CH3)3), 0.16 (s. 3H, Si-CH3), 0.08 (s, 3H, 

Si-CH3); 13C NMR (CDCl3, 101  MHz): δ  [ppm] = 139.6, 139.0, 138.6, 138.2 (4 x Cquart.), 

129.3, 128.5, 128.4, 128.3, 128.1 127.64, 127.56, 127.54, 127.48, 127.1 (arenes), 

82.5 (C-3), 80.4 (C-4), 75.0, 73.9, 73.2 (3 x O-CH2Ph), 72.5 (C-1), 71.7 (C-5a), 64.6 (2 

x N-CH2Ph, C-6), 62.1 (C-2), 47.7 (C-5), 26.3 (Si-C(CH3)3), 18.5 (Si-C(CH3)3), -3.6 (Si-

CH3), -5.0 (Si-CH3); HRMS: [M+H+]+calculated = 758.4235 g/mol, [M+H+]+found = 

758.4214 g/mol; 114: Rf  = 0.29 (petroleum ether/EtOAc = 8:1) vanillin; (petroleum 

ether 1H NMR (600 MHz, CDCl3): δ [ppm] = 7.32 – 6.95 (m, 25H, arenes), 4.77 (m, 

2H, O-CH2Ph), 4.65 (d, J = 10.7 Hz, 1H, O-CHH‘Ph), 4.37 (m, 3H, O-CH2Ph, O-CHH‘Ph), 

4.10 (d, J = 14.1 Hz, 2H, N-CH2Ph), 3.89 (m, 3H, N-CH2Ph, H-3), 3.70 (dd, J = 9,1 Hz, 

2.9 Hz, 1H, H-6a), 3.49 (dd, J = 9.1 Hz, 5.6, Hz, 1H, H-6b), 3.39 (m, 2H, H-1, H-4), 3.25 

(dd, J = 11.0 Hz, 8.8 Hz, 1H, H-5a), 2.82 (t, J = 10.1 Hz, 8.3 Hz, 1H, H-2), 2.76 (d, J = 3.0 

Hz, 1H, OH), 1.56 (m, 1H, H-5), 0.94 (s, 9H, Si-C(CH3)3), 0.22 (s. 3H, Si-CH3), 0.18 (s, 

3H, Si-CH3); 13C NMR (CDCl3, 101  MHz): δ  [ppm] = 140.3, 139.3, 138.2, 137.8 (4 x 

Cquart.), 128.8, 128.4, 128.2, 128.0, 127.9, 128.8, 127.7, 127.5, 126.9, 126.7, 126.4 

(arenes), 81.6 (C-4), 79.1 (C-4), 77.0 (C-3), 75.0, 74.2 (2 x O-CH2Ph), 73.5, (C-1), 73.1 

(O-CH2-Ph), 68.0 (C-6), 63.1 (C-2), 54.3 (2 x N-CH2Ph), 45.2 (C-5), 26.6 (Si-C(CH3)3), 

19.0 (Si-C(CH3)3), -2.7 (Si-CH3), -3.0 (Si-CH3); HRMS: [M+H+]+calculated = 758.4235 

g/mol, [M+H+]+found = 758.4222 g/mol; 

(1S,2S,3R,4R,5R,6S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-6-((tert-

butyldiphenylsilyl)oxy)-5-(dibenzylamino)cyclohexan-1-ol (113) 

 

To a stirred solution of 111 (86 mg, 100 µmol) in anhydrous THF (1.1 mL) was 

added BH3*SMe2 (114 µL, 1.2 mmol) at 0 °C under argon atmosphere. The solution 

was stirred overnight. Then, H2O (125 µL) was added slowly at 0 °C, followed by 

addition of H2O2 (330 µL, 3.0 mmol) and KOHaq. (1 M) (800 µL, 800 µM) at 0 °C. The 

resulting reaction mixture was heated to 75 °C and stirred overnight to hydrolyze 

the borane amine complex. The next day, H2O (2 mL) was added and the aqueous 

phase was separated and extracted twice with EtOAc (2 x 4.0 mL). The combined 
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organic layers were washed with brine, dried over MgSO4 and concentrated under 

reduced pressure. The remaining residue was purified by FC (petroleum 

ether/EtOAc = 15:1) to obtain 113 as a colorless syrup (48.1 mg, 55 µmol, 55%). Rf 

= 0.66 (petroleum ether/EtOAc = 8:1), vanillin; 1H NMR (400 MHz, CDCl3): δ [ppm] 

= 7.78 (m, 4H, arenes), 7.49 – 7.16 (m, 27H, arenes), 7.08 (m, 4H, arenes), 5.18 (d, J 

= 11.5 Hz, 1H, O-CH‘‘H‘‘‘Ph), 4.95 (d, J =11.6 Hz, 1H, O-CH‘‘H‘‘‘Ph), 4.79 (d, J = 10.7 

Hz, 1H, O-CHH‘Ph), 4.58 (d, J = 10.6 Hz, 1H, O-CHH‘Ph), 4.26 (m, 2H, O-CH2Ph), 3.97 

(m, 1H, H-6b), 3.84 – 3.60 (m, 8H, 2 x N-CH2Ph, H-6a, H-3, H-4, H-5a), 3.41 (dd, J = 

10.3 Hz, 5.8 Hz, 1H, H-1), 3.04 (br. s, 1H, OH), 2.49 (dd, J = 10.3 Hz, 10.3 Hz, 1H, H-2), 

1.77 (dddd, J = 10.8 Hz, 10.8 Hz, 2.2 Hz, 2.2 Hz, 1H, H-5), 1.07 (s, 9H, 3 x CH3); 13C 

NMR (CDCl3, 101  MHz): δ  [ppm] = 139.6, 139.0, 138.5, 136.2, 135.9, 135.4, 134.6 

(Cquart.), 129.2, 129.1 129.0, 128.5, 128.4, 128.3, 128.0, 127.8, 127.6, 127.5, 127.4, 

127.1, 127.0 (arenes), 82.4 (C-3), 80.3 (C-4), 75.1, 73.8 (2 x O-CH2Ph), 73.1 (C-5a), 

73.0 (O-CH2Ph), 72.4 (C-1), 64.7 (C-6, 2 x N-CH2Ph), 62.1 (C-2), 47.7 (C-5), 27.4 (3 x 

CH3), 20.0 (Cquart. tBu)); HRMS: [M+H+]+calculated = 882.4548 g/mol, [M+H+]+found = 

882.4527 g/mol; 

(1R,2R,3R,4S,5S,6S)-N,N-dibenzyl-2,3-bis(benzyloxy)-4-((benzyloxy)methyl)-

6-((tert-butyldiphenylsilyl)oxy)-5-methoxycyclohexan-1-amine (116 & 117) 

 

To a stirred solution of 113 (22.9 mg, 26 µmol) in anhydrous THF (260 µL) was 

added MeI (50.0 µL, 800 µmol) at 0 °C. Then, NaH (1.0 mg, 26 µmol) was added at 0 

°C and stirred for one hour at that temperature. After removal of the ice bath, the 

reaction mixture was stirred overnight at room temperature. The reaction was 

quenched with Et3N (120 µL) and MeOH (150 µL) were added and the reaction 

mixture was stirred for 30 min at room temperature. The reaction mixture was 

concentrated under reduced pressure and the remaining residue was purified by FC 

(petroleum ether/EtOAc = 15:1). Product 116 was obtained as a colorless syrup (7.7 

mg, 8.6 µmol, 44%). 117 was obtained as  byproduct (9.1 mg, 10.2 µmol, 52%) as a 

colorless syrup); 116:  Rf = 0.47 (petroleum ether/EtOAc = 10:1), Mostain; 1H NMR 

(400 MHz, CDCl3): δ [ppm] = 7.79 (m, 4H, arenes), 7.49 – 7.15 (m, 31H, arenes), 4.93 
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(d, J = 11.4 Hz, 1H, O-CH‘‘H‘‘‘Ph), 4.85 (d, J = 11.3 Hz, 1H, O-CH‘‘H‘‘‘Ph), 4.79 (d, J = 

10.8 Hz, 1H, O-CHH‘Ph), 4.57 (d, J = 10.8 Hz, 1H, O-CHH‘Ph), 4.35 (m, 2H, O-CH2Ph), 

4.32 (m, 1H, H-1), 4.06 (d, J = 13.9 Hz, 2H, N-CH2Ph), 3.94 (d, J = 13.8 Hz, 2H, N-

CH2Ph), 3.82 (m, 1H, H-3), 3.75 (m, 1H, H-4), 3.57 (m, 1H, H-6a), 3.46 (m, 1H, H-6b), 

3.35 (m, 2H, H-2, H-5a), 2.67 (s, 3H, CH3), 1.81 (m, 1H, H-5), 1.04 (s, 9H, 3 x CH3); 13C 

NMR (CDCl3, 101  MHz): δ  [ppm] = 140.6, 139.4, 138.7, 138.4 (Cquart.), 135.84, 135.81 

(arenes), 135.0, 133.8 (Cquart.),  129.39, 129.35, 129.1, 128.31, 128.27, 128.21, 128.0, 

127.6, 127.5, 127.3, 127.1, 126.5 (arenes), 81.9 (C-3), 80.5 (C-5a), 79.2 (C-3), 75.8 

(C-1), 74.5, 73.8, 72.7 (3 x O-CH2Ph), 68.0 (C-6), 66.7 (C-2), 56.6 (CH3), 55.5 (2 x N-

CH2Ph), 45.9 (C-5), 27.3 (3 x CH3), 19.6 (Cquart. tBu); HRMS: [M+H+]+calculated = 

896.4705 g/mol, [M+H+]+found = 896.4705 g/mol; 117: Rf = 0.59 (petroleum 

ether/EtOAc = 10:1), Mostain; 1H NMR (400 MHz, CDCl3): δ [ppm] = 7.74 (m, 4H, 

arenes), 7.46-7.17 (m, 31H, arenes), 5.08 (d, J = 11.4 Hz, 1H, O-CH‘‘H‘‘‘Ph), 4.89 (d, J 

= 11.5 Hz, 1H, O-CH‘‘H‘‘‘Ph), 4.70 (d, J = 11.1 Hz, 1H, O-CHH‘Ph), 4.61 (d, J = 11.1 Hz, 

1H, O-CHH‘Ph), 4.24 (m, 2H, O-CH2Ph), 4.11 (m, 2H, H-3, H-5a), 3.93 (d, J = 14.1 Hz, 

2H, N-CH2Ph), 3.84 (d, J = 14.1 Hz, 2H, N-CH2Ph), 3.62 (dd, J = 9.2 Hz, 4.9 Hz, 1H, H-

6a), 3.55 (m, 2H, H-4, H-6b), 3.46 (dd, J = 8.1 Hz, 5.8 Hz, 1H, H-1), 2.91 (dd, J = 10.4 

Hz, 8.0 Hz, 1H, H-2), 2.74 (s, 3H, CH3), 2.07 (m, 1H, H-5), 1.09 (s, 19H, 3 x CH3); 13C 

NMR (CDCl3, 101  MHz): δ  [ppm] = 140.4, 139.3, 138.9, 138.5 (Cquart.), 136.1 136.0 

(arenes), 134.2 (Cquart.), 129.4, 129.0, 128.28, 128.25, 127.9, 127.67, 127.65, 127.5, 

127.44, 127.41, 127.37, 127.2, 126.5 (arenes), 82.8 (C-1), 81.4 (C-4), 81.1 (C-5a), 

73.54, 73.49, 72.68 (3 x O-CH2Ph), 69.7 (C-3), 67.7 (C-6), 61.5 (C-2), 55.23 (2 x N-

CH2Ph), 55.21 (CH3), 47.7 (C-5), 27.2 (3 x CH3), 19.7 (Cquart. tBu); HRMS: 

[M+H+]+calculated = 896.4705 g/mol, [M+H+]+found = 896.4685 g/mol; 

(1S,2S,3R,4R,5S,6S)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)-2-

(dibenzylamino)-6-methoxycyclohexan-1-ol (118) 

 

To a stirred solution of 116 (21.2 mg, 23.6 µmol) in anhydrous THF (213 µL) was 

added TBAF (1 M in THF) (38.5 µL, 38.5 µmol) at room temperature under N2 

atmosphere. The reaction mixture was stirred until TLC (petroleum ether/EtOAc = 
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5:1) showed complete consumption of the starting material. Then, the solvent was 

removed under reduced pressure and the obtained residue was purified by FC 

(petroleum ether/EtOAc = 6:1). Product 118 (12.9 mg, 19.6 µmol, 83%) was 

obtained as a colorless syrup. Rf = 0.45 (petroleum ether/EtOAc = 5:1), Mostain; 1H 

NMR (400 MHz, CDCl3): δ [ppm] = 7.51 – 7.19 (arenes), 5.20 (d, J = 11.5 Hz, 1H, O-

CH’‘H‘‘‘Ph), 4.96 (d, J = 11.5 Hz, 1H, O-CH‘’H‘‘‘Ph), 4.84 (d, J = 10.6 Hz, 1H, O-CHH‘Ph), 

4.65 (d, J = 10.7 Hz, 1H, O-CHH‘-Ph), 4.51 (s, 2H, O-CH2Ph), 3.75 m (8H, H-3, H-4, H-

6a, H-6b, 2 x N-CH2Ph), ), 3.54 (s, 3H, CH3), 3.44 (dd, J = 10.3 Hz, 8.8 Hz, 1H, H-1), 

3.15 (dd, J = 10.9 Hz, 8.8 Hz, 1H, H-5a), 2.62 (dd, J = 10.2 Hz, 10.2 Hz, 1H, H-2), 1.58 

(m, 1H, H-5); 13C NMR (CDCl3, 101  MHz): δ  [ppm] = 139.4, 138.9, 138.4, 138.2 

(Cquart.)), 129.4, 128.54, 128.51, 128.47, 128.4, 128.1, 127.78, 127.76, 127.7, 127.64, 

127.55, 127.2 (arenes), 82.4 (C-3), 80.5 (C-4), 79.5 (C-5a),75.3, 74.0, 73.3 (3 x O-

CH2Ph), 72.5 (C-1), 64.4 (2 x N-CH2Ph, C-6), 61.8 (C-2), 60.4 (CH3), 45.9 (C-5); HRMS: 

[M+H+]+calculated = 658.3527 g/mol, [M+H+]+found = 658.3520 g/mol; 
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 Appendix 

 

Figure 28: UV-chromatogram of 76 (tR = 16.7 min) after FC purification at 260 nm. KINETEX® C18 5µ 
100Å, 250 x 21.20 mm, 90-100% MeCN in H2O in 20 min, 10.0 mL/min, UV). λ = 260 nm 

 

Figure 29: UV-chromatogram of 76 (tR = 16.7 min) after 3d at -18 °C. New peaks arising which 
indicates decomposition of 76. KINETEX® C18 5µ 100Å, 250 x 21.20 mm, 90-100% MeCN in H2O in 
20 min, 10.0 mL/min, UV). λ = 260 nm. 

 

Figure 30: LCMS UV-chromatogram of the hydroboration of 77 to the diastereomeres 63 and 64 as 
well as byproduct 78. NUCLEODUR C18 Gravity, 3 µm, 125 x 4 mm, 80-90% MeCN in H2O with 0.1% 
FA in 20 min, 0.4 mL/min, UV). λ= 254 nm. 
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Figure 31: 1D NOESY NMR spectra of 63. The corresponding spatial couplings are depicted on the left side. 

5 2 OH 4 7 6 6 1 3 

5 → 3/6/5a/4/OH 

2 → 1/5a/4 

OH → 1/6/5a (all weak) 

4 → 3/6/5a/2 

1 → 5a/OH/2 

3 → 4/2/5 

5a → 2/OH/4/1 

1H NMR spectrum 



 Appendix     107 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5 2 6 1 6 4 3 5a 

5 → 7/4/6/2 

2 → 3/4/1 

1 → 6/2/7 

4+6 → 3/6/2/5 

3 → 4/6 

5a → 6/1/5 

1H NMR spectrum 

Figure 32: 1D NOESY NMR spectra of 64. The corresponding spatial couplings are depicted on the left side. 
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Figure 33: 31P NMR reaction screening of the coupling reaction of (BnO)2PN(iPr)2 with 92 in DMF-d7. 
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Figure 34: 31P NMR spectra of the oxidation of the phosphonate-(92) to the corresponding phosphoric acid ester 93 in DMF-d7. 

(BnO)
2
P-O(92) 

(BnO)
2
PN(

i
Pr)

2
 

t = 0 min 

t = 10 min 

t = 20 min 

t = 30 min 

t = 60 min 

t = 70 min 

(BnO)
2
POH 

93 



 Appendix     110 

 

Figure 35: 1H – 31P HMBC of 97. 3J coupling between P and H6 as well as 4J coupling between P and H-5 was observed. 
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Figure 36: UV-chromatogram of the HPLC purification of 93 after oxidation. Gradient: 5-60% MeCN 
in H2O in 20 min, Kinetex® 5.0 µm C18 100 Å, LC Column 250 x 21.2 mm.  

 

Figure 37: UV-chromatogram of the LCMS measurement of the hydroboration of 111 to 113 and 115. 
The ratio of formed 113 and 115 is about 4:1. Gradient: 90-100% MeCN in H2O with 0.1% FA in 20 
min, Kinetex® 5.0 µm C18 100 Å, LC Column 250 x 21.2 mm. 

 

 

 

 

 

 

 

 

 

  

 Dataf ile Name:20170410_PDS_138_5_60_20min_9mL21.lcd
Sample Name:20170410_PDS_138_5_60_20min_9mL
Sample ID:20170410_PDS_138_5_60_20min_9mL

0,0 2,5 5,0 7,5 10,0 12,5 15,0 17,5 min

0

10

20

30

40

50

60

70

80

90

mV

25,0

50,0

75,0

100,0

125,0

bar
B.ConcAD1 

254 nm

min

mAU

%

0 5 10 15 20 25 30

0

250

500

0

50

100

[M+H]+ = 588.15 g/mol  

113  

115 



 Appendix     112 

 

1H NMR spectrum (400 MHz, CDCl3) of 61 



 Appendix     113 

 

13C NMR spectrum (101 MHz, CDCl3) of 61 



 Appendix     114 

 

1H NMR spectrum (400 MHz, CDCl3) of 62 
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13C NMR spectrum (101 MHz, CDCl3) of 62 
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1H NMR spectrum (400 MHz, CDCl3) of 77 



 Appendix     117 

 

13C NMR spectrum (101 MHz, CDCl3) of 77 
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1H NMR spectrum (600 MHz, CDCl3) of 63 
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13C NMR spectrum (151 MHz, CDCl3) of 63 
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1H NMR spectrum (600 MHz, CDCl3) of 64 
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13C NMR spectrum (151 MHz, CDCl3) of 64 
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1H NMR spectrum (400 MHz, CDCl3) of 66 
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13C NMR spectrum (101 MHz, CDCl3) of 66 
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1H NMR spectrum (800 MHz, CDCl3) of 68 
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13C NMR spectrum (151 MHz, CDCl3) of 68 
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1H NMR spectrum (600 MHz, D2O) of 82 
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13C NMR spectrum (151 MHz, D2O) of 82 
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1H NMR spectrum (400 MHz, D2O) of 83 



 Appendix     129 

 

13C NMR spectrum (101 MHz, D2O) of 83 
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1H NMR spectrum (600 MHz, D2O) of 84 
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13C NMR spectrum (151 MHz, D2O) of 84 
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1H NMR spectrum (400 MHz, CD3OD) of 92 
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13C NMR spectrum (101 MHz, CD3OD) of 92 
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1H NMR spectrum (400 MHz, CD3OD) of 98 
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13C NMR spectrum (101 MHz, CD3OD) of 98 
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1H NMR spectrum (400 MHz, CD3OD) of 99 
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13C NMR spectrum (101 MHz, CD3OD) of 99 
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1H NMR spectrum (600 MHz, CD3OD) of 97 
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13C NMR spectrum (151 MHz, CD3OD) of 97 
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31P NMR spectrum (162 MHz, CD3OD) of 97 
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31P-1H HMBC NMR spectrum (CD3OD) of 97 
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1H NMR spectrum (400 MHz, CDCl3) of 100 
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