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Abstract 

The glmS ribozyme is a gene-regulating riboswitch in bacteria whose enzymatic activity 

is dependent on D-glucosamine-6-phosphate (GlcN6P) as a natural cofactor. The GlmS 

enzyme plays a major role in the bacterial cell wall synthesis as it produces GlcN6P, an 

early intermediate in the biosynthesis of UDP-GlcNAc, which is an essential precursor of 

peptidoglycan. It is due to the presence of this ribozyme in human pathogens, including 

MRSA, Listeria monocytogenes, and Clostridium difficile that it represents an attractive 

target for the development of artificial activators. Carbohydrate mimics that possess 

significant structural dissimilarity to their natural counterparts, but efficiently mimic the 

activity of GlcN6P, could function as novel therapeutic entities. 

The substitution of the ring oxygen of natural sugars by functionalized methylene yields 

5a-substituted carba-sugars. These promising synthetic glycomimetics could potentially 

interfere with their target structures in biological systems due to new functionalities. In 

the course of the project presented herein, the synthesis of fluoro-carba-sugar analogs of 

α-D-glucosamine and β-L-idosamine as well as a phenyl-carba-sugar variant of α-D-

glucosamine was established. Titanocene(III)-catalyzed radical epoxide opening was 

used in the synthesis of (5aR)-fluoro-carba-α-D-glucosamine-6-phosphate as part of a 

new route towards base-labile carbocycles. The high diastereoselectivity of the hydrogen 

transfer step was rationalized by computation of the transition states involved in this 

step. 

In studies of the biological activity of the carba-sugar mimics on glmS ribozymes from 

different bacteria, fluoro-carba-GlcN6P effectively promoted the glmS ribozyme self-

cleavage reaction, although with a significant loss of activity compared to its non-

fluorinated analog. Docking of all synthesized carba-sugars to the rigid glmS binding 

pocket supported the experimental data, thereby allowing an in-depth structure-activity 

relationship. In contrast, the inhibiting effect of fluoro-carba-GlcN on B. subtilis growth, 

which is dependent on the GlcN-specific phosphoenolpyruvate:sugar 

phosphotransferase system, was comparable with that of carba-GlcN. The specific 

induction of cell envelope stress, thus, paves the way for a comprehensive analysis of 

the mode of action of fluoro-carba-GlcN. 
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Zusammenfassung 

Das glmS-Ribozym ist ein genregulierender Riboswitch in Bakterien, dessen 

enzymatische Aktivität von D-Glucosamin-6-phosphat (GlcN6P) als natürlicher Cofaktor 

abhängt. Das GlmS-Enzym spielt bei der bakteriellen Zellwand-Synthese eine wichtige 

Rolle, da es GlcN6P, eine frühe Zwischenstufe in der Biosynthese von UDP-GlcNAc, 

produziert, das wiederum ein wesentlicher Vorläufer des Peptidoglycans ist. Die 

Anwesenheit dieses Ribozyms in menschlichen Pathogenen, wie MRSA, Listeria 

monocytogenes und Clostridium difficile, macht es zu einem attraktiven Ziel für die 

Entwicklung von künstlichen Aktivatoren. Kohlenhydrat-Mimetika, die eine wesentliche 

strukturelle Veränderung gegenüber ihren natürlichen Gegenstücken besitzen dabei 

aber die Aktivität von GlcN6P effizient nachahmen, könnten als neuartige Wirkstoffe 

fungieren. 

Die Substitution des Ring-Sauerstoffs von natürlichen Zuckern durch funktionalisierte 

Methylengruppen ergibt 5a-substituierte Carba-Zucker. Diese vielversprechenden 

synthetischen Glycomimetika können durch neue Funktionalitäten eine potente 

Interaktion mit ihren Zielstrukturen in biologischen Systemen eingehen. Im Rahmen des 

hier vorgestellten Projektes wurde die Synthese von Fluoro-Carba-Zucker-Analoga von 

α-D-Glucosamin und β-L-Idosamin sowie einer Phenyl-Carba-Zucker-Variante von α-D-

Glucosamin etabliert. Die Titanocen(III)-katalysierte radikalische Epoxidöffnung wurde 

bei der Synthese von (5aR)-fluoro-carba-α-D-glucosamin-6-phosphat als Teil einer 

neuen Route zur Darstellung von basisch-labilen Carbocyclen eingesetzt. Die hohe 

Diastereoselektivität des Wasserstoffübertragungsschrittes wurde durch Berechnungen 

der in diesem Schritt beteiligten Übergangszustände rationalisiert. 

In Studien über die biologische Aktivität der Carba-Zucker-Mimetika auf glmS-Ribozyme 

aus verschiedenen Bakterien, induzierte Fluoro-carba-GlcN6P effektiv die 

Selbstspaltungsreaktion des Ribozyms, jedoch mit signifikant niedriger Aktivität als das 

nicht-fluorierte Analogon. Docking-Studien von allen synthetisierten Carba-Zuckern mit 

der starren glmS-Bindungstasche unterstützten die experimentellen Daten, so dass eine 

tiefgehende Struktur-Aktivitäts-Beziehung aufgestellt werden konnte. Im Gegensatz dazu 

war die hemmende Wirkung von Fluoro-carba-GlcN auf das B. subtilis-Wachstum in 

Abhängigkeit vom GlcN-spezifischen Phosphoenolpyruvat: Zucker-Phosphotransferase-

System vergleichbar mit der von Carba-GlcN. Eine spezifische Stressinduktion in der 
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bakteriellen Zellhülle ebnet den Weg für eine umfassende Analyse der genauen 

Wirkungsweise von Fluoro-carba-GlcN. 
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1 Introduction 

1.1 Carbohydrate mimics 

The diet of most people relies on carbohydrates as a primary source of energy.1 The 

perception of the sweet taste of low molecular weight dietary carbohydrates is thereby 

associated with advantageous food.2 Besides their role as an energy source, 

carbohydrates are one of the essential building blocks of living systems, along with 

proteins, lipids, and nucleic acids.3 The sugar components of carbohydrate 

macromolecules are referred to as glycans and comprise linked monomeric sugar 

molecules.4 In contrast to biopolymers composed of nucleotides (RNA/DNA) or amino 

acids (proteins), glycans far exceed their potential structural diversity.5 The complex 

structure of glycans, due to strong branching and sequence diversity, enables them to 

encode information for a correspondingly large number of roles in molecular recognition.6 

Glycans play central roles in various cellular processes, including signaling, cell-cell 

communication7, and mediation of immune responses.8 Thereby, recognition of 

carbohydrates is involved in diseases and infections. Viruses and bacteria adhere, 

species- and tissue-specific, to the cell-surface of their host through carbohydrate-

mediated cell recognition.7,9 Because of their pivotal role, the elucidation of their 

functions and the decryption of the sugar-code are major challenges in glycobiology.10 

However, the structural diversity of these glycoconjugates is accompanied by the 

complex analytic that lags behind the achievements in the field of RNA and protein 

analysis. The synthesis of oligosaccharides thereby helps to understand their biological 

function and opens the way for carbohydrate-based vaccines or the synthesis of specific 

inhibitors of glycoconjugate function.6 

Of particular importance in this context are compounds that mimic interactions of 

carbohydrates with their target structure and are therefore termed “carbohydrate 

mimics.”11 These allow the intervention with protein- or nucleic acid-carbohydrate 

interactions as potential therapeutic agents.12 Mimics that are dissimilar to their natural 

carbohydrate counterparts can thereby overcome some disadvantages of therapeutics 

based on natural products. Oligosaccharides are rapidly degraded by glycosidases, 

while low molecular weight carbohydrates often lack specificity and low biostability due 

to, among others, off-target effects and metabolization.13 Nature already provides 

carbohydrate mimics such as C-glycosides, in the case of which the substitution of the 
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O-glycosidic bond by C-C prevents hydrolysis by glycosidases. Figure 1 shows the 

chemical structure of two natural product C-glycosides, carminic acid and altromycin B. 

Carminic acid is the free acid of carmine, which is a red pigment produced from 

cochineal scale already used in ancient times.14,15 

 

Figure 1 Two examples of natural product C-glycosides 
The aluminum salt of carminic acid, which is isolated from cochineal scale, is used as the pigment 
carmine. Altromycin B is an antitumor antibiotic from the pluramycin family, which is produced by 
an actinomycete from a South African bushveld soil.16,17 

Altromycin B, on the other hand, shows antibacterial activity against Streptococci and 

Staphylococci with a low minimal inhibitory concentration (MIC).16 The mechanism of 

action of altromycin B, as for other compounds from the pluramycin family, is the 

alkylation of DNA, whereby altromycin B also exhibits activity against several kinds of 

cancer.17,18 Synthetic C-glycosides are prepared as potent inhibitors of glycosidases and 

glycosyltransferases. Intensively studied synthetic representatives of carbohydrate 

mimics are carbocyclic analogs of natural sugar pyranoses and furanoses termed 

pseudo- or more accurate carba-sugars.19-21  
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1.1.1 Carba-sugars 

Carba-sugars result from the formal substitution of the ring oxygen by methylene (Figure 

2). The prefix “carba” thereby has been established by Ogawa et al. instead of “pseudo,” 

and the locant “5a” is used for indexing and distinguishing of 5a-carba-pyranoses from 

4a-carba-furanose.20 Thus, the carbocyclic analogs of the cyclic form of carbohydrates 

lack the intramolecular hemiacetal which is the most reactive functional group of sugars. 

Removal of the acetal moiety by a C-C bond thereby increases the chemical and 

biochemical stability of carba-sugar compared to their natural counterparts since natural 

carbohydrates are susceptible to hydrolytic cleavage.13,22 

  
5a-carba-α-D-glucose 5a-carba-β-D-glucose    

Figure 2 Chemical structure of the two isomers of the carba-sugar analog of D-glucose. 

Moreover, the interconversion of the α- and β-isomers, which is depicted in Figure 3 for 

the example of D-glucose, is no longer possible.23,24 Consequently, the respective carba-

sugar isomers do not exist in a steady-state but could be produced in their pure isomeric 

form.25 Besides the synthetic accessibility of pure isomers, the carba-sugars differ in their 

properties in many ways. These include the absence of the anomeric effect, a different 

hydrogen-bond pattern due the missing hydrogen-acceptor and changed flexibility due to 

altered conformational behavior.26,27 

 

Figure 3 Interconversion of the α- and β-pyranose forms of D-glucose via the open chain 
form. The percentages given for each form refers to the aqueous solution of glucose. 

The anomeric effect in the case of the α-isomers of natural sugar greatly stabilizes the C-

O bond at C1 and thereby shifts the equilibrium between α- and β-isomer towards α-

glucopyranose.23 The absence of the anomeric effect in carba-sugars especially 

increases the flexibility in the interglycosidic linkage of disaccharides.20,28 The existence 

of more conformations induces an entropic penalty to the interaction of carbonated sugar 

mimics with their target structures, e.g., proteins. The binding free energy increases with 

ligand flexibility because the binding pocket needs to freeze out the desirable binding 

conformation which is not necessary in the case of pre-organized ligands.29 In the case 

of carba-sugar analogs of monosaccharides, there is the interplay between altered 
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conformational flexibility and the absence of the interconversion between α- and β-

isomers. Whereas the presence of only one isomer increases the ligand pre-

organization, the conformational population distributions need to be investigated 

individually. Unione et al., for instance, observed that the carba-sugar analog of 5-

hydroxymethyl-carba-β-L-idopyranoside loses its conformational flexibility compared to 

the natural analog.27 In the same study, they could show that substitution of the ring-

oxygen by difluoromethylene restores the conformational plasticity. In the case of the 

iduronic acid moieties in heparin, the ability to adopt different ring conformations is 

essential for the interaction with protein receptors, as distinct conformations are 

recognized depending on the respective receptor.30 

A property of carbohydrate ligands, which is inseparably connected to the ring flexibility 

described above, is their hydrogen-bond pattern. In the case of carba-sugars, the 

number and configuration of the hydroxyl groups resemble that of their natural 

counterparts. However, due to the substitution of the ring-oxygen one potential hydrogen 

bond acceptor is lost. 

The first reported carba-sugar 5a-carba-α-DL-talopyranose31 was synthesized by 

McCasland et al. in 1966, followed by 5a-carba-β-DL-gulopyranose32 and 5a-carba-α-DL-

galactopyranose33. Not before 1973, 5a-carba-α-D-galactopyranose was detected in the 

fermentation broth of Streptomyces sp. MA-4145, which shows inhibitory activity against 

Klebsiella pneumonia.22,34 There are several examples of naturally occurring carba-

sugars or carba-sugar elements in larger structures that exhibit antibacterial activity. 

Prominent representatives are the carba-trisaccharides of the validamycin compound 

class34, which have antibacterial and antifungal activity and are used as potent antibiotics 

in agriculture. Due to their close similarity to natural sugars, carba-sugars can also 

function as glycosidase inhibitors (Figure 4). Acarbose, which shares the unsaturated 

amino carba-sugar substructure valienamine with validamycins, is a carba-

oligosaccharide that is used for the treatment of diabetes mellitus type 2 (Figure 4).35,36 
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Validamycin A Acarbose   

Figure 4 Chemical structure of two examples of natural carba-sugars with biological 
activity 
Validamycin A is a representative of antibacterial validamycins. Acarbose functions as a potent 
inhibitor of alpha-glycosidase and is thereby used as a drug for the treatment of diabetes. The 
unsaturated amino carba-sugar substructure valienamine is indicated in red. 

The promising mimicking abilities of carba-sugars, which are supported by the biological 

activity of the examples given above, inspired the synthesis of carba-sugars with 

different synthetic approaches. Especially noteworthy is the pioneering work of Ogawa et 

al. who contributed, among others, studies on validamine and the synthesis of many 

carba-sugars utilizing the Diels-Alder reaction on nonsugar substrates.20,37,38 Synthesis of 

carba-sugars from natural sugar templates, however, enables the preservation of their 

chiral centers. Also, nature utilizes this source of chiral natural products for the synthesis 

of carbocycles (e.g., shikimic acid, cyclitols).39 A comprehensive view on the synthesis 

carba-sugar analogs of pyranoses as well as furanoses can be found in the review article 

of Arjona et al., which gives an overview of the substrate, the number of steps and the 

overall yield.22 The carbocyclisation described by Ferrier et al. in 1979, represents a 

versatile synthetic tool for the transformation of 5,6-unsaturated hexopyranose 

compounds into functionalized cyclohexanones (Scheme 1).40,41 These cyclohexanones 

can then be easily converted into the respective carba-sugar analogs.42-44 Scheme 1 

shows the unexpected rearrangement of the hex-5-enopyranoside of glucose 1 observed 

by Ferrier et al. in the presence of equimolar quantities of mercury(II) chloride.40 In this 

example, compared to the sugar substrate glucose that was used as the chiral template, 

all stereocenters except for C5 were retained in the main product 4. In a more detailed 

investigation, both α- and β-isomers of the cyclohexanones could be isolated. However, 

a significant stereoselectivity depending on the 5-ene substrates was observed.45-47 
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Scheme 1 Ferrier rearrangement of hex-5-enopyranoside 1 via the methoxymercuration 
intermediate 2 and the hemiacetal 3 to the cyclohexanone 4. 

 
1  2 3 4 

The comparative analysis of the stereochemistry at C1 of the cyclohexanone for a variety 

of substrates indicated a preference for a trans-orientation to the substituent at C3.41,48-52 

This leads to a yield of 89% of the α-ketone 4 for the example shown in Scheme 1.48 The 

observed stereochemistry of the reaction can be rationalized with the help of Scheme 

2.41 The two possible transition states 3’a and 3’b differ by the conformation of the ring 

and the intramolecular coordination of the mercury atom. In the case shown, the chair-

like transition state 3’a most probably would be favored leading to 4 as the main product. 

With a large axial substituent at C3, however, axial repulsion between the substituent at 

C3 and the coordinated substituents at C1 and C5 would increase the energy of 3’a and 

thus the relative amount of the β-isomer 5. 

Scheme 2 Proposed mechanism for the Ferrier rearrangement of 6-deoxyhex-5-enoside 1. 

  
 3’a 4  

 
1    

  
 3’b 5  

The Ferrier-rearrangement was successfully applied in the synthesis of the carba-sugar 

analogs D-glucosamine42, β-L-idose53, a carbatrisaccharide component of amilostatins54 

and valienamine55,56. Another feature of the Ferrier carbocyclisation that is of utmost 

interest is the possibility to introduce modifications at C5a in one step with the 

rearrangement. 6-substituted hex-5-enose derivatives are tolerated and readily 

transformed into the 5a-substituted carba-sugar derivatives. Scheme 3 shows this 
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feature in the case of enol acetate 7 derived from aldehyde 6, which enables the 

preparation of myo-inositol derivative 8.57 

Scheme 3 Synthesis of myo-inositol derivative 8. 

 
6  7 8  

  

 

Even bulky substituents at C6 are tolerated, as a demonstrated by Park and Danishefsky 

during the synthesis of pancratistatin derivative 11 starting from hex-5-enose 10 

(Scheme 4).58 

Scheme 4 Synthesis of pancratistatin 11 
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10   11  

Consequently, the Ferrier rearrangement enables the synthesis of 5a-substituted 

carbocycles while maintaining the stereo information of the starting material, which is 

typically derived from sugar templates. The possibility of introducing modifications at C5a 

thereby allows the synthesis of more complex carba-sugara conjugates. Furthermore, 

with the possibility of a modular approach towards 5a-modified carba-sugars, new 

interactions of bioactive carbohydrate mimics with their respective target structures can 

be addressed. 

                                                 
a According to the originally definition of carba-sugars, 5a-modified carbacyclic derivatives would 

not be considered as carba-sugars but rather as pseudo carba-sugar. However, to simplify the 
nomenclature used in the present work, carbocyclic mimics of sugars bearing substituents 
other than hydrogen are herein also referred to as carba-sugars. 

   9  
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in the expression platform, which leads to the control of gene expression by mostly 

transcription termination (Figure 5B) or inhibition of translation initiation (Figure 5A).71,72 

In the case of transcription termination, the ongoing transcription is terminated by a 

terminator stem followed by five to nine uridines (OFF). This structure leads to the stop 

of the RNA polymerase, ending the transcription of the template prematurely. An anti-

terminator is formed in the absence of the metabolite, which allows regular mRNA 

synthesis (ON).69 Genetic control by riboswitches on the level of translation initiation 

takes place through conformational switching. The RNA conformation in “ON” position 

enables the excess of the ribosome to the Shine-Dalgarno sequence (SD). In the case of 

an OFF-switch, an anti-SD sequence sequesters the ribosome binding site in the 

presence of the metabolite and thereby prevents the start of translation.69 A unique 

mechanism for regulation of translation is utilized by the glmS riboswitch, which functions 

as a cofactor depending self-cleaving ribozyme (Figure 5C).73 Upon binding of α-D-

glucosamine-6-phosphate (GlcN6P), self-cleavage of the riboswitch leads to the 

formation of a 5’OH group at the cleavage site, which is prone to hydrolysis by RNase 

J1.73,74 This results in down-regulation of the levels of glmS mRNA. Apart from these 

mechanisms, gene expression by riboswitches takes place through a combination of 

both, regulation of translation and mRNA decay, as for the lysC riboswitch.75 Other 

mechanisms include the Rho-dependent transcription termination of the mgtA and the 

ribB riboswitches76, as well as the trans-acting riboswitches SreA and SreB77. Currently 

known are almost 40 distinct classes of riboswitches accompanied by several orphan 

riboswitches that are distinguished by their respective aptamer region and consequently 

by the recognized metabolite.78 Riboswitches are not restricted to bacteria; there are 

mainly two riboswitch classes, fluoride riboswitches79, which are found in archaea and 

thiamin pyrophosphate (TPP) riboswitches67,80, which are present in archaea and very 

common among fungi81,82, plants83 and algae84. 

1.3 The glmS ribozyme 

The unique role of glmS riboswitches among all classes of regulatory-active mRNA is 

defined by their function as metabolite-cofactor-dependent ribozymes (catalytically active 

RNA) (depicted in Figure 5C)73, whereas other riboswitch-triggered ribozymes are 

described.78,85 The irreversible cleavage of the glmS mRNA is triggered by α-D-

glucosamine-6-phosphate, which is also the natural cofactor of the cleavage reaction 

(Figure 6).86,87 The mechanism of the glmS ribozyme cleavage reaction was 

comprehensively studied by different means. Besides its structural investigation by high-

resolution crystal structures88, the determination of the ligand requirements89 and 
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computational simulations/calculations90,91 helped to understand the cleavage 

mechanism. As a result, several mechanisms were proposed90,92,93 that are, however, 

similar to those of other self-cleaving ribozymes.94 Consequently, cleavage of the glmS 

ribozyme yields the 5’ cleavage product with a 2’,3’-cyclic phosphate and the 3’ part with 

a 5’-OH terminus.92 The cleavage requires the presence of a base for deprotonation of 

the 2’-OH and an acid that protonates the 5’-oxygen.The proposed mechanisms of the 

glmS ribozyme differ in the definition of the precise role of GlcN6P. However, they agree 

on the function of the protonated GlcN6P as the general acid transferring a proton from 

its amino group to the 5’-oxygen of G1. The role of G40, whose G40A mutation leads to 

complete inactivation of the ribozyme92, is not that clear-cut. However, quantum 

mechanical/molecular mechanical (QM/MM) simulations predicted the lowest energy 

barrier for the mechanism that involved deprotonation of G40 by an external base, which 

then fills the role of the general base (Figure 6).90 Metal-bound hydroxide ions, buffer-

molecules or basic residues of the ribozyme could deprotonate G40. However, additional 

studies are needed to clarify the identity of the external base.90 
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Currently, there are crystal structures available of glmS ribozymes from 

Thermoanaerobacter tengcongensis and Bacillus antracis.88,92,95,99 From crystals in the 

absence of D-glucose-6-phosphate it is known that, unlike other riboswitches, the ligand 

binding site is preformed and does not considerably rearrange upon binding of the 

ligand.88 This finding indicates low flexibility of the ribozyme binding pocket and 

contradicts an induced fit mechanism. Highly altered or modified analogs of GlcN6P are 

therefore less likely to fit into the rigid binding site, which leads to reduced affinity or, 

respectively, cleavage activity.100 However, the preformed glmS binding pocket is of 

advantage for computational methods as molecular docking, to predict the affinity of 

artificial activators101,102 or perform in silico screenings103. The high discrimination of the 

glmS ribozyme is also reflected by the high failure rate of attempts to find alternative 

natural or artificial high-affinity activators.89,100,104,105 As a result, even high-throughput 

screening approaches of the library of more than 5000 drug-like compounds105,106 or 960 

bioactive compounds104 failed to identify activators of the glmS self-cleavage other than 

GlcN. However, the rational screening of GlcN6P analogs provided detailed insights into 

the ligand requirements of glmS ribozymes.89,100 

The decisive factor that affects affinity and correct positioning of the ligand in the binding 

pocket of the glmS RNA is the number of hydrogen bonds. In the case of GlcN6P and 

Glc6P every ring-substituent, the phosphate group, and the ring oxygen make hydrogen-

bonds with the RNA (Figure 7A). Glc6P, which acts as an inhibitor of the glmS ribozyme 

cleavage due to the missing amine, shows a similar hydrogen-bond pattern as GlcN6P 

and competes for the binding to the ribozyme.89 The sugar functional groups interact with 

the ribozyme by multiple hydrogen bonds and, additionally, by the mediation of well-

ordered water molecules and Mg2+-ions (Figure 7B). However, only six nucleotides, 

which are highly conserved among glmS ribozymes, are forming the binding pocket and 

are involved in the ligand recognition.98 
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12 (+++)  13 (-) 14 (+) 15 (-) 

 
16 (-)  17 (+) 18 (-) 19 (-) 

 
20 (+)  21 (+) 22 (-) 23 (++) 

 
24 (+) 25 (+)    

Figure 8 Overview on previously described analogs of GlcN6P that were tested in different 
screening formats and methods.100,101,104,105,107 
A rating of their effectiveness as ribozyme activators in vitro are given in: (+++) strong, (++) 
moderate, (+) weak, and (-) inactive. 

From the results of several screening experiments of close analogs of GlcN6P, 

summarized in Figure 8, structure-activity relationships (SAR) can be concluded. On the 

one hand, the phosphate is crucial for high-affinity binding especially through 

complexation of the highly conserved Mg2+-ion, demonstrated by a 30-fold decrease in 

cleavage rates in the case of GlcN 14 compared to GlcN6P 12.89 The amino function, on 

the other hand, is essential for the role of the ligand as a general acid in the cleavage 

mechanism explained above. Removal (13) leads to complete inactivity, while 

methylation (20) is partly tolerated. Particular importance is assigned to the anomeric 

hydroxy group, as GlcN6P and Glc6P exclusively bind in the α-conformation. Removal of 

the OH group (21) leads to a significant 70-fold decrease in activity, while modification 

(18) results in complete inactivity.100 The amine functionality together with and an 

adjacent hydroxyl group, as in ethanolamine (15), forms the minimal motive of a potential 

cofactor of the glmS ribozyme self-cleavage. This minimum requirement is demonstrated 

by the low activity of ethanolamine, tris(hydroxy methylene)aminomethane (TRIS) and 

serinol at very high ligand concentrations.89 Alterations to the hydroxyl group at C3 and 

C4 differently affect activity. Inversion of the configuration of C4-OH (17) does not yield 
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an active compound, whereas inversion at C3 (16) leads to a 4-fold reduction in 

cleavage rates.108 This can be rationalized with the solvent accessible opening of the 

binding pocket close to the hydroxyl group at C3, which apparently tolerates modification 

at this position. Also crucial for activation is the intact ring structure as the acyclic form of 

GlcN6P 19 did not show considerable cleavage.100 Taking this requirement into account, 

the carba-sugar analog (23) of GlcN6P bears an intact cyclohexane ring and shows very 

similar in vitro activity as GlcN6P. Furthermore, the influence of the phosphate 

demonstrated by low activity of carba-α-D-GlcN (22) is also consistent with its natural 

counterpart.105 As a conclusion, considering the modifications of GlcN6P investigated 

until now, the substitution of the ring-oxygen by methylene leads to the most potent 

artificial activator of the glmS ribozymes tested. 

A different approach leading to potential phosphatase-inert mimics of GlcN6P is the 

substitution of the phosphate group by phosphate surrogates, e.g., phosphonate (24) or 

malonate (25).101 Both showed 7-fold reduced activity compared to GlcN6P. However, 

similar binding to the ligand binding site could be predicted with the help of molecular 

docking studies. 

1.4 Threat of multi-resistant bacteria 

The persistent threat of multi-resistant, human-pathogenic bacteria is leading to 

mounting health care costs, challenges in adequate treatment and deaths.109 Multi-

resistant bacteria or so-called “superbugs” developed through overuse and misuse of 

antibiotics in human medicine and preventative use on healthy animals on livestock 

breeding and agriculture.110 The resulting global health challenge can be attributed to a 

gap of innovation in the antimicrobial field after the golden era of antibiotic discovery 

from 1940 to 1960 and the misbelief that the problem of bacterial infections was 

solved.111,112 The lack of new chemical entities in the pipeline of antimicrobial research 

have led to a post-antibiotic era in, which sophisticated interventions, e.g., organ 

transplantations, care of pre-term infants or joint replacements, once again could 

represent challenges and causes of death.113,114 Bacteria that are a particular threat to 

humans due to the development of antibiotic resistance, hard-to-treat infections, and 

death are listed in the recent reports of the Center for Disease Control and Prevention 

(CDC) and the European Centre for Disease Prevention and Control (ecdc) (Table 

1).115,116 
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Table 1 Bacteria that are immediate threats to public health and require urgent action 
according to CDC 
Numbers are given for infections and death in the United States each year. Data from the year 
2011115 

 C. difficile S. aureus Enterobacteriaceae N. gonorrhoeae 

Resistance Clindamycin Methicillin Carbapenem Tetracycline 

Infections 

(p.a.) 

500,000 80,500 9,000 246,000 

Deaths (p.a.) 15,000 11,300 600 - 

Among these microorganisms that require urgent, global actions are Clostridium difficile, 

methicillin-resistant Staphylococcus aureus, carbapenem-resistant Enterobacteriaceae, 

and Neisseria gonorrhoeae. A high number of gonorrhea infections of 246,000 in the US 

(2011)115 and 39,179 in Europe (2011)117 are caused by N. gonorrhoeae resistant to 

multiple antibiotic classes. The resistance to tetracycline, which is most prevalent among 

isolates and high levels of decreased susceptibility to cefixime as well as the appearance 

of resistance to drugs of last resort, require surveillance. The trend of resistance 

development and the ease of sexual transmission thereby are main factors that make 

drug-resistant N. gonorrhoeae infection a global problem.109 Even though infections with 

methicillin-resistant S. aureus (MRSA) are decreasing according to the annual report of 

the ecdc from 2012117, MRSA are among the most common healthcare-associated 

infections (HAI) and a high number of 11285 related deaths in the US in 2011.115 

Infections from Enterobacteriaceae (9000 in the US in 2011) caused by multidrug-

resistant E. coli or Klebsiella spp., however, are increasing in Europe.109 

Enterobacteriaceae possess a dangerous threat to public health in the case of resistance 

to nearly all antibiotics, including last-line antimicrobials as carbapenems. Thus, the 

death-rate of bloodstream infections from carbapenem-resistant Enterobacteriaceae is 

high at almost 50%.115 C. difficile tops the chart of bacterial threats that require urgent 

countermeasures published by the CDC. However, this is not due to resistance to the 

antibiotics used to treat C. difficile infections (CDI). The Gram-positive bacterium forms 

spores that can be found in the human colon.118 Life-threatening diarrhea, inflammatory 

lesions, sepsis, shock, and death are the severe clinical outcomes of CDI.119 The natural 

resistance of the spores to many antimicrobial drugs and the large numbers of infections 

in the US each year of 500000, resulting in 15000 deaths, thereby reflect the immediate 

impact of CDI on public health. Furthermore, CDI mostly develop after hospitalization 
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and antibiotic treatment since the absence of the regular microbiota in the gut enables 

pathological C. difficile colonization in the first place.119 

National efforts in infection prevention and healthcare control show promising results in a 

stable number of infections with MRSA in Europe. Nevertheless, the pharmaceutical 

industry, as well as academic research facilities, are required to invest in the research 

and development of antimicrobials, although the return of investment is low. Also, in 

2015, most of the developed countries agreed on a “global action plan on antimicrobial 

resistance” whereby the political support and awareness is set to take actions against 

antimicrobial resistance.120 To keep these developments at pace, there is a static need 

for the identification of new targets in bacteria to counteract the development of drug-

resistance to the previously known limited number of addressed cellular processes.121 

1.4.1 Drug development in the post-antibiotic era 

By listing the discovery of crucial antibiotics on a timeline (Figure 9), it becomes 

apparent that the development of new antibacterial drugs slowed down after the golden 

era of antibiotic discovery between 1940 and 1960.122 



1 Introd

18 

Figure 9
with the
Indicated
sorted i
integrity 
RNA po
ATPase
either b
Diarylqu
tubercul

duction 

9 Timeline o
eir respectiv
d is the com
nto their dif
(orange), th

olymerase β-
 of Mycobac

broad-spectru
uinolines are
losis.122,123 

of the discov
ve important
mmon mode
fferent class
he 30S or 50
-subunit (pin
cterium tube
um activity 
e colored b

very of antib
t representa
l of antibiotic
es of cellula
0S ribosoma

nk), DNA syn
rculosis (gre
(red text) o
black since 

biotics. List
ative 
c drug disco
ar targets in
al subunit an
nthesis (blue
ey). Furtherm
or targeting 

they only 

ted are impo

overy of eac
n bacteria: t
nd thereby p
e), folic acid
more, the an

of Gram-po
show activ

ortant classe

ch era.114 Th
the cell wall
protein synth
d synthesis (
tibiotics are 

ositive bacte
vity against 

es of antibio

he antibiotics
l biosynthes

hesis (green)
(grey) and F
differentiate

eria (green t
 Mycobacte

 

otics 

s are 
is or 
), the 
F1FO-
ed by 
text). 

erium 



1.4 Threat of multi-resistant bacteria 

19 

With the isolation of Streptomycin A from a soil actinomycete, Streptomyces griseus, a 

first screening platform for antibiotics was introduced by Selman Waksman in 1943, for 

which he was later honored with the Nobel Prize in Physiology or Medicine in 1952.124 

Based on the detection of growth-inhibition zones of a susceptible microorganism 

caused by soil-derived streptomycetes, his approach was similar to the method used by 

Alexander Fleming that led to the discovery of penicillin.122,124 In the next 20 years, the 

whole-cell screening of bacterial extracts and its adoption by pharmaceutical companies 

resulted in the discovery of a majority of the drug classes that serve as an antibiotic 

arsenal today (streptomycin, tetracyclines, chloramphenicol, and erythromycin).122 The 

golden era of drug discovery and the success of the Waksman platform ended because 

of overmining of cultivable soil microorganisms as a limited resource and the resulting 

rediscovery of known compounds.125 Afterwards, in the medicinal chemistry era, the 

development of new drugs was restricted to the improvement and modification of existing 

chemical scaffolds, while the discovery of new chemical classes ground to a halt.114 

Although the FDA has approved potent antibiotics with the oxazolidinones (linezolid) and 

the lipopeptides (daptomycin), they are still based on well-known classes.126 Badequiline, 

which inhibits the F1FO-ATPase of M. tuberculosis, was discovered in 2005 after no 

tuberculosis-specific drugs were discovered in 40 years.127 Without counteraction to the 

emergence of multidrug-resistant bacteria, this could be the starting point of a post-

antibiotic era as the introduction of new antibiotics did not keep up with the resistance 

mechanisms in bacteria. The trial of strength between drug development and bacterial 

evolution of resistance, however, is highly discouraging because resistance has evolved 

against every antibiotic that has been introduced to the market. 

Currently, known antibiotics are derived from natural compounds and address a limited 

number of processes in bacterial cells. The mainly addressed targets are the cell wall 

biosynthesis or its integrity, the protein synthesis through binding to the 30S or 50S 

ribosomal subunit, the DNA synthesis through inhibition of gyrase, and the synthesis of 

folic acid (Figure 9). However, the activity of antibiotics is often far more complex than 

this simple picture would suggest. For example, β-lactams not only target penicillin-

binding proteins (PBPs) but induce malfunction of cell wall synthesis in a way that is 

more complex than simple enzyme inhibition.128 One reason for the success of drugs 

against the above mentioned few targets could be that they are in fact addressing 

multiple targets, thereby lowering the potential of endogenous resistance 

development.129 Modern target-based screenings for antibiotic leads, conducted by the 

pharmaceutical industry, focused on single targets or macromolecular biosynthetic 

pathways derived from essential genes after complete genome sequencing.130,131 This 
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approach allows both the addressing of an incredible number of new targets as well as 

the avoidance of susceptibility to existing resistance mechanism.130 The results of target-

based high-throughput screening (HTS) of large libraries of synthetic compounds, 

however, are disappointing as not a single antibacterial drug was found. One reason for 

the failure of this approach is the limited area of chemical space that synthetic libraries of 

pharmaceutical companies cover. The optimization of these libraries for the human 

biology and their oral availability following Lipinski’s rule of five132 does not cover the 

unique property-space of antibiotics.133 This is evident from antibacterial drugs currently 

used in the clinic that are natural products or their derivatives and show higher molecular 

weight and polarity. One of the special challenges in the development of new antibiotics 

is their ability to penetrate the cell envelope of bacteria, which also requires a 

differentiation between Gram-positive and Gram-negative cell architecture.133 In the case 

of Gram-negative bacteria the outer membrane keeps out drugs that are amphipathic 

while membrane-associated pumps mediate active efflux, particularly multidrug 

resistance (MDR) pumps.134 

In the resistance era, there are several conceivable solutions to counter the threat of 

multidrug-resistant bacteria and increase the output of antibacterial drug development. 

The application of rules of permeability to compound libraries would increase the 

success rate of large HTS approaches. Alternatively, mimics of natural products could 

trick the bacteria similar to a “Trojan horse.” This is possible when they are actively 

transported into the bacterial cell and yield the active compound through, e.g., specific 

enzymatic activity.135 Furthermore, innovative strategies to cultivate previously 

unculturable bacteria136 could revive the Waksman platform. Indeed this approach led to 

the discovery of teixobactin, an inhibitor of cell wall biosynthesis from Eleftheria terrae, 

which challenges the assumption of inevitable resistance as no resistance development 

was observed.137 Focus on the development of species-specific antibiotics is another 

popular suggestion for improvement of future antibacterial drug development. This 

approach requires an in-depth understanding of the disease-causing microorganism. 

However, fewer off-target effects and the protection of the gut microbiome are significant 

benefits.122 The later thereby diminishes the risk of infections associated with C. difficile. 

1.4.2 The glmS ribozyme as antibacterial drug targets 

Due to the very narrow spectrum of bacterial targets that are addressed by currently 

known antibiotics, there is a static need for unconventional innovation to affect multidrug-

resistant bacteria. The identification of drugs with novel mode of actions or combination 

therapies are approaches that are recently followed.138 Combination therapy, in 
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particular, is desirable as it prevents the emergence of reduced susceptibility or 

resistance due to a narrow mutant-selection window.139 Synergistic effects would allow 

for overcoming deficiencies of the respective drugs, such as limited tissue penetration 

and poor activity of vancomycin against organisms growing in a biofilm.138,140 

Riboswitches are such a promising novel target for antibacterial drug development. 

Among the 40 distinct classes known today, several regulate metabolic genes that are 

essential for the survival or growth of their host microorganism.141,142 This assumption is 

widely supported by the discoveries that the activity of well-known antimicrobial 

compounds (pyrithiamine (PT), DL-4-oxalysine and roseflavin) is directly related to the 

regulation of riboswitches.143-145 Given the high specificity with which the aptamer region 

of riboswitches recognizes their cognate ligand, riboswitch-targeting compounds can be 

designed that show low binding to other cellular targets.142 As riboswitch are usually 

located next to genes that are involved in the synthesis or the transport of their 

metabolite ligand they can be part of negative feedback loops.146 Structural dissimilar 

small molecules that mimic the interaction of the natural metabolite to the aptamer of 

riboswitches could downregulate essential biosynthetic genes, thereby inhibiting 

growth.70,141,142,147 That riboswitches are indeed druggable targets was already 

demonstrated in the case of the synthetic mimic Ribocil, which modulates the riboflavin 

riboswitch and shows antibacterial efficacy in mice infected with E. coli.148 
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the case of GlcN6P-mimics, off-target effects on GlmM (Figure 10) are very likely.162 

Carba-GlcN represents a promising example for antibacterial compounds targeting the 

glmS ribozyme, as antibacterial activity was demonstrated for VISA strain Mu50163 and 

B. subtilis.153 
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2 Aim of this study 

The persisting threat of multidrug-resistant bacteria can be attributed to the fact that the 

golden era of antibiotic development led to the misbelief that the problem of antibacterial 

infections was solved. Over- and misuse of antibiotics in healthcare, agriculture and 

livestock breeding together with stagnation of innovations in antibacterial drug 

development are major consequences. 

there is an urgent need for the discovery of new drug targets in bacteria to stay ahead of 

emerging antibiotic resistance in highly pathogenic microorganisms. A class of non-

coding RNAs found in bacteria referred to as riboswitches regulate gene expression in 

response to cognate small molecules. Synthetic small molecules that mimic the activity 

of the natural ligand thereby showing antibacterial properties have been developed. 

Among these is carba-α-D-glucosamine, whose phosphorylated variant carba-α-D-

glucosamine-6-phosphate efficiently activates the glmS riboswitch, a self-cleaving 

ribozyme. 

The aim of this study was the development of carba-sugar mimics of GlcN6P with 

modifications at the 5a-carba position. It was hypothesized that these variants, similar to 

carba-GlcN, are taken up via the sugar-specific PTS, releasing their phosphorylated 

variants into the cytoplasm (Figure 12). Induction of the negative feedback mechanism 

of the glmS ribozyme by high-affinity ligands would lead to a down-regulation of the 

translation of the GlmS protein and immediate reduction of the intracellular GlcN6P 

concentration. This interference with an early step of peptidoglycan biosynthesis through 

a limited supply of UDP-GlcNAc would ultimately lead to inhibition of the cell wall 

biosynthesis and consequently of bacterial growth. 
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3 Results and Discussion 

3.1 Synthesis of amino-carba-sugars bearing modifications at 

the 5a-position 

D-Glucosamine-6-phosphate is the natural metabolite of the glmS ribozyme acting as a 

cofactor in the self-cleavage reaction in the low micromolar range (EC50 = 3.6 µM for S. 

aureus).105 Huge efforts have been made to identify natural and artificial ligands that 

would activate the riboswitch to a similar extent (Figure 8). Different screening setups 

have been utilized to find small molecules from collections of bioactive compounds104,106 

or small libraries of analogs of GlcN6P100,105. In the wake of this, carba-D-α-glucosamine-

6-phosphate 30 (Scheme 5) has been identified and represents the most active artificial 

cofactor so far (EC50 = 6.2 µM for S. aureus).105 

There are currently two procedures described for the synthesis of carba-GlcN6P 30 

sharing the same carbocyclic precursor 27 (Scheme 5). The synthesis of 27 in eight 

steps from methyl glucopyranoside 26 in a total yield of 9% was first described by Barton 

et al.164 For the synthesis of 30, Lünse et al. employed basic conditions to open the 

oxazolidone ring of 27 followed by phosphorylation analog to Sowa et al165 and final 

deprotection.105 Wang et al., on the other hand, directly transformed 27 to the 

phosphorylated variant 31 followed by opening of the oxazolidone ring and final 

deprotection yielding 30.166 The main difference between the two procedures and 

different yield lies in the different phosphorylation strategies. Phosphorylation of 28 

resulted in poor yield (23%) while Wang et al. succeeded in the synthesis of the fully 

protect phosphate 31 in very good yield (86%) after treatment with dibenzyl N,N-

diisopropylphosphoramidite and subsequent oxidation.166 
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Scheme 5 Synthesis of carba-GlcN6P 30 by two alternative procedures described by (A) 
Lünse et al.105 and (B) Wang et al.166 
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  32 30  

The substitution of the ring-oxygen in GlcN6P yielding carba-GlcN6P is a relatively small 

modification considering the high discrimination of the glmS riboswitch binding pocket 

and the resulting ligand requirements. The hydrogen bonds between functional groups of 

the ligand and the RNA can be extracted from high-resolution crystal structures.95 

Certainly, all of these hydrogen bonds contribute to high-affinity binding, whereby their 

individual strength differs among all of them. It is well known that GlcN6P and GlcN both 

are activators of the glmS ribozyme. However, they have largely different EC50-values of 

EC50(GlcN) = 189 µM and EC50(GlcN6P) = 3.6 µM for S. aureus.105 This reflects the 

major role of the phosphate in affinity to the RNA. The ring-oxygen of the sugar ligand is 

capable of acting as a hydrogen bond donor with adjacent nucleobases. However, a 

lower influence to in vitro ribozyme activation can be assumed. This is evident from 

almost identical EC50 of carba-GlcN6P and GlcN6P. Besides a strong similarity to the 

natural ligand, the newly introduced methylene group has vastly different chemical 

properties compared to the ring-oxygen. Of these, the possibility to introduce 
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modifications and functionalities at this position is the main synthetic task of the present 

study. 

3.1.1 Synthesis of 5a-fluoro modified carba-sugars 

Fluorinated compounds play a remarkable role as lead compounds in drug development, 

which is reflected by the fact that 30% of the drugs leading the pharmaceutical sales of 

the US in 2013 bear at least one fluorine atom.167,168 This widespread use of fluorinated 

compounds in drug design can be attributed to the versatile ability to alter compound 

properties by introducing fluorine in the drug design.29 Because of fluorine modifications, 

among others, pharmacokinetics, pkA-values, conformational flexibility27 and membrane 

permeability169 can be altered.170 In recent years the availability of synthetic 

methodologies to introduce fluorine in numerous building blocks continuously 

improved.171-173 This includes stereoselective as well as mild fluorination reactions that 

permit late-stage introduction of fluorine.174,175 Recently, the synthesis of carba-sugar 

was combined with fluorination strategies.28,176,177 Only a few examples for the synthesis 

of fluoro-carba-sugars have been described until now, which is most probably due to the 

challenges related to their synthesis.178 As far as biological applications are concerned, 

studies that describe their biological activity are even more limited, and hence the use of 

fluorinated carbohydrate-based drugs is still in its infancy.179 

In the case of artificial activators of the glmS ribozyme, the synthesis of fluorinated 

carba-sugars was considered as a promising approach towards potent mimics of D-

glucosamine-6-phosphate. In view of the rigid ligand binding pocket of the glmS RNA, 

the introduction of fluorine as a chemically small modification should cause only a 

minimal steric strain between ligand and RNA. In contrast, the high electronegativity may 

influence properties of the carba-sugar such as the pkA of the amine or the H-bond of the 

hydroxyl groups more diversely and more unpredictably.174,178,180 



3 Results and Discussion 

30 

Scheme 6 Retrosynthetic analysis of 5a-fluorinated carba-sugar analogs of β-L-idosamine-
6-phosphate 33 and α-D-glucosamine-6-phosphate 35 

 
33  34 35 

  
 36   

  
 37 38a + 38b 26 

Scheme 6 depicts the retrosynthetic analysis of 5a-mono-fluorinated carba-sugar 

analogs of β-L-idosamine-6-phosphate 33 and α-D-glucosamine-6-phosphate 35. For 

both target compounds, the same deprotection and phosphorylation strategy was used. 

The crucial installation of the hydroxy methylene group was accomplished starting from 

the same fluorinated precursor, the alkene 36. Two highly stereoselective approaches 

gave the hydroxy methylene group in different configurations, leading to the two C5 

epimers. Hydroboration (36→33) gave the fluoro-carba-β-L-idosamine precursor, 

whereas epoxidation (36→34) followed by regioselective radical epoxide opening 

(34→35) furnished the fluoro-carba-α-D-glucosamine precursor. The alkene 36 was 

formed by olefination of the cyclohexanone 37 under Petasis-Tebbe conditions following 

α-fluorination of the α-anomeric cyclohexanone 38a. A mixture of 38a and 38b is the 

result of the Ferrier rearrangement after elimination of the alcohol 26. 

The starting point of this synthesis, the methyl-N-benzyloxycarbonyl-glucopyranoside 26, 

was prepared according to literature.181 Benzylation of the hydroxy groups at position C3 

and C4 by an orthogonal protection strategy afforded 39 in moderate yield of 51% over 

three steps. (Scheme 7) The alcohol 39 was transformed to the iodo-compound 40 by 

an Appel-analog reaction followed by elimination affording the terminal olefin 41.42 
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Scheme 7 Synthesis of the hex-6-enopyranoside 41. 

 
26  39  40 
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An alternative procedure for the synthesis of the hex-6-enopyranoside 41 by Amano et 

al.182 yielded varying amounts of the side-product 43 with the endo-cyclic double bond 

(Scheme 8A). This side-reaction can be explained by the formation of the desired exo-

methylene derivative 41 at first followed by base-induced isomerization to the 

thermodynamically favored endocyclic double bond in 43. Observations by 

Weyershausen et al. support this. In their study, they treated a 6-iodo-galacto-pyranose 

44 with an excess of tBuOK (5 eq) and prolonged reaction time (20h), yielding the enol 

ether 45.183 

Scheme 8 (A) Side-product formation for alternative elimination procedure and (B) analog 
reaction of a similar 6-iodo-galacto-pyranose derivative 44.183 
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The first key-intermediate of the synthesis of mono-fluorinated carba-sugar analogs of 

GlcN6P is the carbocyclic intermediate 42 (Scheme 9). The cyclohexanone was readily 

available as an isomeric mixture of 77:23 (alpha/beta) via Ferrier rearrangement40 of 41 

in the presence of catalytic amounts of HgSO4.
50,164,184 The yield of this reaction (86%) 

could be improved compared to that reported by Barton et al. (70%) (Scheme 9).164 

Next, the 1-OH of the isomeric mixture was protected with TBS in good yield (89%).185 

The TBS protection was necessary to prevent base-mediated β-elimination in the next 

step. Furthermore, the introduction of the TBS-groups was found to simplify the 

separation of the two isomers 38a and 38b by column chromatography. 
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Scheme 9 Synthesis of protected cyclohexanone 38a and 38b. 

 
41  42 38a : R1 = H, R2 = OTBS, 68% 

38b : R1 = OTBS, R2 = H, 21% 

For the regioselective introduction of a single fluorine atom at the 5a-methylene position 

(Scheme 10), the electrophilic fluorination reagents N-fluorobenzene sulfonimide (NFSI) 

(Table 2, Entry 2)186 and Selectfluor® (Table 2, Entry 1)187 were tested. To achieve 

regioselective fluorination at the carba-position, isolation of the kinetic silyl enol ether 

(Table 2, Entry 1)188 or intermediated formation of the kinetic enolate through metalation 

(Table 2, Entry 2)185 were investigated. The yield of 37 was higher when NFSI was used 

even though Selectfluor® is known to be more reactive. As salt, Selectfluor® could not 

be used for direct fluorination in THF. Instead, isolation of the silyl enol ether was 

required adding another step to the synthesis procedure, thus lowering the yield. Only 

one diastereomer could be isolated following either of the two procedures. Unfortunately, 

the orientation of the fluorine substituent could not be determined at this point due to 

unfavorable signal-overlapping in NMR and a high flexibility of the ring due to the 

carbonyl at C5.189,190 The axial configuration, however, could be determined for 

compound 68 after introduction of the equatorial hydroxy methylene group and removal 

of the TBS-group (Scheme 21). 

Scheme 10 Synthesis of 5a-fluoro-cyclohexanone 37b. 

 
38  37   

Table 2 Representative results for 5a-fluorination of cyclohexanone 38. 

Entry Reagent 

(enolisation) 

Reagent 

(fluorination)

Temp. Solvent 

(fluorination)

Yield 

1 LDA, TMSCl Selectfluor® rt DMF 36% 

2 LDA NFSI -78 °C THF 46% 

                                                 
b The axial orientation of the 5a-fluorine of compound 37 is depicted, as verified at a later step of 

the synthesis of the 5a-fluoro-carba-sugar. 
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reagent only led to slow conversion and the onset of side-reactions. After 20h reaction 

time, no product was present, but side-products with the mass of the hydrogen fluoride 

elimination products of both the ketone and olefin could be identified via LC-MS analysis. 

An increase of Petasis-reagent to four equivalents led to a reduction of the reaction time 

to 3h and a yield of 36 of 61%. The 5a-unsubstituted β-1OH cyclohexanone 38b was 

converted to the corresponding olefin 47 under similar conditions in a moderate yield of 

41%. 

Scheme 12 Petasis-Tebbe olefination of fluorinated cyclohexanone 37 and cyclohexanone 
38b. 

 
37  36   

 
38b  47   

With the terminal olefin 36 in place, the following task was the stereoselective conversion 

of 36 to 48 (Scheme 13). Hydroboration with 9-BBN at 66 °C followed by oxidative 

workup yielded 48 in 50% yield. 2D-HH-NOESY and analysis of the HH-coupling 

constants at -40 °C confirmed the stereoselective formation of the L-isomer. An NOE-

correlation between H5 and H3 was absent while a 3JH4-H5 coupling constant of 5.4 Hz 

could be determined. This stereoselectivity has already been observed by Sun et al. for 

the hydroboration of the 5a-unmodified carba-sugar precursor of mannose .43 

Scheme 13 Hydroboration of olefin 36 yielding exclusively the axial hydroxy methylene 
derivative 48. 

 
36  48   

A well-described approach to obtain the equatorial hydroxy methylene group includes the 

oxidation of the carbocyclic alcohol to the aldehyde followed by epimerization under 

mildly basic conditions and subsequent reduction.24,41,189 The epimerization of the L-

carba-sugar precursor 48 and similar conditions failed (Scheme 14). The oxidation of 48 

to the L-aldehyde 49 with IBX was completed after 14h. At this point, however, already 

21% HF-elimination product was formed (determined by LC-MS). LC-MS monitoring of 
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the subsequent isomerization of the L-aldehyde 49 to the D-aldehyde 50 in a mixture of 

methanol and 10% pyridine at 60 °C showed complete elimination after 10h. 

Scheme 14 Attempt to isomerize aldehyde 49 to the D-conformer of the 5a-fluoro-carba-
sugar precursor 50. 

 
48  49  50 

The search for an alternative synthesis route towards the D-conformer of 48 led to the 

synthetic sequence of epoxidation and subsequent regioselective epoxid-opening. 

Epoxidation of 36 was carried out with meta-chloroperoxybenzoic acid (mCPBA) under 

standard conditions (Scheme 15).195 Similar to already described epoxidations of 

terminal olefins with allylic fluorine, prolonged reaction times were necessary.196 Almost 

complete consumption of starting material 36 was reached after 14 days, and the 

epoxide 34 could be isolated in 59% yield. The long reaction time of the epoxidation is 

likely due to the strong electron-withdrawing effect of the adjacent fluorine.196 For 

comparison, the epoxidation of the unmodified β-cyclohexanone 47 was finished after a 

reaction time of 4 days in a yield of 67%. However, the epoxide was isolated as a 

mixture of two isomers 51 and 52 in the ratio of 25:75, respectively. 

Scheme 15 Synthesis of the fluorinated epoxide 34 compared to the unmodified epoxides 

51 and 52. 

 
36  34   

 
47  51 25:75 52 

To determine the configuration of C5 in 34, NOE-correlations were extracted from 

ROESY experiments. Figure 14 shows the fully optimized structures (BP/def2-TZVP) of 

the two possible isomers of the epoxide 34, whereas benzyl was replaced by methyl to 

reduce calculation times. Indicated are the expected NOE-correlations crucial for the 

determination of the orientation of the oxirane ring. In the 2D-ROESY experiment of 34, 

NOE-correlation between H6a and H5a as well as H6b and H3 was observed, while a 

correlation between H4 and H6b was absent. In accordance with Figure 14, these NOE-

correlations are indicative of an equatorial position of the oxygen and a 5R configuration 
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SN2-type reductive epoxide openings. As a first try, a procedure utilizing stoichiometric 

amounts of Cp2TiCl were employed (Scheme 16B, Table 3, Entry 1, 3, and 4).201,202 In 

the case of fluoro-carba epoxide 34, due to the slow conversion at room temperature, the 

temperature was increased incrementally to 60 °C, and additional portions of Cp2TiCl 

were added over time up to 170 mol% relative to the substrate. Nevertheless, full 

conversion was not reached after four hours, and the formation of side-products could be 

observed via TLC-monitoring. The product was isolated as a mixture of the D- isomer 53 

and L-isomer 48 in a poor yield (11%) (Table 3, Entry 1). Despite a high diastereomer 

ratio (dr 86:14) for the 53, both isomers were separable via HPLC. As side-products of 

the opening of 34, the HF-elimination product 58 (Figure 15) and a complex mixture of 

compounds with a high retention time (RP-HPLC), where observed. 

Scheme 16 Regioselective titanocene-mediated radical epoxide opening of the unmodified 
epoxide 51 or 52 and the fluorinated epoxide 34 
(A) Crucial steps of the titanocene-mediated radical epoxide opening are shown. (B) The 
Stoichiometric approach for 34, 51 and 52. (C) The catalytic radical epoxide opening of 34. 

 
51/52  R=H 
34  R=F 

 54 R=H 
55 R=F 

 56/57 R=H 
53/48 R=F 

 
51/52  R=H 
34   R=F 

 56 R=H 
53 R=F 

 57 R=H 
48 R=F 

 
34  R=F  53 R=F  48 R=F 

The epoxide opening of the individual C5-isomers of the unmodified carba-sugar 

epoxides 51 and 52 was performed at room temperature as sufficient conversion could 

be observed. Complete consumption of the starting material was determined via TLC-

monitoring after two hours. For both substrates, the epoxide opening proceeded in high 

yields, and the D-isomer 56 was predominantly formed for both substrates. The 56/57-

ratio was determined by LC-MS as 64:36 for substrate 51, compared to 72:28 for 52. 
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Table 3 Product ratios and reaction conditions of the radical epoxid opening of 5a-fluoro 
carba-sugar epoxide 34 and the unmodified epoxides 51 and 52. 

Entry Substrate Cp2TiCl2 

[mol%] 

Additives T 

[°C] 

Product 

ratio D/L* 

Yield 

[%] 

1 34 170 CHD 25 to 60 86:14 11 

2 34 30 CHD, coll, Mn 50 to 58 93:7 33 

3 51 210 CHD 25 64:36 72 

4 52 210 CHD 25 72:28 62* 

*determined by LC-MS     

Due to the low yield of the stoichiometric reaction for 34, a catalytic variant of the radical 

epoxide opening was tested. (Scheme 16C) This approach was assumed to reduce 

side-reactions that are related to Ti(III)-species. Under these conditions introduced by 

Gansäuer et al., catalytic quantities of titanocene dichloride are reduced by 

stoichiometric manganese. The 2,4,6-collidine hydrochloride (col) is added to protonate 

the titanium oxide and regenerate titanocene dichloride.203 As a consequence, the 

amount of titanocene dichloride was reduced to 30 mol% (Table 3, Entry 2). In this case, 

a short temperature-gradient from 50 to 58 °C was used. Compared to the stoichiometric 

approach, the isolated yield of the D-isomer 53 was improved to 33%, while 12% of the 

starting material could be recovered. Considering the stereoselectivity, a high dr of 93:7 

in favor of 53 could be retained. 

 
58     

Figure 15 Side-product 58 of epoxide opening of 5a-fluoro-epoxide 34 

The increased yield of the catalytic (Scheme 16B, Table 3, Entry 2) compared to the 

stoichiometric epoxide opening of 34 (Scheme 16C, Table 3, Entry 1) is likely due to the 

reduction of the relative amount of titanocene radical. The trapping of the intermediate 

carbon-centered radical by a second Cp2TiCl leads to elimination, which is thereby 

depending on the concentration of the active species Cp2TiCl.201 The use of the additive 

Coll*HCl that mediates turnover, further reduces Cp2TiCl concentration in the catalytic 

approach through reversible [Cp2TiCl2]
- formation (resting state of the catalyst).204 
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3.1.1.1 Mechanistic study of the titanocene(III) catalyzed epoxid-opening of 

the fluoro-carba-sugar precursor 

The significant formation of side-product 58 through HF-elimination seems to contradict 

the generally expected thermodynamic inertness of carbon-fluorine bonds. Therefore the 

different possible reaction paths starting from the titanium oxide radical intermediate 55 

need to be considered (Scheme 17). Immediate hydrogen transfer from 1,4-

cyclohexadiene to 55 leads to the desired protected carba-sugar 53 or 48 (Scheme 17, 

path A). An excess of the catalyst titanocene(III) chloride, however, leads to the 

competitive electron transfer reduction of the carbon-centered radical intermediate 55 

yielding 59 (Scheme 17, path B). Subsequent β-elimination of the good leaving group 

OTiCp2Cl would give the terminal olefin 36 in the course of the well-described process of 

deoxygenation of epoxides.201,202 Elimination of fluoride from 59 would yield side-product 

60 instead. However, the elimination of fluoride as a poor leaving group is expected to be 

less likely than the elimination of OTiCp2Cl, yet the terminal olefin 36 was not observed. 

Thus path B, which describes the competition of these two reactions does not 

satisfactorily explain the reaction outcome. 
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Scheme 17 Mechanistic hypothesis for Cp2TiCl opening of epoxide 34 
(A) Hydrogen-transfer leading to the desired product 53 or 48. (B) Deoxygenation leading to not-
observed side-product 36. (C) A mixed radical disproportionation process is yielding the 
elimination product 58 that is formed in significant amounts. 

 
34  55  48/53 

  
59     

  
36  60  58 

An alternative process, which fits the experimental results better is shown as path C 

(Scheme 17, path C). In this side-reaction, a second Cp2TiCl reacts with intermediate 55 

in a radical disproportionation. Instead of recombination of the carbon-centered radical 

and Cp2TiCl, the titanocene radical abstracts the fluorine and a double bond is formed 

between C5 and C5a. A similar radical disproportionation after titanocene-mediated 

epoxide opening was observed by Justicia et al. 205 Unlike the loss of fluorine in the 

example presented herein, their epoxide opening was followed by abstraction of 

hydrogen yielding the allylic alcohol. This side-reaction was substrate-dependent. They 

stated that the trapping of the radical intermediate (equals 55) by bulky Cp2TiCl (Scheme 

17, path B) occurred very slowly making the disproportionation reaction more likely.205 In 

the case of the fluorinated radical intermediate 55, the high affinity of titanium to form a 

Ti-F bond could be the driving force of this reaction. The bond dissociation energy of Ti-F 

is 569 ± 33 kJ/mol206 compared to 491.2 ± 8.4 kJ/mol207 for the C-F bond (in fluoro 

cyclohexane). Titanium-catalyzed C-F activation with Cp2TiH as the active species has 

already been used for the hydrodefluorination of fluoroalkenes.208 Furthermore, oxidative 
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addition of the C-F bond to low-valent titanocene generated from titanocene dichloride 

was assumed as the key step in the defluorination of saturated perfluorocyclohexane.209  

As a result, reaction path C can be assumed to be most probable, if abstraction of 

fluorine by the titanocene radical proceeds faster than the hydrogen transfer from 1,4-

cyclohexadiene. Because of the bulky titanocene substituent at the oxygen in 55, the 

tertiary radical center is hard to access by 1,4-cyclohexadiene, which increases the 

likelihood of the radical disproportionation. 

To explain the high diastereoselectivity of the epoxide opening of the fluorinated α-

substrate, the different intermediate steps of the titanocene catalyzed epoxide opening 

have to be considered (Scheme 16A). The carbon-centered radical intermediate 55 with 

the titanocene bound to the oxygen is formed through regio divergent epoxide opening. 

Epoxide opening by single-electron-transfer (SET) is the rate-limiting step in the 

sequence,210 followed by reduction of the radical with 1,4-cyclohexadiene (CHD). In most 

cases, the carbon-centered radical occupies an orbital with mainly p-character, so attack 

from two sides is possible. A high p-character of the radical center is also the case for 

55, which is confirmed by calculations of the Mulliken spin populations (C-5 p: 0.83) of 

the simplified molecule (Figure 22). The significant stability of this intermediate is the 

requirement for the loss of the stereo information at C-5 and the observed selectivity. 

Decisive for the stereoselectivity of the following H-abstraction from either axial or 

equatorial position is the transition state of this step. In general, steric strain by the 

torsional effect disfavors equatorial attacks while 1,3-diaxial repulsion disfavors axial 

attacks. 

 
61     

Figure 16 Chemical structure of the C-3 radical of β-D-glucose pentaacetate 

Six-membered cyclic radicals and their selectivity in abstraction reactions have 

thoroughly been investigated.211 Giese et al. investigated the D-abstraction from Bu3SnD 

by the C-3 radical of β-D-glucose pentaacetate (Figure 16).211 No selectivity was 

observed (ratio of equatorial:axial 53:47), most likely because the torsional effect and the 

1,3-diaxial repulsion canceled each outer out. Unlike the sterically small acetyl groups, 

the C-5 radical intermediate of the unmodified β-DL-carba-GlcN 54 bears the bulky 

CH2O[TiCp2Cl] group at the radical center (Figure 17). This influences the relative 

energy of the two transition states resulting from either axial or equatorial attack of CHD. 

It can be assumed that the substituents of the radical center already adopt a near-
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tetrahedral conformation in the transition state. As a consequence, the CH2O[TiCp2Cl] 

group is oriented either near-axial (Figure 17B), leading to repulsive interactions with 

axial protons at C-1 and C-3 or near- equatorial, which is the sterically preferred position 

of the titanocene (Figure 17A). The steric effect of the bound titanocene is counteracted 

by steric repulsion between the hydrogen transfer reagent CHD that approaches the 

radical from the respectively other site. Due to the absence of bulky axial substituents, 

the influence of 1,3-diaxial strain is small leading to the observed low selectivity for the 

axial hydrogen abstraction of 64:36 or 72:28. These results are in good agreement with 

experiments by Giese et al. that large substituents at the methylene group guide the H-

abstraction trans to substituents at the stereogenic center.212 

 

Figure 17 Proposed transition states (TS) of the axial (A) or equatorial (B) hydrogen 
transfer from 1,4-CHD to the carbon-based radical intermediate 54 
The molecule is turned at 120° compared to the representation before. 

In the case of the mono-fluorinated α-carba-sugar precursor 34, the major difference is 

the axial configuration of the OTBS group at C-1. The bulky group in the α-plane of the 

ring greatly changes the interactions with other axial groups in the α-plane. In the 

proposed transition states TS2A and TS2B, the substituents at C-3 and C-5 are thereby 

crucial (Figure 18). Therefore, the steric strain between OTBS and CH2O[TiCp2Cl] 

increases the energy of TS2B. However, a significant steric strain between OTBS and 

the incoming CHD can be expected in the case of TS2A. The evaluation of these two 

contributions to determine the favored transition state and therefore explain the 

diastereoselectivity of the reaction is hardly possible solely on the basis of Figure 18. A 

way to experimentally address this issue is varying the ligands of the titanocene. Bulky 

substituents of the cyclopentadienyl ligands would increase the steric strain in transition 

state TS2B while the steric effect of titanocene in equatorial position in TS2A should be 

negligible. This effect, an increase in diastereoselectivity in the opening-reaction of meso 

epoxides was observed when bis(tert-butylcyclopentadienyl) titanium dichloride was 

used as a catalyst instead of titanocene dichloride.213 Variation of the hydrogen donor 

(alkyl mercury hydride, tributyltin hydride, cyclohexane) on the other hand was shown to 

have little effect on the stereoselectivity of substituted maleic anhydride radicals.211 
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Figure 18 Proposed structures of the transition states TS2A and TS2B of hydrogen 
abstraction of the radical intermediate from 1,4-cyclohexadiene during epoxide opening of 
34 
The molecule is turned at 120° compared to the representation before. 

Besides the steric effect of the bulky TBSO-group also the influence of fluorine at C-5a 

on the stereoselectivity needs to be considered. Its steric effect, on the one hand, can 

most probably be neglected due to its small size. The electronic nature of fluorine, on the 

contrary, influences the reactivity of the radical.214 Fluorination most probably increases 

the reactivity of the radical, thus decreases selectivity. In the case of hydrogen atom 

abstraction from n-Bu3SnH, β,β-difluorinated radicals showed five times higher reactivity 

compared to the hydrogenated analog.214 Due to only one fluorine atom in the case of 

34, the influence on reactivity would be accordingly smaller.215 Furthermore, the directing 

effect of β-substituents in six-membered rings to the anti-side is well described.211 

3.1.1.2 Computational study of the hydrogen atom abstraction step in the 

epoxide opening reaction 

The preference for the axial hydrogen atom abstraction (TS2A, Figure 18) could not be 

conclusively clarified due to a variety of effects. Besides steric strain between OTBS and 

either CHD or CH2O[TiCp2Cl], the electronic effects of fluorine are difficult to predict. For 

this purpose, DFT calculations were carried out to evaluate TS2 (Figure 19) 

computationally. All calculations were done with the ORCA program package.216 For 

initial optimizations of structures and scans of the potential energy surfaces (PES), the 

BP86 functional217,218 with the Ahlrichs’ def2-SVP basis set and the def2-TZVP basis set 

for the titanium were used. To lower the computational time the benzyl protection groups 

were substituted by methyl. 
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Figure 20 Relative energy of 55 as a function of the dihedral angle between C5a-C5-C6-O 
The energy difference is given relative to the single point energy at an angle of 0°. 

All optimized conformers of intermediate 55 adopt the chair-like conformation. From the 

PES, two minima with an energy difference of less than 2 kcal/mol emerged (Figure 21). 

Optimization of the structure of intermediate 55 without constrained angles resulted in a 

structure with a dihedral angle of 22° which fits the PSE scan and the conformations with 

the lowest energy (dihedral angle 0° and 30°) (Figure 22). 
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Boltzmann distribution of the two conformations of radical intermediate 55 does not 

influence the composition of the product, the pseudo-D-isomer 53 and L-isomer 48. The 

reason for this is the rapid interconversion of the conformers compared to the 

significantly slower H-abstraction from CHD. As a consequence, the energy diagram 

shown in Figure 25 results, which shows a preference for a transition state that leads to 

the hydrogen-abstraction proceeding from an equatorial line of attack. The theoretical dr 

of 98:2, thereby closely resembles that of the experiment (dr 93:7). 

3.1.1.3 Final steps of the synthesis of (5aR)-fluoro-carba-β-L-idosamine, 

(5aR)-fluoro-carba-α-D-glucosamine, and their phosphorylated variants 

For the synthesis of the final pseudo-β-L-idosamine 63, complete removal of the 

protection groups from 48 was carried out (Scheme 18). Removal of the silyl-group from 

the hydroxyl-group at C1 to yield 62 was tested under different conditions and monitored 

via HPLC (Table 4). With an excess of TBAF (tetra-n-butylammonium fluoride) (Table 4, 

Entry 1) no starting material could be detected after 45 min, but the formation of a side-

product with a mass-difference of 107 m/z was detected via LC-MS. This difference 

correlates with the elimination of the OH-group at C1 and removal of one of the benzyl 

protection group on the hydroxy-groups at C3 64 or C4 65 (Table 4). This observation 

can most probably be associated with the excess of highly basic TBAF. Therefore, 

alternative deprotection strategies were tested, including alternative reagents (Entry 2 

and 5), smaller amounts of TBAF and shortened reaction time (Entry 3), or buffered, 

catalytic deprotection with TBAF (Entry 4). 

Scheme 18 Synthesis of 1OH fluoro-carba-IdoN precursor 62. 

 
48  62   

 

In summary, high reactivity of substrate 48 with all fluoride sources (TAS-F and TBAF) 

could be observed leading to the completeness of the reaction yielding 62 in short 

reaction times (15 to 90 min) (Table 4). However, a molar excess of TBAF led to the 

significant formation of elimination products 64 or 65 based on LC-MS (Table 4, Entry 

1). With regard to side-reactions, reducing the amount of TBAF to 1.5 equivalents 

already prevented the formation of either 64 or 65 for more than 15 min (Table 4, Entry 

3). Further reduction of TBAF under buffered conditions showed similar results and 

complete deprotection after 15 min (Table 4, Entry 4). For the use of acetic acid (Table 
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4, Entry 2) no side-product was detected, but the reaction proved to be very slow with 

less than 10% conversion after 18 hours of reaction time. The procedure used for 

removal of TBS in a larger scale (Table 4, Entry 5) was successful under mild conditions 

with tris(dimethylamino)sulfonium difluorotrimehtylsilicate (TAS-F) and an excellent yield 

of 99% of the isolated product (Scheme 18).  

Table 4 Overview of the tested conditions for the removal of TBS from 48. 

Entry Reagent Reagent 

Amount 

T/°C Time Ratio 

62/64+65* 

1 TBAF 400 mol% 25 45 min 77/23 

2a Acetic acid – water - THF 3:1:1 23 18 h <10% product, 

no side product

3b TBAF 150 mol% 23 15 min 99/1 

4c TBAF, THF/K2HPO4 

(100:1) 

50 mol% 23 15 min 99/1 

5 TAS-F 150 mol% 25 90 min 99/1 

a Corey et al.221 b Meyer et al.222 c DiLauro et al.223 d Scheidt et al. 

*Formation of side-product 64 and 65 was assumed based on LC-MS without further 

analysis. 

 
64  65   

Simultaneous removal of the benzyl protection groups and the carboxy benzyl group was 

accomplished in one step via heterogeneous hydrogenation in 34% yield (Scheme 19). 

100% (w/w) of 10% Pd/C relative to the substrate 62 was necessary, in the presence of 

10% trifluoroacetic acid (TFA) and a hydrogen pressure of 10 bar, to cleave all benzyl 

ethers and remove the protection groups from the amine. If lower amounts of Pd/C were 

used, a complex mixture of compounds with varying degrees of benzylation was 

observed by LC-MS monitoring. The occurrence of side-products is most probably due to 

the poisoning of the Pd/C catalyst by the in situ formed, partly deprotected, amine at 

C2.224 To ensure a high purity of the final product 63, suitable for tests in bacterial cell 

culture, the raw product was purified via hydrophilic interaction chromatography (HILIC). 

However, it was not possible to collect the product through threshold detection of its 
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signal in the chromatogram because of missing UV-absorption. Therefore, 

chromatography-fractions were collected in time-slices and each fraction was analyzed 

via LC-MS. Since 20 mM NH4OAc-buffer (pH 5.4) was used during HILIC-purification, 63 

was isolated as the acetate salt. 

Scheme 19 Synthesis of (5aR)-fluoro-carba-β-L-idosamine 63. 
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Phosphorylation of 48 was conducted with dibenzyl N,N-diisopropyl phosphoramidite and 

subsequent oxidation with mCPBA affording 66 in excellent yield (99%, Scheme 20).166 

For subsequent cleavage of the TBS ether, under-stoichiometric quantities of TBAF and 

buffered conditions were used. In contrast to Entry 4 in Table 4, only 92% conversion to 

67 could be observed after three hours. The significantly lower yield (41%) of isolated 

product, however, can be attributed to losses during HPLC-purification. Final cleavage of 

benzyl ethers and removal of the carboxy benzyl group was achieved in good yield 

(68%) of 33 after 24 hours. In conclusion, the (5a)-fluorinated carbocylic variant of IdoN 

63 could be obtained in twelve steps starting from 26 and an overall yield of 0.7%. The 

synthesis of (5aR)-fluoro-carba-β-L-IdoN6P 33 could be complete in a total of thirteen 

steps and an overall yield of 0.6%. 

During NMR-analysis of 63 and 33, coupling constants 3JH3-H4=
3JH2-H3= 6.1 Hz were 

determined. These coupling constants lie between the expected value of gauche- or anti-

orientation of the respective protons in the two most stable ring-conformations 1C4 and 
4C1 (Scheme 19). Besides strong NOE correlations between H2 and H4 which are 

indicative of the 4C1 conformation, also NOE correlations between H1 and H5 

characteristic for the 1C4 conformation were observed. However, NOE correlation 

between H5a and H2 were absent which would have indicated a 2S5a skew-boat 

conformation.225 In the case of both conformations 1C4 and 4C1, three substituents 

occupy the axial orientation, thereby similar thermodynamical stability can be expected. 

This explains the averaged coupling constants as well as the presence of both 

characteristic NOE correlations due to rapid 1C4↔
4C1 interconversion that is not 

distinguishable on an NMR timescale at room temperature. Similar flexibility of the ring in 

fluoro-carba-sugars was already demonstrated for the gem-difluorocarba-sugar analog of 

methyl β-L-idopyranoside.27 On this basis, the fluorine in 33 was determined to be R-

configurated due to large coupling constants of H5a (3JH5a-H5
3JH5a-H1= 7.3 Hz) which is 
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indicative for a proportion of anti-orientation of H5a and H4/H1 in the case of the 1C4 ring 

conformation. 

Scheme 20 Synthesis of (5aR)-fluoro-carba-β-L-idosamine-6-phosphate 33. 

 
48  66  67 

  
  

  33   

The last steps in the synthesis of the 5a-fluorinated carbocyclic variants of GlcN and 

GlcN6P starting from 53 were performed analog to that of the respective idosamine 

derivatives (Scheme 21). Significantly higher stability of 53 and 70 towards basic 

conditions compared to 48 and 66 was observed during TBS ether cleavage. A molar 

excess of TBAF in a mixture of THF and phosphate-buffer according to Dilauro et al.223 

was used for the deprotection of the carba-GlcN precursors 53 and 70. However, no 

formation of side-product was observed after four hours. Consequently, 68 and 71 could 

be obtained at high yields of 90% and 87%, respectively. Also in the case of 68, small 

coupling constants for H5a (3JH5a-H1 = 2.1 Hz, 3JH5a-H5 = 4.0 Hz) were clear indicators for 

the axial orientation of fluorine. In this case, the verification is even more apparent since 

equatorial fluorine would lead to large coupling constants between H5 and H5a. At this 

point, the equatorial orientation of the methylene hydroxy group at C5 could be 

determined because of large coupling constants of H4 (3JH4-H3 = 3JH4-H5 = 10.0 Hz). 

Phosphorylation of 53 was achieved utilizing the same phosphoramidite strategies as for 

48, leading to 70 in excellent yield (94%). Deprotection of 68 and 71 following the same 

protocol already described for the fluoro-carba-idosamine derivatives, provided (5aR)-

fluoro-carba-α-D-glucosamine 69 and (5aR)-fluoro-carba-α-D-glucosamine-6-phosphate 

35 in good yields of 53% and 70%, respectively. Due to the use of 20 mM NH4OAc-buffer 

(pH 5.4) during HILIC-purification, 69 was isolated as the acetate salt. The synthesis of 

fluoro-carba-GlcN 69 could be completed in a total of thirteen steps starting from 26 and 

an overall yield 0.4%. The synthesis of fluoro-carba-GlcN6P 35 required a total of 14 

steps while the overall yield was 0.5%. Due to lower yields during epoxidation and 
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radical-catalyzed epoxide-opening, the overall yield of the presented synthesis of 69 and 

35 is slightly lower than that for 63 and 33. 

Scheme 21 Synthesis of (5aR)-fluoro-carba-α-D-glucosamine 69 and of (5aR)-fluoro-carba-
α-D-glucosamine-6-phosphate 35. 
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3 Results and Discussion 

56 

3.1.2 Synthesis of 5a-phenyl modified carba-D-glucosamine 

In contrast to fluorine, as a chemically small modification, also sterically more demanding 

substituents were introduced at the 5a-carba-position of D-glucosamine mimics. Phenyl 

bound to the 5a-carbon via a C-C bond was chosen to further investigate the ligand 

requirements of the glmS ribozyme ligand binding site in relation to 5a-modified carba-

aminosugars. Along with repulsive steric strain, attracting interactions are possible, since 

phenyl is capable of forming π-π-stacking interaction with nucleobases, which would 

increase the affinity to the ribozyme.226,227 Furthermore, independent of the use as 

artificial glmS ribozyme activators, the present synthesis of phenyl-modified 

carbohydrate mimics represents a proof of concept of the versatile introduction of C-

linked modifications at the 5a-position of carba-sugars. 

Scheme 22 depicts the retrosynthetic analysis of the 5a-phenyl-carba-sugar variants of 

α-D-glucosamine 72 and β-D-glucosamine 75. Besides opposing configuration at C-1, 

both compounds differ in the configuration of the phenyl. 72 is 5aR-configurated, while 

the phenyl in 75 is 5aS-configurated. In contrast to the completely deprotected 72, the 

retrosynthesis of protected 75 is shown, because the final heterogeneous hydrogenolysis 

only provided a side-product. Up to this point, the same phosphorylation and 

deprotection strategy was used. Furthermore, for both compounds, the olefin-precursor 

76 or 77 was used. The installation of the D-configured hydroxy methylene group, 

however, required different approaches. In the case of 72, a sequence of hydroboration 

and subsequent isomerization of the corresponding aldehyde was used (76→73). The 

hydroxy methylene group of 75 was introduced via epoxidation (77→74) followed by the 

regioselective radical epoxide opening. Synthesis of the olefins 76 and 77 was achieved 

through Tebbe olefination of the corresponding cyclohexanones 103 and 104. A mixture 

of the cyclohexanones, in turn, resulted from the Ferrier rearrangement of the 6-phenyl 

enolic ortho ester 80. 80 is the product of an elimination reaction after the introduction of 

the phenyl at C-6 after oxidation of the alcohol 26, which was the starting material of both 

synthetic routes. 
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Scheme 22 Retrosynthetic analysis of 5a-phenyl modified carba-sugar derivatives 75 and 
72 

 
72 73 74 75 

  
 76 + 77  

  
103 + 104 80 26 

The synthesis of phenyl-carba-sugars was performed using an approach similar to that 

for the fluoro-carba-sugars. The core difference between both synthesis routes lies in the 

time point of the introduction of the modification. Phenyl is introduced in an early step, 

already before the carbocyclisation under Ferrier conditions (Scheme 23). Therefore, 

selectively protected glucosamine 39, which bears a free 6-OH group, was used as a 

starting material. 39 was synthesized as already described (Scheme 7, Section 3.1.1) 

and indicates the branching point of the synthesis routes of fluoro- and phenyl-carba-

sugars. 

Scheme 23 Synthesis of 6-phenyl enolic ortho ester 80. 

 
39 81 82 

 
83 80 

Synthesis of 6-phenyl enolic ortho ester 80 was performed analog to a procedure by 

Collins et al.228 for the synthesis of glucose derivatives. The alcohol 39 was converted to 
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the aldehyde under Swern conditions followed by the introduction of phenyl via a 

Grignard-reaction with phenylmagnesium bromide. 81 was isolated as an R/S-isomeric 

mixture in a moderate 38% yield over two steps. Since benzyl carbamates are readily 

cleaved by nucleophiles229, the Grignard-reaction was conducted at a low temperature of 

-78 °C resulting in a selective reaction of the aldehyde. Elimination was performed in a 

sequence of three steps. The reaction sequence consisting of mesylation to 82, 

conversion into the corresponding bromides 83 and subsequent elimination was 

completed in moderate yield. The yield of 83 could be improved by using the raw product 

after mesylation, whereby a high yield of 80% over two steps was achieved. Elimination 

was performed under the same conditions as previously described by Collins et al. 

yielding 80 as a single isomer. Therefore, the (Z)-hexenpyranose 84 could be used as a 

reference to explain the Z-selectivity of the elimination reaction (Figure 27). The olefinic 

proton H6 in 80 showed a chemical shift of 6.18 ppm, which is in good accordance with 

enolic ortho ester 84 (6.26 ppm). The (Z)-configuration of the double bond in 84 could be 

verified with the help of X-ray crystallography.228,230 

 
84 

 

Figure 27 (Z)-Hexenopyranose 84228 

The following carbocyclizaton (Scheme 24) is a key step of the presented synthesis 

since it yields the cyclohexanone ring structure with the phenyl group bound to the 5a-

carba-position. This is accomplished under modified Ferrier-conditions40, with mercury(II) 

sulfate as a promoter. For comparison, the rearrangement of the unmodified olefin 41 

was accomplished in high yields (86%) using catalytically amounts of mercury(II) sulfate 

(Scheme 9). In the case of 80, however, higher equivalents of the promotor PdCl2 or 

HgSO4 were necessary (Table 5). The product was obtained as a mixture of the isomers 

78 and 79. Through an increase of HgSO4 from 20 mol% (Table 5, Entry 2) to 50 mol% 

(Table 5, Entry 3) the yield could be increased from 30% to 57%. The initially published 

reaction temperature of 80 °C led to the significant formation of a water-elimination side-

product indicated by LC-MS. This elimination reaction is a well-described side-reaction 

as highly oxygenated cyclohexanones are prone to β-elimination and aromatization.42,58 

Therefore, the reaction temperature was decreased to 55 °C (Table 5, Entry 4), which 

led to a slight increase in product yield whereby the elimination product was not 

observed. 
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Scheme 24 Synthesis of cyclohexanones 78 and 79 
Carbocyclisation of 80 through Ferrier rearrangement of 80. 

 
80 78 74:26 79 

Table 5 Overview of the tested conditions for the Ferrier-rearrangement of 80. 

Entry Reagent Amount 

reagent 

T 

[°C] 

Time Amount  

elimination 

Yield 

(78+79) 

Ratio 

78:79 

1 PdCl2 60 mol% 80 113 h 20% 37% n.d. 

2 HgSO4 20 mol% 80 20 h 9% 30% n.d. 

3 HgSO4 50 mol%  80 18 h 23% 57% 73:27 

4 HgSO4 50 mol% 55 44 h 0% 68% 74:26 

A moderate stereoselectivity of the rearrangement, with a product ratio of 74:26 in favor 

of the (5aR)-α-isomer was observed. The ratio of axial (78) to equatorial (79) orientation 

of the hydroxyl-group at C1 is almost identical to that of the unmodified cyclohexanones 

42 (77:23, Scheme 7). This is in accordance with studies that showed a preference of 

the OH at C1 trans to the substituent at C3 (the mechanism and stereoselectivity of the 

Ferrier-rearrangement is described in Section 1.1.1, Scheme 2).41 Influence by the 

configuration of the double bond of the substrate 80 could be excluded from studies 

utilizing a 6-deuterated hex-5-enose derivatives of glucose have shown that the 

stereoinformation of the olefin is lost during the Ferrier-reaction.231 
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Scheme 25 Ferrier Reaction of 6-O-acetyl-5-enopyranosides 85 and 86 
The reaction mediated by PdCl2 or Hg(OCOCF3)2 is shown with the respective ratio of 5a-OAc-

cyclohexanones 87, 88, 89, 90 (glucose) and 91, 92, 93, 94 (galactose). 
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Upon synthesis of 5a-substituted carba-sugar through rearrangement of the respective 

hex-5-enose, both the stereochemistry at C1 as well as the possible orientations of the 

substituent at C5a needs to be considered. Takahashi et al.44 have investigated the 

stereoselectivity of the Ferrier reaction using 6-O-acetyl-5-enopyranosides derived from 

glucose, galactose and mannose, mediated by either PdCl2 or Hg(OCOCF3)2 (Scheme 

25).44 Even though the reasons for the stereochemistry at C5a are not entirely clear, the 

mechanism most probably differs depending on the promoter. The Hg(OCOCF3)2-

catalyzed process yields only two diastereomers in the case of enol acetates of glucose 

85 or galactose 86. The Pd(Cl)2 variant, however, provides four isomers. Considering the 

orientation of the substituent at C1 for 85, Hg(OCOCF3)2 showed higher selectivity for 

the axially orientated hydroxyl group compared to PdCl2 (80% vs. 66% axial). 

Surprisingly, 86 showed the opposite promotor-dependency (48% vs. 82 %), even 

though studies on 6-deoxyhex-5-enose derived from galactose stated an exclusive 

formation of the axial product in a Hg(II)-mediated Ferrier reaction.41 
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Scheme 26 Proposed mechanism for the Ferrier rearrangement of 80 
  

 
 95a 95b  78 

 

   

80  

 96a 96b  79 

In the case of 6-phenyl-5-enopyranoide 80, almost no difference could be observed in 

the ratio of axial to equatorial OH at C1 compared to the respective 6-deoxy-5-

enopyranoside 41. This finding implies that the phenyl-modification does not influence 

the relative stability of the transition states of the rearrangement leading to the axial or 

equatorial orientation of the hydroxyl group at C1 (Scheme 26). The proposed transition 

structures 95a, 95b, 96a, and 96b can be used to explain this observation. In general, 

the chair-like ring conformations of 95a and 95b can be expected to be favored 

compared to the twist boat-like conformations of transition states 96a and 96b. This is 

because of angle strain and eclipsing strain that are typical for boat conformation that 

both increase the energy relative to the chair-conformation.232 The phenyl occupies a 

neutral position in either of the favored transition states 95b and 96b. Therefore, the 

effect of phenyl on the stereochemistry at C1 could be neglected. Furthermore, the 

equatorial phenyl in 95b and 96b correlates to the observed stereoselectivity in 78 and 

79. Although the proposed mechanism and transition states explain the experimental 

results, DFT calculation of the transition states involved in the Ferrier-reaction of both 

substrates 41 and 80 would allow a more comprehensive validation of the mechanism 

involved. 

3.1.2.1 Alternatives for the Wittig reaction in the homologation reactions of 

5a-phenyl-cyclohexanones 

The objective of the following steps was the transformation of the C5 carbonyl of 78 and 

79 into the hydroxy methylene group. The original synthesis of carba-sugars proposed 

by Barton et al. utilized a Wittig-reaction with methoxy methylenetriphenylphosphorane to 
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yield the olefin 97 (Scheme 27A). Due to the basic reaction conditions, an oxazolidine 

ring is formed from the Z-protection group and the 1OH group in the α-isomer of 42. As 

β-isomers are not able to form the ring, this reaction increases the separability of the α-

product. However, analog reaction conditions to synthesize 98 were not successful 

(Scheme 27B). Also, alternative olefination reactions such as HWE and Peterson 

olefination failed to yield the homologation product, even though the more stable 

unmodified cyclohexanones 42 were used as substrates. Drawbacks related to methoxy 

methylenetriphenylphosphorane are known. Besides the formation of butylidene 

ylides233, low yields43 and loss of substituents at C1 (methoxy or hydroxy)234 are 

described for the use in carba-sugar preparation. Improvements concerning the yield of 

the Wittig reaction through utilization of methylenetriphenylphosphorane were 

described.43 Indeed, the olefination of cyclohexanones 42 with 

methylenetriphenylphosphorane afforded the expected olefin in moderate 44% yield 

(yield regarding both isomers) (Scheme 27C). However, when the mixture of 78 and 79 

was used as the substrate, only the elimination product 100 could be isolated (Scheme 

27D). 
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Scheme 27 Comparison of Wittig homologation reactions of cyclohexanone 78, 79 and 42 
for different reaction conditions. 

 
42  97 

 
78/79  98 

 
42  99 

 
78/79  100 

To decrease the risk of elimination due to the high basicity of the Wittig reaction 

conditions, Tebbe’s olefination235,236 was used. The direct olefination of the isomeric 

mixture of 78 and 79 only gave the olefination product 101 in a low yield of 16% 

(Scheme 28). The low yield and the isolation of only the equatorial 1OH product were 

associated with multiple reasons: First, TLC-analysis showed very similar retention of the 

olefin compared to the starting material, thereby impeding column purification. Second, 

the titanocene reagent and side-products thereof complicated the purification via flash 

chromatography, so that an additional purification step via RP-HPLC was required. 
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Scheme 28 Tebbe olefination of 78 and 79. 

 
78/79 (71:29)  101 

Tebbe olefination of the isolated axial isomer 78 (Scheme 29) afforded the olefin 102 in 

very low yield accompanied by separation problems during product isolation. Reaction 

monitoring after 3 h showed 84% consumption of the starting material and formation of 

several new peaks in the chromatogram. Via Flash chromatography of the reaction 

solution only insufficient separation of starting material and olefin was achieved. 

Scheme 29 Tebbe olefination of the isolated isomer 78 with the 1OH-group in the axial 
orientation.  

 
78  102  

Due to the reasons that are given above (bad separation, low yield) and since the highly 

reactive Tebbe’s reagent is known to also react with carbamates, Petasis reagent191 was 

used as an alternative. It was shown that Z-protection groups remain stable if Petasis 

reagent was used for olefination at 70 °C.194 Since thermolysis of dimethyltitanocene to 

the titanium carbene requires temperatures of 60 to 70 °C, the stability of the substrates 

78 and 79 at 70°°C in varying solvents were tested (Table 6). Toluene and THF were 

tested as these are commonly used solvents in Petasis and Tebbe reactions. 

Cyclohexanones 78 and 79 both were stable in toluene for 16 h at 70 °C (Table 6, Entry 

1 and 3). In THF, however, the formation of new peaks could be detected via HPLC. The 

remaining amount of both cyclohexanones was similar, with 82% in the case of 78 

(Table 6, Entry 2) compared to 73% for 79 (Table 6, Entry 3). 
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Table 6 Overview of the stability of 78 and 79 at 70 °C depending on the solvent and the 
time. 

Entry Substrate Solvent T/°C Time Amount 

78 or 79 

1 78 Toluene 70 16 h 100% 

2 78 THF 70 16 h 82% 

3 79 Toluene 70 16 h 100% 

4 79 THF 70 16 h 73% 

By this stability study, methylenation of 78 was performed with Petasis reagent in toluene 

at 65 °C. However, the reaction gave similar results as the Tebbe variant (Scheme 30). 

Although conversion of the starting material could be brought to almost completeness, 

mainly water-elimination side-product was detected via HPLC/LC-MS. Furthermore, the 

olefin 100 was formed, as previously observed in the Wittig-reaction (Scheme 27). Also 

in the case of the olefination of the β-1OH cyclohexanone 79, a high ratio of water-

elimination product was observed, while 100 was absent. 

Scheme 30 Olefination of the isolated isomer 78 with Petasis reagent. 

 
78  102 100  

Concerning the conducted stability tests in toluene at 70 °C (Table 6, Entry 1 and 3), the 

observed side-reactions can most probably be associated with the titanocene reagent. 

The protection of the 1OH group to decrease the probability of elimination was 

accomplished in the form of a silyl ether (Scheme 31). 

Silylation of the hydroxyl group at C1 was conducted with the mixture of cyclohexanones 

78 and 79 (Scheme 31A) analog to that of the 5a-unmodified cyclohexanones 42 

(Section 3.1.1, Scheme 9). The difference in Rf (TLC) of 103 and 104 on normal phase 

silica was ∆Rf ≈ 0.05, thus represents a challenging separation problem. Nevertheless, 

75% of the total amount of the axial-OH isomer 104 could be isolated in a single fraction, 

while the rest of 103 and 104 formed a mixed fraction (103/104-ratio of 69:31). The latter 

was transformed into the corresponding olefins 76 and 77 in a low yield of 33%. The 

isomeric mixture of 76 and 77 was separable via normal phase flash chromatography. 

For comparison, the olefination of pure 103 (Scheme 31B), gave 76 in a yield of 33%, 
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while 13% of starting material could be recovered. In conclusion, protection of the 1OH 

group in cyclohexanones 78 and 79 as tert-butyldimethylsilyl ethers significantly 

increased the yield of olefination with Petasis-reagent. 

Scheme 31 Synthesis of both isomers 76 and 77 of the 5a-phenyl modified olefin. 

 
78/79  103/104 (88:12) 76/77  

 
103  76   

For the transformation of olefins 76 and 77 to the respectively protected carba-sugars 

with the hydroxy methylene group at C5, two different synthetic approaches were 

necessary. In the case of 76, the olefin was transformed to the hydroxy methylene group 

by hydroboration and subsequent oxidation (Scheme 32). 73 was afforded as a single 

product in a good yield of 86%. The axial configuration at C5 could be determined by a 

small coupling constant (3JH4-H5 = 5.09 Hz)c between H4 and H5, while an NOE 

correlation between H3 and H5 was absent. The thermodynamically favored isomer 107 

was accessible through oxidation to the corresponding aldehyde 105 followed by 

isomerization, analog to procedures described for unmodified carba-sugars.43,237 The 

alcohol was transformed to the aldehyde by treatment with 2-iodoxybenzoic acid (IBX) in 

good yield (72%) with a 3JH4-H5 = 5.2 Hz coupling as a clear indicator of the axial 

configuration at C5. 

                                                 
c Determined via H,H-COSY 
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Scheme 32 Synthesis of protected (5aR)-phenyl-carba-sugar analog of α-D-glucosamine 
107. 

 
76  73  105 

 
  106  107 

Monitoring of the isomerization of 105 in a mixture of MeOH and pyridine (60:30) at 

60 °C43 to give 106, led to a large ratio of side-product due to the loss of OBn, as 

determined by LC-MS. Therefore, different conditions were screened via HPLC 

monitoring of each reaction over time (Table 7). The temperature was fixed at 60 °C, 

whereas both the concentration of the substrate 105 and the ratio of MeOH and pyridine 

was varied. A clear change of retention time from 105 to 106 could be observed 

indicating the progress of isomerization. The conducted study indicated that significant 

elimination arose for all reaction conditions and could only be decreased to 33% (Table 

7, Entry 7). A major factor that influenced the amount of isomerization product 106 was 

the concentration of the starting material. The decrease of 105 concentration showed a 

dramatic effect that led to the almost complete loss of the aldehyde at a substrate 

concentration of 5 mM (Table 7, Entry 6). The increase of the MeOH/pyridine ratio 

showed a slightly positive effect (Table 7, Entry 2), as it increased the yield of 106 while 

the amount of elimination remained stable. In the case of very high proportions of MeOH 

(89:1, Table 7, Entry 3) or pure methanol (Table 7, Entry 4), however, the isomerization 

was slowed down. This led to low conversions of starting material within 78 hours while 

elimination in a range of 40 to 50% occurred. Nonetheless, a yield of the isolated 106 of 

45% was achieved when the conditions from Entry 7 were used on a larger scale 

(Scheme 32). Besides a difference in retention time (3.1 min 105 vs. 3.5 min 106, 80-

87% MeCN in 5 min, Kinetex EVO C18, 2.6 µm, 0.8 mL/min) the different isomers could 

also be distinguished by the chemical shifts of the aldehyde protons (10.29 ppm 105 vs. 

9.65 ppm 106). Furthermore, large 3JHH coupling constant of 12.6 Hz between H5a and 

H5 indicated the equatorial orientation of the aldehyde at C5. Transformation to the 

corresponding alcohol 107 succeeded in a rapid reduction with lithium aluminum hydride 

in high yield (86%). 
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Table 7 Overview of different conditions tested for the isomerization of the aldehyde 105. 
Only the end-point of each reaction after 78 hours is shown 

Entry Ratio 

MeOH/pyr 

Conc. 

105/mM 

T/°C Time/

h 

Amount 

106 

Amount 

elimination 

Amount 

105 

1 60:30 25 60 78 h 41% 52% 6% 

2 80:10 25 60 78 h 48% 49% 3% 

3 89:1 25 60 78 h 18% 52%. 30% 

4 90:0 25 60 78 h 12% 41%. 47% 

5 60:30 10 60 78 h 13% 86% 1%. 

6 60:30 5 60 78 h 5% 95% n.d. 

7 80:10 100 60 64 h 63% 33% 3% 

For the conversion of the terminal olefin of 77 into the hydroxy methylene group, a 

different approach was followed (Scheme 33). It comprised the epoxidation and the 

subsequent radical epoxide opening analog to the synthesis of the protected (5aR)-

fluoro-carba-α-D-GlcN 53 (Scheme 16). Epoxidation to 74 was accomplished after eight 

hours in a yield of 82%. NMR-analysis of 74 was challenging because conformational 

flexibility led to signal broadening. Through NMR measurements at -40 °C, however, 

three conformers could be distinguished. Nevertheless, particular assignment of ring-

conformations to the different sets of signals was not possible. The configuration of C5 

was determined through ROESY experiments that showed strong NOE correlation 

between the two methylene protons and both H3 and H1. This indicates an axial 

orientation of the methylene in the most stable 4C1 chair conformation, while the oxygen 

of the epoxide occupies the equatorial position (Scheme 33). The epoxidation reaction of 

77 with 8 hours was considerably faster compared to the epoxidation of the fluorinated 

olefin 36 with 14 days (Scheme 15). Thus, this change in kinetics reflects the electronic 

effect of the fluorine, which most probably lowered the reactivity of 36. Transformation of 

74 to the terminal alcohol 108 was accomplished regioselectively by titanocene 

promoted radical epoxide opening.201,202 108 was isolated as the 5aS-isomer in a good 

yield of 65%. The equatorial configuration of the hydroxy methylene group was 

confirmed by large coupling constants for H4 of 3JHH = 11.6 and 9.1 Hz 
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Scheme 33 Synthesis of protected (5aS)-phenyl-carba-sugar analog of β-D-glucosamine 
108. 

 
77  74  108 

The observed stereoselectivity resembles that of the analog epoxide opening of the 

fluorinated α-carba-sugar precursor 34 (Section 3.1.1, Table 3). The effects that 

influence the stability of the proposed transition states, however, differ from the fluoro-

carba-precursor.The high stereoselectivity of the epoxide opening can be explained with 

the help of the proposed transition structures of the hydrogen abstraction by the carbon-

centered radical intermediate of 74 (Figure 28). On the one hand, the steric impact of 

the OTBS group with the incoming CHD in TSA (transition structure A) as well as the 

CH2OTiCp2Cl group in TSB is absent. On the other hand, the steric effect of the β-

substituent becomes a key factor due to the size of phenyl compared to fluorine. Steric 

repulsion between the phenyl group and the incoming CHD in the case of TSB makes a 

reaction via this transition state unlikely. The preference for TSA is in good agreement 

with the observed D-configuration of 108. It is well described in the literature that the 

attack of six-membered cyclic radicals occurs anti to axial substituents in β-position to 

the radical center.211 

 

Figure 28 Schematic structures of the proposed transition states of the hydrogen 
abstraction of the radical intermediate during the epoxide opening of 74. 

A test reaction to synthesize the 5aR-phenyl-carba-α-D-sugar 107 from 76 with the 

sequence of epoxidation and regioselective epoxid-opening resulted in two isomers of 

the epoxide. However, none of these gave the desired product upon treatment with 

Cp2TiCl. 

Since phosphorylation of sugar-derivatives greatly increases the rate of self-cleavage of 

the glmS ribozyme89, both isomers of the 5a-phenyl-carba-sugar were phosphorylated. 

107 was transformed into the protected phosphate 109 in good yield (78%) by treatment 

with dibenzyl N,N-diisopropylphosphoramidite and subsequent oxidation with mCPBA. 
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(Scheme 34A).166 The analog reaction with 108 gave 110 in a slightly lower yield of 61% 

(Scheme 34B). 

Scheme 34 Phosphorylation of 107 and 108. 

 
107  109   

 
108  110   

In the next step, the TBS-group was removed from the phosphorylated carba-sugars 109 

and 110. Desilylation of 109 was conducted under buffered conditions with an excess of 

TBAF (12 equivalents) (Scheme 35A). After a reaction time of 20 h, HPLC-analysis 

showed a conversion of 99%. The product 111 was isolated in 43% yield. However, large 

amounts of side-product (51%) were formed. Mass analysis of the side-product equals 

112, which could be explained by the formation of an oxazolidine ring due to the high 

basicity of TBAF. Deprotection of 109 under less basic conditions with TAS-F (12 

equivalents) and water (10 equivalents) provided 111 in high yield (63%) (Scheme 35B). 

Although the reaction was carried out for 66 h, the conversion of the substrate only 

reached 73% (HPLC). Nevertheless, only 6% of side-product was observed via HPLC. 

The analog desilylation of the phenyl-β-carba-GlcN6P precursor 110 (Scheme 35C) with 

TBAF was completed after 56 hours, and the alcohol 75 was isolated in 58% yield. 

Scheme 35 Comparison of the removal of the TBS protection group from 109 and 110. 

 
109  111  112 

 
109  111   
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110  75   

The final removal of the benzyl protection groups from 109 was accomplished via 

heterogeneous hydrogenolysis (Scheme 36). The conditions that were already 

successfully applied for final deprotection of the fluoro-carba variants 67 (Scheme 20) 

and 71 (Scheme 21) gave 72 in an isolated yield of 76% after RP-HPLC purification. In 

conclusion, the synthesis of 5aS-phenyl-carba-α-D-GLCN6P 72 starting from methyl-

glucopyranoside 26 required 18 steps with an overall yield of 0.1%. Upon comparison of 

the synthesis 72 to the fluoro-derivative, an additional four steps were required, mainly 

due to the three-step elimination sequence (Scheme 23). 

Scheme 36 Synthesis of (5aS)-phenyl-carba-α-D-glucosamine-6-phosphate 72. 

 
111  72   

The analog debenzylation of 75 proceeded slower, and completeness of the reaction 

was observed only after 23 h compared to 6 h for 111 (Scheme 37). Surprisingly, the 

phenyl-carba-sugar 113 was not detected via LC-MS analysis. Instead a peak with 

significantly higher retention time (tr = 4.8 min) to 72 (tr = 0.4 min) was found (gradient 0-

40% acetonitrile in 20 min, C18-HPLC). The detected mass (236.127 m/z) corresponded 

to the molecular formula C13H17NO3H
+ that indicated the loss of the phosphate and one 

double bond equivalent (DBE=6 for 113, DBE=5 for 112) more than expected. As double 

bonds could be excluded with the help of NMR, the formation of the bicyclic ether 114 

explains both the observation in LC-MS and NMR. The ring formation between C6 and 

1OH requires a 1C4 chair conformation to bring 1OH near C6. Two opposing influences 

determine the energy of the 1C4 conformation. On the one hand, five substituents in an 

axial configuration increase the energy, on the other hand, the equatorial configuration of 

the bulky phenyl group decreases steric strain. Two conformers of 75, which were 

distinguishable via NMR, indicated conformational flexibility. A strong downfield shift of 

C1 (78.8 ppm) and small coupling constants 3JH2-H3 = 5.8 Hz and 3JH2-H3 = 2.1 Hz confirm 

the assumed bicyclic structure of 114.  
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Scheme 37 Final deprotection of phenyl-carba-β-D-glucosamine-6-phosphate precursor 75 
leading to solely formation of bicyclic ether 114. 

 
75  113 114  

Sun et al. observed a similar bicyclic derivative of carba-β-L-gulose 116.43 They used the 

reaction shown in Scheme 38 to support the axial configuration of the hydroxy 

methylene group at C5 in 115. In their case, the resulting bicyclic lactone occupied the 
4C1 conformation, bringing C6 and 1OH nearby because of the inverted configuration at 

C5 and C1 compared to 75. To explain the unexpected side-reaction of 75, the ability of 

the phosphate to act as a leaving group needed to be analyzed. From a chemical view, 

phosphate represents a poor leaving group. In nature, however, phosphate is the leaving 

group of choice that requires tunable stability towards hydrolysis in the absence or 

presence of enzymes.238 Because of this contrast, intensive research has been carried 

out to understand the reactivity and mechanism of the cleavage of phosphate 

esters.239,240 Cleavage of either the C-O or P-O bond can occur, whereas a preference 

for C-O cleavage could be demonstrated at low pH.241,242 This effect could also be crucial 

for the formation of 114 as TFA in methanol was used in the heterogeneous 

hydrogenolysis of 75. The low pH may have led to selective C-O over P-O cleavage.242 

Scheme 38 Transformation of the carba-β-L-gulose derivative 115 into the lactone 116 
performed by Sun et al. to prove the axial conformation at C5.43 

 
115  116   

3.2 Induction of glmS ribozyme self-cleavage by 5a-modified 

carba-sugar analogs of GlcN6P 

In a screening of a small library of synthetic analogs of GlcN6P Lünse et al. identified 

carba-α-D-glucosamine-6-phosphate as the most potent artificial cofactor of glmS 

ribozyme cleavage known.105 The 5a-carba position represents a versatile entity for the 

study of structure-activity relationship (SAR). This is the case since the methylene group 

is readily modified during synthesis, in contrast to the ring oxygen of natural 

carbohydrates. Thus, the 5a-modified carba-sugars shown in Figure 29A were 

investigated for their influence on glmS ribozyme self-cleavage in a metabolite-induced 
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that of the GlcN6P (control) at 200 µM. 69, the unphosphorylated variant of 35, showed 

significant cleavage with a ratio of 0.14 or 0.08 cleaved RNA (B. subtilis or S. aureus, 

respectively). The cleavage is much lower compared to 35, but similar to the respective 

unphosphorylated control GlcN at 200 µM. The fraction of cleaved RNA in the presence 

of 69 and 35 relative to GlcN6P was independent of the bacterial species. However, the 

absolute values vary between S. aureus and B. subtilis as higher cleavage was observed 

in the case of B. subtilis. Fluoro-carba-β-L-idosamine derivatives 63 and 33, on the other 

hand, did not show consistent activity between the ribozymes of both species. The 

unphosphorylated variant 63 did not induce any cleavage, while 33 showed significant (P 

< 0.01) self-cleavage only of the ribozyme from S. aureus. The 5a-phenyl variant of α-D-

glucosamine-6-phosphate 72 was completely inactive in the induction of glmS ribozyme 

self-cleavage. 

For GlcN6P as well as carba-α-D-GlcN6P it was shown that the phosphate group is 

critical for the binding to the RNA in the binding pocket.100,105 Indeed, this is also the case 

for fluoro-carba-GlcN 69, which induced far less self-cleavage of the glmS ribozymes 

compared to its phosphorylated variant 35. Besides the well-characterized glmS 

ribozymes of S. aureus105 and B. subtilis also the counterparts from C. difficile and L. 

monocytogenes were used to investigate metabolite-induced self-cleavage in the 

presence of the 5a-fluorinated carba-sugars 63, 33, 69 and 35 (Figure 30).243 These two 

glmS ribozymes present in human pathogenic strains were synthesized after the 

prediction in the 5’-UTR of the glmS RNA by McCown et al..98 A complete 

characterization of both ribozymes performed by Anna Schüller validated their 

functionality as cofactor-dependent self-cleaving ribozymes.244 The cleavage of C. 

difficile and L. monocytogenes glmS ribozymes in the presence of 35 resembles that of 

GlcN6P, thus showing consistent behavior among bacterial species if compared to S. 

aureus and B. subtilis. However, in the case of the ribozyme from C. difficile, only weak 

cleavage by fluoro-carba sugar derivatives 63, 33 and 69 as compared to controls was 

observed. This resulted in a low significance (P < 0.05) activity only in the case of fluoro-

carba-GlcN 69. The high background cleavage and the large error bars of the controls, 

however, explain this discrepancy to the other glmS ribozymes. The tendencies in the 

cleavage of L. monocytogenes, in turn, reflected those of S. aureus, with significant 

cleavage for both fluoro-carba-IdoN6P 33 and fluoro-carba-GlcN 69. The 

phosphorylation of fluoro-carba-GlcN 69 strongly affected the L. monocytogenes glmS 

ribozyme self-cleavage. This is consistent with concentration-dependent analyses of 

GlcN- and GlcN6P-induced cleavage, which revealed a factor of ~5000 between their 

EC50 values (unpublished results). The glmS ribozymes generally show high 
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Table 9 kobs-values of 35, carba-GlcN6P and GlcN6P, determined for the cleavage of the 
glmS ribozymes of B. subtilis and S. aureus. 

B. subtilis 

Conc. 

[µM] 

35 carba-GlcN6P245 GlcN6P245 GlcN245 

kobs [min-1] 

600 0.258 ± 0.036 n.d. n.d. n.d 

200 0.204 ± 0.030 1.190 ± 0.302 1.749 ± 0.588 0.128 ± 0.019 

20 n.d. 0.222 ± 0.027 0.397 ± 0.054 n.d 

2 n.d. 0.083 ± 0.016 0.187 ± 0.048 n.d. 

S.aureus 

Conc. 

[µM] 

35 carba-GlcN6P105 GlcN6P105 GlcN245 

kobs [min-1] 

600 0.122 ± 0.007 n.d. n.d. n.d. 

300 0.081 ± 0.003 n.d. n.d n.d. 

200 n.d. 0.153 ± 0.012 0.177 ± 0.015 0.065 ± 0.005 

30 0.027 ± 0.002 n.d. n.d. n.d. 

20 n.d. 0.095 ± 0.008 0.107 ± 0.010 n.d. 

2 n.d. 0.060 ± 0.012 0.068 ± 0.014 n.d. 

3.3 Molecular docking studies 

The noticeable difference between the EC50 of carba-GlcN6P and its 5a-fluorinated 

counterpart 35 are surprising considering the small alteration given by the substitution of 

the axial hydrogen at C5a by fluorine. Therefore the influence of the 5a-fluorine on glmS 

ribozyme cleavage was evaluated and the binding to RNA in the catalytic core and the 

ability to act as an acid-base catalyst93 were taken into account. 

As already described in Section 1.3.1, the ligand binding pocket of the glmS ribozyme is 

rigid and the binding of the natural metabolite GlcN6P does not induce a considerable 

rearrangement.88 Furthermore, the sequences of the glmS ribozymes identified so far 

exhibit a high uniformity leading to a consensus model.98 As a highly-conserved part of 

this model, the nucleotides G1, C2, and G65 are at least 97% conserved while A50 and 
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U51 are 90% conserved (The numbering of the nucleotides corresponds to T. 

tengcongensis, Figure 33). Position 66 is occupied by a nucleotide with a pyrimidine 

base which is also 97% conserved.98 The latter alters the hydrogen-bond pattern and 

thus the recognition of the natural metabolite GlcN6P. The N2 of G66 in T. 

tengcongensis, as well as L. monocytogenes, can form a hydrogen bond to the anomeric 

OH of the sugar ligand, whereas this contact is lost in the case of S. aureus, B. subtilis, 

and C. difficile (Figure 33). Nevertheless, more than ten other potential hydrogen-bonds 

are preserved among the glmS ribozymes discussed in this work.86 Therefore, the high-

resolution crystal structures of the T. tengcongensis glmS ribozyme is a good starting 

point for reliable predictions about the suitability of potential activators. 
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be able to restore this interaction. The potential of fluorine to act as a hydrogen-bond 

acceptor is still widely debated.246,247 Although sufficient proof is given to accept that 

organic fluorine is capable of forming hydrogen bonds, it is considered a weak 

interaction.248 

In addition to the above-mentioned attracting interaction with the glmS ribozyme, the 

repulsive interaction of the modifications at C5a and the ligand binding pocket must be 

considered. These steric factors have a significant influence on the ligand affinity 

because of the rigid glmS ligand binding site. The substitution of the axial hydrogen of 

carba-GlcN6P by fluorine could be considered a small modification. However, the van-

der-Waals (VdW) radius of fluorine is closer to oxygen than hydrogen (r(F) = 1.47 Å, r(H) 

= 1.20 Å, r(O) = 1.52 Å)249. Furthermore, the C-F bond is approximately 0.3 Å longer 

compared to C-H (d(C-F) = 1.40 Å, d(C-H) = 1.10 Å)250d. Both values are well confirmed 

by DFT calculations on 35 and carba-GlcN6P (d(C-F) = 1.43 Å, d(C-H) = 1.10 Å, Table 

10). The structures of 35 and carba-GlcN6P were optimized at the TPSS-D3/def2-TZVP 

level of theory and solvent effects were considered using the COSMO model251 with the 

dielectric constant and refractive index of water. In the case of the phenyl-group at the 

C5a of 72 much larger steric strain with adjacent nucleobases in the rigid binding site 

can be expected. 

Table 10 Selected bond lengths for the optimized structures of 35 and carba-GlcN6P. Bond 
lengths are given in Å. 

 35 carba-GlcN6P 

 d [Å] 

C5a-Hax - 1.10 

C5a-Heq 1.10 1.10 

C5a-Fax 1.43 - 

The influence of these modifications, firstly assessed with the cleavage assay (Section 

3.2), were further evaluated by molecular docking studies. Molecular docking is a 

powerful tool to rate the artificial activators discussed in this work against carba-GlcN6P 

and the natural metabolite GlcN6P. With regard to the highly conserved catalytic core of 

the glmS ribozymes and similar ligand-recognition, the crystal structure of the glmS 

ribozyme from T. tengcongensis without the ligand was used as the receptor for 

molecular docking. The structures of the dianionic, phosphorylated carba-sugars and 

GlcN6P were optimized using the BP86 functional and the def2-TZVPP/J basis set252 

including the COSMO model251. In the case of fluoro-carba-β-L-IdoN6P two chair-

                                                 
d C-F refers to C2CH-F; C-H refers to C2-C-H2 
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between the ligand amine group and the scissile phosphate (carba-GlcN6P: d(N-O) = 

3.1 Å; 35: d(N-O) = 2.9 Å) compared to GlcN6P (Glc6P: d(N-O) = 3.1 Å) supports 

ribozyme self-cleavage promotion. The correct prediction of the position of the 

phosphate for both docked molecules would allow Mg2+-coordination, which is crucial for 

high-affinity binding to the RNA.73,89,101 Distances between the nitrogen of the amine and 

the phosphate-oxygen at the cleavage position of d(N-O, carba-GlcN6P) = 3.1 Å and 

d(35, N-O) = 2.9 Å could be determined. These distances closely match the respective 

value of the natural ligand d(N-O, GlcN6P) = 3.1 Å and are consistent with the activity 

seen in the cleavage assay. A notable factor that distinguishes the carba-sugars from the 

natural ligand is the distortion of the ring around the C2-C5 axis, which is even more 

pronounced in the case of 35. This distortion brings the fluorine in close contact with the 

amine of C2 (d(N-H···F) = 1.86 Å; ∠(N-H···F) = 141°). Thus, there is the possibility of a 

hydrogen bond, whereas the distance between amine and fluorine is shorter than 

normally described for X-H···F-interactions.253 The twisting of 35 at the binding site can 

be attributed to the fact that the axial hydrogen and the fluorine at C5a would otherwise 

cause steric repulsion with G1. Consequently, the substitution of the ring oxygen with 

methylene or fluoromethylene leads to the loss of a strong hydrogen bond to C2 and a 

distortion of the hydroxy groups on C3 and C4. The different degree of the displacement 

of 35 and carba-GlcN6P at the binding site is also reflected by their predicted affinities. 

AutoDock Vina predicted a 0.6 kcal/mol higher affinity for carba-GlcN6P compared to 35 

(Table 11). 
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Docking of 72 predicts a binding mode at the ribozyme core, which is rotated by 180° 

around the C2-C5 axis (Figure 37B). This arrangement places the phosphate near the 

shown Mg2+-ion, by which coordination would still be possible. Also, the amine is 

positioned in the distance to the scissile-phosphate that would still allow proton transfer 

(d(N-O) = 3.2 Å). However, through rotation of the entire molecule, the orientation of the 

adjacent OH relative to the amine is distorted. As a result, the minimally required motive 

for activity is lost, which is in agreement with complete inactivity observed in the 

cleavage-assay. Nevertheless, the orientation of the phenyl-ring towards the opening of 

the binding pocket88 demonstrates that bulky modifications on this site of the molecule 

are possibly tolerated. The affinity of 72 to the glmS binding pocket predicted by 

AutoDock Vina is equal to that of fluoro-carba-IdoN6P 33 in its 1C4 conformation, which is 

only 1.3 kcal/mol lower than that of GlcN6P. With regard to the total inactivity in the in 

vitro experiments, 72, therefore, could act as an inhibitor of glmS ribozyme cleavage. 

A huge advantage of molecular docking is that it allows docking of molecules that are not 

yet described in the literature. Thus, the optimized structures of two promising GlcN6P-

mimics, (5aS)-fluoro-carba-GlcN6P 117 and (5aS)-hydroxy-carba-GlcN6P 118, were 

docked to the glmS ribozyme binding pocket (Figure 38, Figure 39). These molecules 

bear fluorine or hydroxyl in an equatorial configuration at C5a, which can be expected to 

alter the binding to the RNA compared to 35 significantly. Both predicted structures are 

equally distorted compared to Glc6P, which can be explained by similar predicted bond 

lengths of C5a-F and C5a-OH (d(C5a-X) = 1.44 and 1.43 Å respectively) and VdW-radii 

(r(O) = r(F) = 1.5)254. The distortion is caused by a steric clash between the substituents 

and the nucleobases C2 as well as G65. The phosphate and the amine of nucleobase 

C2, however, are positioned similarly to the natural ligand and would most probably allow 

cofactor activity. The equatorial fluorine is less likely to form a hydrogen bond to the 

nucleobase C2 (d(N4-H···F) = 2.22 Å, ∠(N4-H···F) = 101°), comparing the position of the 

equatorial fluorine to the axial fluorine of 35. The hydroxy-group of the (5aS)-hydroxy-

carba variant, on the other hand, is in close contact with the O6 of G65 (d(O-H···O6) = 

2.72  Å). Therefore, a hydrogen bond with the 5aOH group as hydrogen donor would be 

possible. Under the circumstances predicted by molecular docking both 5aS-modified 

carba-sugar mimics of GlcN6P 117 and 118 are most probably activators of the glmS 

ribozyme. However, the 5a-hydroxy group has more potential to increase affinity to the 

RNA than fluorine due to strong hydrogen bonds to adjacent nucleobases, e.g., G65. 
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arranging the phosphate. This is also the case for fluoro-carba-IdoN6P 33 that otherwise 

show strong steric clash with the binding pocket. Furthermore, the C2-NH2 group is 

predicted to occupy a position close to the scissile-phosphate that would allow proton 

transfer. However, in the case of the fluoro-carba-analog of β-L-idosamine, the docking 

results do not reflect the, albeit weak, activity in the cleavage assay. From NMR-

experiments and calculations shown in this work as well as studies on gem-difluoro-β-L-

carba-idose27, the high conformational flexibility of this compound class is known. Thus, 

it is hard to conclude reliable SAR from the docking studies alone. Possibly, the glmS 

ribozyme can freeze out thermodynamically meta-stable conformations, which are not 

considered by the docking algorithm but act as cofactors of the self-cleavage reaction. 

Concerning the 50- to 100-fold reduced activity of (5aR)-fluoro-carba-α-D-GlcN6P 35 in 

vitro compared to carba-GlcN6P 22, besides 252,255-257repulsive interaction, the electronic 

effect of fluorine on the other functional groups also needs to be considered.246,249-251 The 

basicity of the amine is very likely decreased in 35 due to fluorine258, which means that 

its ability to function as an acid-base catalyst during the ribozyme self-cleavage reaction 

would also be altered. Similar effects of the fluorine on the pKA of the hydroxy groups, 

thereby altering their H-bond acidity is likely.180 Graton et al. analyzed the influence of 

mono-fluorination (axial and equatorial) and gem-difluorination on axial and equatorial 

hydroxy groups in conformationally restricted fluorohydrins.180 Studies of the H-bond 

acidities showed a strong dependency on the relative configuration of the fluorine and 

the hydroxy group. Concerning the configuration in (5aR)-fluoro-carba-GlcN6P 35, in 1,2-

fluorohydrins an axial configuration of fluorine and equatorial orientation of the adjacent 

hydroxy group led to a decrease of H-bond acidity. The transfer of these finding to the 

activity of 35 on glmS ribozyme cleavage would explain its decrease in affinity. The 

strongest increase of H-bond acidity for 1,3-fluorohydrins was observed in the case of 

axial fluorine configuration. A similar effect on the amine in 35 would explain reduced 

activity in ribozyme cleavage due to reduced basicity. 

3.4 Antibacterial effect of fluoro-carba-GlcN 

Since (5aR)-fluoro-carba-α-D-GlcN6P 35 showed in vitro activity in the micromolar range, 

its potential effect on bacterial growth was investigated. For the transmembrane 

transportation of sugars in Gram-positive and Gram-negative bacteria the 

phosphoenolpyruvate: sugar phosphotransferase system (PTS) is used.259 The PTS 

consists of several catalytic compounds that detect, transport and phosphorylate sugar 

substrates. Natural sugar substrates also include the essential, early cell-wall precursor 
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GlcN, which, unlike its intracellular phosphorylated variant GlcN6P, is uncharged under 

physiological conditions. The negative charge of the phosphate prevents GlcN6P and 

other hydrophilic compounds from crossing the lipid bilayer membrane that surrounds 

bacterial cells.260 Although fluorine-substitution is used to increase the lipophilicity of 

drugs29,168, it is highly unlikely that 35 can enter bacterial cells by passive diffusion. 

Therefore, the non-phosphorylated variant 69 was employed in bacterial assays, 

assuming that carba-sugar mimics of GlcN are also transported into the cell and 

phosphorylated by the PTS. 

3.4.1 Growth inhibition of B. subtilis in the presence of (5aR)-fluoro-carba-

α-D-GlcN 

The analysis of the growth of B. subtilis was performed in chemically defined medium 

(CDM) without glucose (Section 5.1.3) to exclude the competition between glucose and 

sugar-mimics for PTS. Cells of B. subtilis strain 168 were incubated in the presence (4.7 

to 300 µM) and absence of 69 (Figure 40A) to investigate the antibacterial effect of 

fluoro-carba-GlcN 69. The resulting growth-curves over ten hours show concentration-

dependent inhibition of bacterial growth. Close investigation of the fractional growth after 

seven hours showed significantly more than 50% growth inhibition at a concentration of 

18.8 µM (Figure 40B). Concentrations of 150 µM or more caused complete growth 

inhibition in accordance with a minimum inhibitory concentration (MIC) of 150 µM 

(Figure 40C). Assuming that 35 is formed upon uptake and that this is the active 

species, the observed performance is surprising considering the in vitro activity of 35 on 

the glmS ribozyme with an EC50 (35, B. subtilis) of 196 ± 17 µM. The non-fluorinated 

carba-GlcN analog showed the same MIC of 150 µM. However, compared to the 

18.8 µM of 69, 75 µM of carba-GlcN 22 were necessary to induce significant growth 

inhibition after seven hours (Figure 40D).153 
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(HPr) as the general component in the PTS-facilitated transport and phosphorylation is 

shown. The membrane domain enzyme II (EIIC) and the cytosolic components of the 

fused EII complex are substrate-specific, while the HPr component is part of the 

phosphorylation cascade. In general, the transport of carbohydrates by PTS is 

accompanied by their direct phosphorylation.261 However, phosphorylation and transport 

of PTS-substrates are two mechanistically separated steps that are performed by two 

distinct components of the substrate-specific EII complex. Although their interplay is not 

entirely understood, the membrane-spanning EIIC binds its substrate, while 

phosphorylation by EIIB takes places at the cytoplasmic-facing site of EII.262 Therefore, 

in principle, the transport of the unphosphorylated substrate through facilitated diffusion 

is possible if the cytoplasmic release is not gated. Transport that was not coupled to 

phosphorylation was shown in the case of mannitol and the EIIMan as well as EIIGlc 

mutants of E. coli.263,264 However, translocation of substrates by unphosphorylated EII 

that was not coupled to phosphorylation was 2 to 3 orders of magnitude slower 

compared to phosphorylated EII.263,265 
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(PtsH) were analyzed in in the presence of 69 and compared to the wildtype (wt) (Figure 

41B).268 As shown in Figure 41B, the B. subtilis growth curves in the presence of 69 for 

the ∆nagP strain and wild-type (wt) overlap. Conversely, ∆ptsH and ∆gamP deletion 

strains show growth equal to the untreated wild-type control. These results indicate that 

69 specifically addresses the GlcN-specific permease of the PTS and therefore 

possesses GlcN-mimicking capabilities in the interaction with this substrate-specific 

protein. This specificity for gamP is in contradiction to the growth of B. subtilis PTS 

mutants in minimal medium with GlcN by Gaugue et al.269 In their case, deletion of gamP 

or even double deletion of gamP and nagP still led to normal growth on GlcN as a 

carbon source. However, Reizer et al. observed growth inhibition of gamP mutant strains 

and even stronger inhibition in the case of ptsH mutation with GlcN as a single carbon 

source.270 The uptake of 69, however, is solely dependent on gamP, demonstrated by 

the same growth of gamP and ptsH mutants as well as the untreated wild-type strain. 

The gamP-specific growth inhibition of 69 is in good agreement with analog experiments 

on the antibacterial effect of CGlcN.153 In the case of the strain defective in the function 

of HPr, the substrate-specific EII are normally expressed, however, no growth inhibition 

due to facilitated diffusion of 69 could be detected. This supports the initial assumption 

that simultaneous transportation and phosphorylation of 69 is necessary to yield the 

preferred glmS ribozyme activator fluoro-carba-GlcN6P 35. As stated previously, 

facilitated diffusion is expected to be slowed down in the case of the unphosphorylated 

EII. Therefore, it is hard to predict to which extent growth inhibition in the present assay 

setup would be detectable. Thus, only direct measurement of intracellular quantities of 

69 or 35, e.g., by LC-MS, would allow a final statement about the active species that is 

responsible for the observed growth inhibition of B. subtilis. 

 

Figure 42 Chemical structure of streptozotocin. 

Streptozotocin is a nitrosourea derivative of D-glucosamine, whereby it has natural 

mimicking abilities of GlcN and GlcNAc with regard to the PTS of bacteria. This aspect 

has been extensively studied due to the use of streptozotocin as a broad spectrum 

antibiotic with activity against Gram-positive and -negative bacteria.271,272 It could be 

shown that E. coli strains resistant to streptozotocin possess mutations in the nagE 

transport system, which is responsible for GlcN- and GlcNAc-transport.273 The nagE 

gene is therefore homologous to gamP and nagP in B. subtilis.269 The PTS-dependent 
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uptake and activity was further investigated for PTS mutants of E. coli, S. aureus and B. 

subtilis defective in the function of the general PTS components EI and HPr.274 In the 

same study, Ammer et al. showed that transport of streptozotocin is inevitably 

accompanied by its phosphorylation.250 Considering the utilization of the bacterial PTS 

for uptake and their structural similarity to GlcN, the parallels between streptozotocin and 

CGlcN are striking. The direct linkage of transport and phosphorylation in the case of 

streptozotocin supports the assumption of a similar mechanism for CGlcN and fluoro-

carba-GlcN 69. However, the example of mannose uptake which is independent of 

phosphorylation is contrary to this. Future experiments must, therefore, prove the 

presence of CGlcN6P or fluoro-carba-GlcN6P in the cytoplasm. 

3.4.3 (5aR)-Fluoro-carba-α-D-GlcN specifically acts on the bacterial cell 

envelope 

Artificial activation of the glmS ribozyme in bacterial cells would inevitably lead to 

reduced levels of GlcN6P and impairment of cell-wall synthesis. To test if treatment of B. 

subtilis cells with (5aR)-fluoro-carba-α-D-GlcN 69 impairs the cell wall structure, B. 

subtilis strains to carry plasmids encoding the promoter of stress-inducible genes fused 

to the firefly luciferase gene were used. Hence, increasing levels of luciferase 

luminescence directly correlate with the induction of the respective stress-responsive 

promoter. The promoters analyzed in this study indicate cell envelope damage (ypuA), 

DNA damage (yorB), RNA damage (helD) and translational arrest (bmrC).275 PypuA, 

indicates cell wall synthesis inhibition or cell envelope stress and is responsive to, 

among others, vancomycin, polymyxin B, and β-lactams. The incubation of all four 

strains with 69 revealed concentration-dependent induction of PypuA and no effect on 

the other stress-responsive promoters. Thus, 69 specifically inhibits the cell wall 

synthesis of B. substilis, while interference with other major biosynthetic pathways (DNA, 

RNA, and protein biosynthesis) could be excluded. This specificity for cell envelope 

stress is in accordance with the already demonstrated effect of CGlcN.153 
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insertion of carba-sugar into the bacterial cell wall is especially relevant for the 

elucidation of the mode of action of carba-sugars. 

3.4.4 Comparison of glmS ribozyme activation and antibacterial growth 

inhibition by fluoro-carba-GlcN and carba-GlcN 

(5aR)-fluoro-carba-α-D-GlcN 69 showed activity as a promoter of the glmS ribozyme self-

cleavage mechanism in the micromolar range (Figure 31). However, compared to carba-

GlcN that only differs by the substitution of fluorine by hydrogen at C5a, concentrations 

of 69 which are 50 to 100 times higher are required to achieve half-maximal ribozyme 

activation (Table 8). This drop in activity is partly explained through the increased steric 

clash with the back of the ligand binding pocket of the glmS ribozyme, while electronic 

effects of the fluorine lead to the reduced basicity of the amine (Section 3.3). In contrast, 

(5aR)-fluoro-carba-α-D-GlcN 69 shows very similar growth inhibition of B. subtilis cells, 

which is reflected by an equally high MIC of 150 µM (Figure 40C). Looking at the growth 

of B. subtilis after 7h, which is the stationary phase of bacterial growth, 19 µM of 69 are 

sufficient to reduce growth below 50% of the control (Figure 40B). In contrast, 75 µM of 

carba-GlcN are required to induce comparable inhibition (Figure 40D). Thus, the 

significantly lower in vitro activity of (5aR)-fluoro-carba-α-D-GlcN6P 35 compared to 

carba-GlcN6P is not reflected by the similar inhibiting capabilities of B. subtilis cell 

growth of the respective non-phosphorylated variants 69 and carba-GlcN. However, this 

difference could be attributed to a deviation between the intra- and extracellular 

concentration of the fluoro-carba sugar caused by active transportation via PTS. A 

significant concentration difference was already observed in the case of streptozotocin, 

whose active transport led to 70 times higher intracellular concentrations of 

phosphorylated streptozotocin compared to its precursor in the external medium.274 The 

intracellular accumulation of phosphorylated sugars or sugar-mimics is counteracted by 

their possible dephosphorylation by intracellular phosphatases and efflux by the 

substrate-specific EII.278,279 This results in a complex interplay of active PTS uptake and 

phosphorylation, dephosphorylation by cytosolic phosphatases and potential 

metabolisation. Vastly improved uptake of fluoro-carba-GlcN 69 and higher resistance to 

active efflux compared to carba-GlcN could thereby explain the discrepancy between in 

vitro and antibacterial activity of both mimics. Tracking of the fluorinated carba-sugar with 

the help of, e.g. LC-MS280,281 or 32P-labeled phosphoenolpyruvate274, especially 

considering the path of cell-wall biosynthesis, could allow future studies a precise 

impression of its mode of action. 
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4 Outlook 

The synthesis of new 5a-phenylated and 5a-fluorinated glycomimetics of α-D-

glucosamine and α-D-glucosamine-6-phosphate, as well as 5a-fluorinated mimics of β-L-

idosamine and β-L-idosamine-6-phosphate, was established. In the course of the 

synthesis of 5a-fluorinated analogs of carba-GlcN and carba-GlcN6P, the synthesis 

sequence of epoxidation and titanocene(III)-catalyzed radical epoxide opening was 

established as a versatile approach towards base-labile carbocyclic analogs of 

carbohydrates in general. 

Fluorinated bioactive compounds are of utmost value in drug development, which is 

reflected by versatile improvement of pharmacokinetics through fluorination282 on the one 

hand and by the impressively high portion of fluorinated drugs or agrochemicals that are 

introduced to the market each year on the contrary.29,173 The fluorination of 

glycomimetics as highly functionalized molecules is difficult174, thus synthetic strategies 

of the kind described here that introduce fluorine early while tolerating a number of 

different functional groups in the following steps are of particular value. In the present 

study, fluorinated glycomimetics that possess antibacterial activity were developed and 

investigated. In the course of this, the mode of action of fluorinated carba-GlcN analogs 

needs to be explained in detail. This point is of highest priority for upcoming studies, as 

the discrepancy between in vitro and in vivo activity of (5aR)-fluoro-carba-α-D-GlcN 

compared to carba-α-D-GlcN cannot be explained on the basis of the currently available 

data (Section 3.4.4.). It is very likely that fluoro-carba-GlcN acts as a prodrug of fluoro-

carba-GlcN6P due to the proven dependency of bacterial growth inhibition on the sugar-

specific transport via PTS (Section 3.4.2, Figure 41). Nevertheless, as a PTS-facilitated 

transport without simultaneous phosphorylation cannot be excluded on the basis of 

current data, LC-MS analysis should be used to prove the intracellular presence of 

fluoro-carba-GlcN6P. Metabolomics281, as already demonstrated by Meyer et al. for the 

intracellular metabolome of S. aureus or cryo-electron microscopy that allows insight into 

the cell envelope of B. subtilis283 would give a better understanding of the impact of 

carba-sugars and whereabouts of fluoro-carba-GlcN after potential metabolisation. The 

investigation of the fate of fluoro-carba-sugars could benefit from the fluorine atom that 

could be used as a spin-active 19F-nucleus label.284 Since fluorine-containing metabolites 

are very rare in bacteria, detection of fluorine in different compartments of the cell can 

easily be traced back to the applied fluoro-carba-sugars.285,286 
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One major finding presented herein is the immense impact of chemically small 

modifications, as the substitution of hydrogen by fluorine, on the activity as a cofactor of 

the glmS ribozyme self-cleavage reaction. Therefore, future approaches towards artificial 

activators that are focused on minimal modifications compared to GlcN6P are beneficial. 

This leads to the following two GlcN6P mimetics as promising synthetic targets. 

 
118  119   

Figure 44 Chemical structures of 5a-hydroxy-carba-GlcN6P 118 and 2-amino-2-deoxy-5-
thio-d-glucopyranose (thio-GlcN6P) 119 
Both compounds are promising artificial activators of the glmS ribozyme bearing minimal 
modifications compared to their natural counterpart GlcN6P. 

The synthesis of thio-GlcN6P 119 could easily be derived from the already described 

synthesis of thio-GlcNAc,287 Gloster and Vocadlo et al. successfully used thio-GlcNAc as 

a prodrug of UDP-thio-GlcNAc by hijacking the mammalian hexamine biosynthetic 

pathway.288 UDP-thio-GlcNAc acted as a potent inhibitor of uridine diphospho-N-

acetylglucosamine:polypeptide β-N-acetylglucosaminyltransferase leading to decreased 

cellular O-GlcNAc levels. These findings could be the starting point for the design of 

other glycosyltransferase inhibitors with an effect on diabetes, inflammation, and cancer. 

On the one hand, the natural analogies between the mammalian and the bacterial 

hexamine biosynthetic pathway make thio-GlcN6P a promising artificial activator of the 

glmS ribozyme. On the contrary, the substitution of the ring-oxygen with sulfur 

represents a minimal modification that is very likely to be tolerated by the glmS ribozyme 

ligand binding pocket. Furthermore, the demonstrated high tolerance of the mammalian 

hexamine biosynthetic pathway could be an excellent target for fluoro-carba-sugars or 

unmodified carba-sugar variants of GlcNAc as potent glycosyltransferase inhibitors. 

Torben Seitz was able to develop major parts of the synthesis of 5a-hydroxy-carba-

GlcN6P 118, which involves a Ferrier rearrangement of 6-O-acetyl-5-

enoglycopyranosides as a crucial step.44,289 Currently, the synthesis of 118 following an 

alternative synthesis approach including olefin metathesis is conducted by David Stängle 

also under the supervision of Valentin Wittmann. Molecular docking of (5aS)-fluoro-

carba-α-D-GlcN6P and (5aS)-hydroxy-carba-α-D-GlcN6P predicts similar steric strain 

between both 5a-modifications and the back of the glmS ribozyme ligand binding pocket 

(Figure 39). However, the hydroxyl group might function as a hydrogen bond donor 

whereby the affinity to the RNA would potentially be increased compared to carba-

GlcN6P. 



3.4 Antibacterial effect of fluoro-carba-GlcN 

99 

Alternative approaches for the synthesis of artificial activators of the glmS ribozyme 

focus on surrogating the phosphate with malonates or phosphonates.101 This alteration 

renders the phosphate-mimicking group inert to phosphatases, thereby preventing 

phosphate hydrolysis in the bacterial cell and the resulting decrease of glmS ribozyme 

ligand concentration. However, besides their low activity, the currently developed 

phosphatase-inert glmS ribozyme activators are charged under physiological conditions. 

Therefore, it is a major obstacle for these molecules to cross the lipid bilayer class. 

Nevertheless, variants of fluoro-carba-GlcN6P or carba-GlcN6P, which are able to enter 

the bacterial cell by passive diffusion, would be a promising approach to increase their 

cytoplasmic concentration. This, moreover, would counteract the development of 

resistance through mutation of gamP and thereby prevention of the uptake of carba-

sugar analogs of GlcN6P. Alternative bacterial targets of carba-sugars beside the glmS 

ribozyme are protein targets within the peptidoglycan biosynthetic pathway. The 

substrate of GlmM, which catalyzes the next biosynthetic step after GlmS, is GlcN6P 

(Figure 10). Therefore, carba-sugar mimics of GlcN6P are very likely to interact or even 

become a substrate of GlmM. As GlmM catalyzes the phosphate transfer from C6 to C1, 

phosphatase-inert GlcN6P mimics would not be metabolized. However, inhibition of 

GlmM is rather likely. Similar to other off-targets that are connected to the cell wall 

biosynthesis this could potentially still lead to an inhibition of cell wall synthesis. Thus, a 

comprehensive investigation of the obvious off-targets and their interaction with carba-

sugar mimics of GlcN6P is a major requirement for a complete mode of action analysis in 

the case of fluoro-carba-GlcN. 
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5 Experimental Section 

5.1 Molecular Biological Methods 

5.1.1 Preparation of RNA 

The glmS RNA including the ribozyme from S. aureus, B. subtilis, C. difficile and L. 

monocytogenes were prepared as previously described.105 Templates for transcription of 

glmS RNA were prepared from genomic DNA by Pfu DNA-polymerase and 5’-primers 

containing the T7 promoter sequence. The glmS ribozymes were prepared by in vitro 

transcription using T7 RNA polymerase (37 °C, 17 h). The transcription products were 

treated with DNase and separated by denaturing polyacrylamide gel electrophoresis 

(PAGE). The RNAs were dephosphorylated using calf intestine alkaline phosphatase 

(CIAP, Promega). Radioactive labeling was accomplished by phosphorylation of the 5’-

end using the T4 polynucleotide kinase (PNK, NEB) and γ-32P-ATP (10 mCi/mL BEBm 

Zaventem, Belgium). The ribozymes were desalted on G25 columns (GE Healthcare), 

which had been equilibrated with DEPC-treated water before.105 

5.1.2 Radioactive glmS ribozyme self-cleavage assay 

The ribozyme self-cleavage assay was performed as previously described.105 The 32P-

labeled glmS-RNA from either S. aureus, B. subtilis, C. difficile or L. monocytogenes was 

incubated at 37 °C with GlcN, GlcN6P, carba-sugars synthesized in this work 33, 35, 63, 

69, 72, or without metabolite in the presence of 10 mM MgCl2, 50 mM HEPES (pH 7.5) 

and 200 mM KCl. The reaction was stopped after 30 min at 37 °C by adding EDTA 

containing sucrose buffer. After addition of PAGE loading buffer (95% formamide, 10 mM 

EDTA, 0.1% (v/v) xylene cyanol and 0.1% (v/v) bromophenol blue), the reaction products 

were separated by 17% denaturing PAGE. The radiolabeled cleavage products were 

detected via autoradiography on a phosphorimager FLA-3000 (Fujifilm) and AIDA 

software. Kinetik parameters (kobs-values) for ribozyme cleavage were determined using 

trace amounts of 32P-labeled RNA incubated at 37 °C as described above with indicated 

concentration of fluoro-carba-α-D-GlcN6P 35. Aliquots were withdrawn at various time 

points and the reaction quenched by addition of PAGE loading buffer. The cleavage 

products were separated by denaturing PAGE and kobs were determined by plotting the 
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fraction cleaved as a function of time. Curves were then fitted according to pseudo-first 

order association kinetics. 

5.1.3 Growth curve analysis 

Growth curve analysis was performed as previously described.153 Growth of B. subtilis 

168 in the presence of fluoro-carba-α-D-glucosamine 69 was monitored. Bacterial cells 

were pre-cultured in 5 mL lysogeny-broth (LB) medium overnight at 37 °C and mixing at 

130 rpm. 5 mL chemically defined medium (CDM, modified after van de Rijn & Kessler290 

without glucose) were inoculated 1:100 with the pre-culture and incubated to an OD600 of 

~1. The culture was transferred to a prepared 96-well plate containing a dilution series of 

69. A Tecan plate reader Sunrise was used to monitor absorbance at 600 nm every 

180 s over ten hours under vigorous shaking for 3 s before each measurement. The 

tested concentration of 69 ranged from 4.7 to 1200 µM (Data is only shown for 4.7 to 

300 µM). 

5.1.4 ∆PTS-dependent growth curves 

The impact of fluoro-carba-α-D-glucosamine 69 on the growth of B. subtilis 168 PTS 

deletion strains was analyzed as previously described.141 B. subtilis 168 ∆ptsH::ermR, 

B. subtilis 168 ∆gamP::ermR and B. subtilis 168 ∆nagP::ermR were ordered at the B. 

subtilis genetic stock center (BGSC.org). 3 ml CD medium were inoculated with the 

different strains and incubated overnight at 37 °C. 20 µl of the preculture was diluted with 

100 µl CD medium and 80 µl of either 69 or CD medium, leading to a final OD600 of 0.1. 

The final concentration of fluoro-carba-α-D-glucosamine 69 was 300 µM which equals 

twice the minimal concentration that needed to inhibit B. subtilis growth in growth curve 

analysis completely. The OD600 was monitored every 45 s over 24 h and vigorous 

shaking for 3 s before each measurement. 

5.1.5 B. subtilis stress promotor induction 

The effect of fluoro-carba-α-D-glucosamine 69 on B. subtilis reporter strains (listed in 

Table 12) was analyzed as previously described.153,275 Pre-cultures of each B. subtilis 

strain were prepared in 10 ml LB medium with 5 µg/mL erythromycin at 37 °C overnight. 

The precultures were diluted to an OD600 of 0.05 in 5 ml CD medium and allowed to grow 

to an OD600 of ~0.2. The cultures were transferred to well plates containing a serial 

dilution of fluoro-carba-α-D-glucosamine 69, yielding a final OD600 of 0.01. After 

incubation at 37 °C for 3.5 h, a 2 mM luciferin solution in 0.1 M citrate buffer (pH 5) was 

injected, and luminescence was subsequently measured. 
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Table 12 List of stress-inducible B. subtilis strains investigated. 

Bacterial strain Stress-inducible promotor 

B. subtilis 1S34 None 

B. subtilis 1S34 pS 63 
helD, synonym yvgS (inhibition of RNA 
synthesis) 

B. subtilis 1S34 pS 72 
bmrC, synonym yheI (inhibition of protein 
synthesis) 

B. subtilis 1S34 pS 77 
yorB (inhibition of DNA synthesis or DNA 
damage) 

B. subtilis 1S34 pS 107 ypuA (cell envelope stress) 

5.2 Molecular Docking 

As a target structure for molecular docking studies, the crystal structure of the glmS 

ribozyme from T. tengcongensis (PDB 2Z74) was used. Before docking of artificial 

ligands to the RNA, the native ligand Glc6P was removed, and polar hydrogen atoms 

were added to the crystal structure using the WHAT IF program.291 The chemical 

structures of GlcN6P and carba-sugars discussed in this work were optimized using DFT 

calculation in the ORCA216 program package at the BP86/def2-TZVPP/J level of theory 

including the COSMO model with the dielectric constant and refractive index of water. 

For docking, the AutoDock Vina 1.1.2 program292 was used. The grid map for docking 

was set to a dimension of 30x30x20 Å (XYZ-dimensions) centered at x = 42.845 y = 

12.244 z = 13.958, which corresponds to the oxygen at C2 of Glc6P. The number of runs 

(exhaustiveness) was set to 100 and a maximal number of 50 modes were printed in the 

output. The docking poses of each artificial ligand were analyzed with the Pymol 

program, and the poses selected that show a close resemblance to Glc6P in the crystal 

structure. From these, the pose with the lowest binding energy was used for discussion. 

5.3 General Methods 

All reactions involving moisture or air sensitive compounds were carried out under an 

argon atmosphere with dry solvents and heat-dried glassware. Anhydrous 
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tetrahydrofuran (THF) and dimethylformamide (DMF) were purchased from Acros 

Organics and stored under argon. Toluene and Dichloromethane (ACS grade) 

purchased from Fisher Scientific were dried by allowing them to stand over 3 Å 

molecular sieves for at least two days under argon.293 

Yields refer to chromatographically (LC-MS) homogeneous material unless otherwise 

stated. All reagents were purchased from commercial suppliers and used without further 

purification. Reactions were monitored by LC-MS, or analytical thin-layer 

chromatography (TLC) carried out on silica gel 60 F254 coated aluminum sheets (Merck) 

using UV light for visualization. A solution of ammonium molybdate tetrahydrate (2.5 g), 

Ce(SO4)2•4H2O (1.0 g), H2SO4 (6 mL) in H2O (94 mL) and heat was used as the 

developing agent. Macherey-Nagel silica gel (60, particle size 0.040 – 0.063 mm) was 

used for manual flash column chromatography. Automated flash column chromatography 

was conducted on a puriFlash®430 system (Interchim) with puriFlash high-performance 

silica columns. 

High-resolution mass spectra (HRMS) were recorded on an Orbitrap XL mass 

spectrometer (Bruker) using ESI (electrospray ionization).  

General Procedure 1 (GP1): Heterogenous hydrogenolysis of benzyl ethers and 

removal of Z-protection group 

The benzylated pseudo-sugar was dissolved in 2 mL of Methanol (LC-MS grade), and 

10% Pd/C (25% w/w) is added. After addition of trifluoroacetic acid (10 equiv.), the 

reaction was placed in a laboratory autoclave and is stirred at room temperature under 

10 bar hydrogen pressure for 1 hour. Then another 10% Pd/C (25% w/w) was added, 

and the reaction stirred until HPLC-monitoring shows complete consumption of the 

starting material. The reaction was filtered through RC (regenerated cellulose) syringe 

filters (0.2 µm pore size), methanol was removed under reduced pressure and the 

resulting pseudo-sugar lyophilized. 

5.4 Analytics 

5.4.1 High-performance liquid chromatography (HPLC) and high-

performance liquid chromatography coupled mass spectrometry (LC-

MS) 

High-performance liquid chromatography was performed on either an analytical Agilent 

Infinity 1260 or on a preparative Agilent Infinity 1100 system. As eluent a gradient of A: 
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H2O + 0.1% formic acid and B: acetonitrile was used, unless otherwise noted. High-

performance liquid chromatography coupled mass spectra (LC-MS) were recorded on an 

Agilent Infinity 1100 HPLC system coupled to a Bruker HCT esquire ESI mass 

spectrometer. The stationary phase, gradient, and flow used to analyze the compounds 

synthesized in this work are mentioned in the respective experimental description. 

5.4.2 Mass spectrometry 

High-resolution mass spectra (HRMS) were recorded on an Orbitrap XL mass 

spectrometer (Bruker) using ESI (electrospray ionization). The calculated and 

experimental determined mass is given as m/z with an accuracy of four significant 

decimal places. 

5.4.3 NMR spectroscopy 

NMR spectra were recorded in CDCl3 or D2O on Bruker Avance III HD Cryo 700 MHz, 

Avance III 600 MHz, Avance I 500 MHz or Avance III 400 MHz instruments. Chemical 

shifts are given as given as δ in ppm. Residual undeuterated solvents (CDCl3: δH = 7.26 

ppm; δC = 77.1 ppm and D2O: δH = 4.79 ppm) were used as internal references. 

Assignments were based on 2D correlation spectroscopy (HH-COSY, HSQC, HMBC, 

NOESY, ROESY). In the case of signal-broadening due to high conformational flexibility, 

NMR spectra were acquired at -40 °C and the different conformations assigned 

individually. 

5.5 Synthesis and physical data of fluoro-carba-sugars 

 

2-Amino-N-benzyloxycarbonyl-2-deoxy-1-O-methyl-α-D-glycopyranoside (26) 

The methyl-N-benzyloxycarbonyl-glucopyranoside 26 was prepared according to a 

literature procedure from Sofia et al.181 
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2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-O-benzyl-2-deoxy-1-O-methyl-α-

D-Glycopyranoside (39) Trityl chloride (53.7 g, 0.193 mol) was presented in a 500 mL 

flask, and methyl glycoside 26181 (30.0 g, 0.0917 mol) in pyridine (300 mL) was added 

and stirred at room temperature for 40 h. The solution was diluted with CH2Cl2 (500 mL), 

washed with brine (3x200 mL) and dried (MgSO4). The solvents were removed under 

reduced pressure and the orange oil used in the next step without further purification. 

NaH (22.1 g, 0.552 mol, 60% in mineral oil) was added to anhydrous DMF (200 mL) and 

cooled to 0 °C in an ice bath. Benzyl bromide (65.6 mL, 0.552 mol) was added dropwise 

to the suspension. The crude product of tritylation was solved in anhydrous DMF 

(300 mL) and added dropwise to the suspension at 0 °C. The ice bath was removed, the 

suspension allowed to reach room temperature and stirred at room temperature for 17 h. 

Methanol (50 mL) and water (200 mL) were added successively to quench the reaction, 

and then the pH was adjusted to pH 7 with acidic acid. The suspension was diluted with 

ethyl acetate (250 mL), the organic layer separated and the aqueous layer extracted with 

ethyl acetate (2x250 mL). The organic layers were combined and dried (MgSO4). The 

solvents were removed under reduced pressure and the brown oil used in the next step 

without further purification. 

The benzylated crude product was solved in CH2Cl2 (500 mL) and cooled to 0 °C in an 

ice bath. Trifluoroacetic acid (60 mL) and triisopropylsilane (30 mL) were added 

successively at 0 °C. The ice bath was removed, and the solution stirred at room 

temperature for 1.5 h. The solvents were reduced at reduced pressure and the brown 

crude product purified by manual flash chromatography (5:1 to 1:1 petroleum ether/ethyl 

acetate) yielding the alcohol 39 (27.8 g, 51% over three steps) as a yellow oil. 

Rf
 = 0.45 (silica, petroleum ether/ethyl acetate 1:1), Seebach-reagent; 1H-NMR (400 

MHz, CDCl3, 25 °C): δ [ppm] = 7.35-7.01 (m, 20H, Ar-H), 5.21-5.05 (m, 2H, -N-C(O)-O-

CH2-Ph), 4.89-4.27 (m, 8H, 2xO-CH2-Ph, N-CH2-Ph, H-1, H-2), 4.09 (br, 1H, H-3), 3.82-

3.69 (m, 4H, H-4, H-5, H-6), 2.82 (s, 3H, CH3); 13C-NMR (100 MHz, CDCl3, 25 °C): δ 

[ppm] = 138.1-125.7 (CAr), 99.9 (C-1), 79.7 (C-4), 77.4 (C-3), 75.0, 74.0 (2xO-CH2-Ph), 

71.3 (C-5), 67.7 (-N-C(O)-O-CH2-Ph), 62.0 (C-6), 58.8 (br, C-2), 54.7 (CH3); RP-HPLC: tr 

= 15.1 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 20-100% MeCN in 20 min); MS (ESI): 

calcd for C36H39NO7Na [M+Na]+, 620.2622, found, 620.2622. 
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2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-deoxy-6-iodo-1-O-

methyl-α-D-glucopyranoside (40). The methyl glycoside 39 (2.64 g, 4.42 mmol) was 

solved in anhydrous toluene (20 mL), triphenylphosphine (0.83 g, 7.52 mmol) and 

imidazole (0.72 g, 10.61 mmol) were added. The mixture was heated to 60 °C and iodine 

(1.35 g, 5.30 mmol) was added. After heating to 80 °C the reaction was stirred at 80 °C 

for 6 h. The solvent was removed under reduced pressure and the residue purified via 

flash chromatography (petroleum ether/ethyl acetate 1:1) yielding the iodo-sugar 40 

(1.96 g, 63%) as colorless foam. 

Rf
 = 0.59 (petroleum ether/ethyl acetate 5:1), Seebach-reagent; 1H-NMR (400 MHz, 

CDCl3): δ [ppm] = 7.28-6.93 (m, 20H, Ar-H), 5.15-4.97 (m, 2H, -N-C(O)-O-CH2-Ph), 4.87-

4.64 (m, 7H, O-CH2-Ph, H-1, H-2, N-CH2-Ph), 4.25-4.14 (m, 1H, N-CH2-Ph), 4.00 (br, 1H, 

H-3), 3.52-3.20 (m, 4H, H-4, H-5, H-6ab), 2.77 (s, 3H, CH3); 
13C-NMR (125.7 MHz, 

CDCl3): δ [ppm] = 157.8 (C=O), 140.1-125.6 (CAr), 99.7 (C-1), 83.6 (C-4), 81.9 (C-4), 

76.8 (C-3), 75.3 (O-CH2-Ph), 74.1 (O-CH2-Ph), 70.0 (C-5), 67.7 (-N-C(O)-O-CH2-Ph), 

58.6 (br, C-2), 55.0 (CH3), 47.3 (br, N-CH2-Ph) 7.4 (C-6); RP-HPLC: tr = 11.3 min (EC 

125/4 Nucleodur C-18 Gravity, 3 μm, 0.4 mL/min, 80-100% MeCN in 10 min); HRMS: 

calcd for C36H38INO6Na [M+Na]+, 730.1636, found, 730.1631. 

 

2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-deoxy-1-O-methyl-

α-D-gluco-hex-5-enopyranoside (41). The iodo sugar 40 (1.00 g, 1.41 mmol) was 

solved in anhydrous DMF (10 mL) and added dropwise to a suspension of NaH (60% in 

mineral oil, 0.23 g, 5.64 mmol) in anhydrous DMF (10 mL) at 0 °C. The suspension was 

stirred at room temperature for 2 h. The reaction was cooled to 0 °C and methanol was 

added dropwise to quench residual NaH. The solution was concentrated under reduced 

pressure and the residue diluted with ethyl acetate (50 mL). Aqueous 1M HCl was 

carefully added until the aqueous reached a slightly acidic pH. The organic layer was 

separated and the pH of the aqueous phase adjusted to pH > 8. The aqueous phase was 

extracted with ethyl acetate (3x100 mL). The combined organic layers were washed with 
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aqueous sat. NaHCO3 (100 mL), aqueous sat. NaCl (100 mL) and dried (MgSO4). The 

solvent was removed under reduced pressure and the residue purified by automated 

flash chromatography (100% petroleum ether to 80:20 petroleum ether/ethyl acetate in 

30 min) yielding the alkene 41 (0.51 g, 62%) as a colorless oil. 

Rf
 = 0.50 (petroleum ether/ethyl acetate 5:1), Seebach-reagent; 1H-NMR (400 MHz, 

CDCl3): δ [ppm] = 7.41-6.99 (m, 20H, Ar-H), 5.22-5.07 (m, 2H, -N-C(O)-O-CH2-Ph), 4.89-

4.45 (m, 8H, O-CH2-Ph, H-1, H-2, H-6ab), 4.26-4.01 (m, 4H, N-CH2-Ph, H-3, H-4), 2.90 

(s, CH3); 
13C-NMR (125.7 MHz, CDCl3): δ [ppm] = 157.9 (C=O), 153.9 (C=CH2), 140.0-

125.7 (CAr), 100.5 (C-1), 97.1 (C-6), 81.9 (C-4), 76.0 (C-3), 74.4 (O-CH2-Ph), 74.1 (O-

CH2-Ph), 67.7 (-N-C(O)-O-CH2-Ph), 58.5 (br, C-2), 55.0 (CH3), 47.0 (N-CH2-Ph); RP-

HPLC: tr = 19.1 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 80-100% MeCN in 20 min); 

HRMS: calcd for C36H37NO6Na [M+Na]+, 602.2513; found, 602.2515. 

 

2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-deoxy-1-O-methyl-

5-methyl-α-D-gluco-hex-4-enopyranoside (43) To the iodo sugar 40 (0.99 g, 

1.43 mmol) solved in THF (200 mL) was added potassium tert-butoxide (0.48 g, 

4.24 mmol) as a solid at room temperature. The solution was stirred at room temperature 

for 5 h. The reaction was diluted with ethyl acetate (400 mL) and washed with aqueous 

1M HCl, aqueous sat. NaHCO3 (100 mL), aqueous sat. NaCl (100 mL) and dried 

(MgSO4). The solvent was removed under reduced pressure and the residue purified by 

automated flash chromatography (85:15 petroleum ether/ethyl acetate to 100% ethyl 

acetate in 8 min) yielding a mixture of enolether 43 and exo-methylene 41 (0.75 g, 91 %) 

as colorless oil. A product ratio between endo- and exo-product of 26:74 could be 

determined by NMR. 

Rf
 = 0.50 (petroleum ether/ethyl acetate 5:1), Seebach-reagent; Assignment of NMR for 

endocyclic product: 1H-NMR (400 MHz, CDCl3): δ [ppm] = 7.41-6.99 (m, 20H, Ar-H), 

5.23-5.07 (m, 2H, -N-C(O)-O-CH2-Ph), 4.90-4.45 (m, 6H, 2xO-CH2-Ph, H-1, H-2), 4.26-

4.01 (m, 4H, N-CH2-Ph, H-3, H-4), 3.17 (s, CH3), 1.72 (s, CH3); 
13C-NMR (125.7 MHz, 

CDCl3): δ [ppm] = 157.9 (C=O), 153.9 (C=CH2), 140.0-125.7 (CAr), 100.4 (C-1), 81.8 (C-

4), 76.0 (C-3), 74.4 (O-CH2-Ph), 74.1 (O-CH2-Ph), 67.7 (-N-C(O)-O-CH2-Ph), 58.5 (br, C-

2), 55.0 (CH3), 47.0 (N-CH2-Ph) 14.1 (CH3); 
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Benzyl benzyl((1R,2R,3S)-2,3-bis(benzyloxy)-6-hydroxy-4-oxocyclohexyl)-

carbamate. (42) The alkene 41 (14.7 g, 19.5 mmol) was solved in 2:1 dioxane/aqueous 

5 mM H2SO4 (225 mL), HgSO4 (0.174 g, 0.585 mmol) was added, and the resulting 

mixture was stirred at 80 °C for 3 h. Aqueous sat. NaCl (100 mL) and CH2Cl2, (400 mL) 

were added. The organic layer was separated, and the aqueous phase was extracted 

with CH2Cl2 (3x200 mL). The organic phases were combined, dried (MgSO4) and the 

solvent was removed under reduced pressure. The residue was purified via flash 

chromatography (2x40 g silica, 100% petroleum ether to 100% ethyl acetate in 60 min) 

yielding the cyclohexanone 42 as a mixture of isomers (9.55 g, 86%, 77:23 

axial/equatorial ratio) as a colorless foam. The isomers were not separated before the 

next step. 

Rf(axial) = 0.60, Rf(equatorial) = 0.50 (petroleum ether/ethyl acetate 1:1), Seebach-

reagent; Assignment for most abundant isomer with 1-OH in axial configuration: 1H-NMR 

(500 MHz, CDCl3): δ [ppm] = 7.45-7.21 (m, 20H, Ar-H), 5.18-5.14 (m, 2H, -N-C(O)-O-

CH2-Ph), 5.01-4.48 (m, 5H, O-CH2-Ph, H-2), 5.37-4.01 (m, 2H, N-CH2-Ph), 4.11 (br, 1H, 

H-1), 4.73 (m, 1H, H-3), ), 4.07 (s, 1H, H-4), 2.53 (dd, J = 14.3, 3.9 Hz, 1H, H-5aa), 2.29, 

(d, J = 11.7 Hz, 1H, H-5ab); 13C-NMR (125.7 MHz, CDCl3): δ [ppm] = 203.7 (C=O), 158.4 

(N-C=O), 138.3-127.5 (CAr), 88.2 (C-4), 77.2 (C-3), 75.6 (O-CH2-Ph), 73.7 (O-CH2-Ph), 

69.5 (C-1), 68.3 (-N-C(O)-O-CH2-Ph), 55.2 (br, C-2), 53.6, 53.2 (N-CH2-Ph), 46.4 (C-5a); 

RP-HPLC: tr(axial) = 16.7 min, tr(equatorial) = 16.0 min (ZORBAX SB-C18, 5 µm, 

0.4 mL/min, 80-100% MeCN in 20 min); HRMS: calcd for C35H35NO6Na [M+Na]+, 

588.2357; found, 588.2348. 

 

Benzyl benzyl((1R,2R,3S,6R)-2,3-bis(benzyloxy)-6-((tert-butyldimethylsilyl)-

oxy)-4-oxocyclohexyl)carbamate (38/38b) The isomeric mixture of cyclohexanone 42 

(2.00 g, 3.54 mmol) was presented in a heat-dried schlenk tube and solved in anhydrous 

CH2Cl2 (20 mL). The solution was cooled to 0 °C and 2,6-lutidine (0.9 mL, 8.13 mmol) 

and tert-butyldimethylsilyl trifluoromethanesulfonate (1.9 mL, 8.13 mmol) were added 

successively at 0 °C. The cooling was removed and the reaction was stirred at room 
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temperature for 1.5 h. The reaction mixture was diluted with CH2Cl2 (20 mL) and washed 

with 1N aqueous HCl (20 mL) and sat. aqueous NaCl (20 mL). The organic layer was 

dried (MgSO4) and the solvent removed under reduced pressure. The residue was 

purified via automated flash chromatography (100% petroleum ether to 73:27 petroleum 

ether/ethyl acetate in 54 min) yielding the protected α-cyclohexanone 38 (1.64 g, 68%) 

and the β-cyclohexanone 38b (0.49 g, 21%) as colorless oils. 

Rf38 = 0.45, Rf38b = 0.40 (petroleum ether/ethyl acetate 3:1), Seebach-reagent; 

assignment of 38: 1H-NMR (400 MHz, CDCl3, 25 °C): δ [ppm] = 7.40-6.98 (m, 20H, Ar-

H), 5.11 and 5.05 (d, J = 12.5 Hz, 2H, -N-C(O)-O-CH2-Ph), 4.93-3.68 (m, 12H, 3xO-CH2-

Ph, N-CH2-Ph, H-2, H-1, H-3, H-4), 2.70 (d, J = 13.5 Hz, 1H, H-5a, eq), 2.59 (dd, J = 

14.0, 4.0 Hz, 1H, H-5a,ax), 0.88 (s, 9H, Si-t-Bu), 0.11 (s, 3H, Si-CH3), (-0.11) (s, 3H, Si-

CH3); 
13C-NMR (100 MHz, CDCl3, 25 °C): δ [ppm] = 203.5 (C-5), 157.4 (C=O), 138.9-

126.1 (CAr), 88.1 (C-4), 77.0 (C-3), 73.6 (O-CH2-Ph), 73.2 (O-CH2-Ph), 70.4 (H-1), 67.4 

(O-CH2-Ph), 61.6 (C-2), 48.5 (N-CH2-Ph), 46.4 (C-5a), 25.8 (Si-t-Bu), -4.0, -5.1 (Si-CH3); 

assignment of 38b: 1H-NMR (400 MHz, CDCl3, 25 °C): δ [ppm] = 7.40-7.04 (m, 20H, Ar-

H), 5.20 and 5.07 (d, J = 12.3 Hz, 2H, -N-C(O)-O-CH2-Ph), 4.94-4.36 (m, 11H, 3xO-CH2-

Ph, N-CH2-Ph, H-2, H-1, H-3), 4.10 (d, J = 9.5 Hz, 1H, H-4), 2.75 (dd, J = 13.7, 5.0 Hz, 

1H, H-5a,eq), 2.51 (dd, J = 13.8, 10.8 Hz, 1H, H-5a,ax), 0.89 (s, 9H, Si-t-Bu), 0.9 (s, 3H, 

Si-CH3), (-0.03) (s, 3H, Si-CH3); 
13C-NMR (100 MHz, CDCl3, 25 °C): δ [ppm] = 203.5 (C-

5), 155.5 (C=O), 138.4-127.2 (CAr), 87.0 (C-4), 76.4 (C-3), 75.1 (O-CH2-Ph), 73.4 (O-

CH2-Ph), 70.0 (H-2), 67.1 (O-CH2-Ph), 66.2 (C-1), 56.0 (N-CH2-Ph), 48.2 (C-5a), 25.8 

(Si-t-Bu), -4.8, -4.9 (Si-CH3); RP-HPLC: tr38 = 4.8 min, tr38b = 5.9 min (ZORBAX SB-

C18, 5 µm, 0.4 mL/min, 80-100% MeCN in 20 min); HRMS: calcd for C41H49FNO6SiNa 

[M+Na]+, 702.3221; found, 702.3225. 

 

Benzyl benzyl((1R,2R,3S,5S,6R)-2,3-bis(benzyloxy)-6-((tert-

butyldimethylsilyl)oxy)-5-fluoro-4-oxocyclohexyl)carbamate (37) LDA-solution in 

anhydrous THF (0.2 M) was freshly prepared by addition of n-BuLi (1.01 mL, 1.62 mmol, 

1.6 M in hexane) to an ice-cold solution of (i-Pr)2NH (0.25 mL, 1.78 mmol) in anhydrous 

THF (6.8 mL), stirred for 30 min at 0 °C. The cyclohexanone 38 (1.00 g, 1.477 mmol) 

was solved in anhydrous THF (7 mL) under argon atmosphere, cooled to -74 °C and the 

LDA-solution added dropwise over 15 min. After stirring at -74 °C for 3.5 h, NFSI (0.51 g, 

1.62 mmol) solved in THF (6.5 mL) was added slowly. After 1.5 h water (3 mL) and 

CH2Cl2 were added to the cold solution and the aqueous acidified with sat. aqueous 
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NH4Cl. The organic layer was separated and the aqueous layer extracted with CH2Cl2 

(4x20 mL) and the combined organic phases dried (MgSO4) and the solvent removed 

under reduced pressure. The residue was purified via flash chromatography (98:2 to 

85:15 petroleum ether/ethyl acetate in 60 min) yielding the fluorocyclohexanone 37 

(476.52 mg, 46%) as colorless oil. 

Rf
 = 0.50 (petroleum ether/ethyl acetate 5:1), Seebach-reagent; 19F-NMR at -40°°C 

shows three distinct signals, indicating three conformers A, B, C in a ratio 1.00:3.49:1.52. 

Assignment for conformer A: 19F-NMR (470 MHz, CDCl3, -40 °C): δ [ppm] = -187.1. Most 

probably the least abundant conformer A is not observed/distinguishable in HMQC, thus 

no assignment could be made for 1H- or 13C-NMR. Assignment for conformer B: 1H-NMR 

(500 MHz, CDCl3, -40 °C): δ [ppm] = 7.43-6.95 (m, 20H, Ar-H), 5.40-5.04 (m, 2H, -N-

C(O)-O-CH2-Ph), 4.99 (d, J = 11.7 Hz, 1H, H-2), 4.87-4.31 (m, 4H, N-CH2-Ph), 4.73-4.70 

(m, 1H, H-4), 4.53 (dd, J = 50.9, 6.0 Hz, 1H, H-5a), 4.31-4.26 (m, 1H, H-1b), 4.05-3.98 

(m, 1H, H-3), 0.84 (s, 9H, Si-t-Bu), 0.09, -0.21 (s, 6H, Si-CH3), 
13C-NMR (126 MHz, 

CDCl3, -40 °C): δ [ppm] = 200.6 or 200.3 (d, J = 19.7 or 19.3 Hz, C=O), 157.5 (C=O 

(CBz)), 128.8-125.9 (CAr), 90.8 (d, J = 186 Hz, C-5a), 85.6 or 85.4 (C-4), 76.9 (C-3), 73.7 

(O-CH2-Ph), 73.1 (O-CH2-Ph), 71.7 (d, J = 23.9 Hz, C-1), 67.7 or 67.6 (-N-C(O)-O-CH2-

Ph), 56.8 or 56.6 (C-2), 48.9 (N-CH2-Ph), 25.7 (-Si-C-CH3), 18.0 (-Si-C-CH3), (-4.0)-(-5.6) 

(-Si-CH3-); 
19F-NMR (470 MHz, CDCl3, -40 °C): δ [ppm] = -187.9; Assignment for 

conformer C: 1H-NMR (500 MHz, CDCl3, -40 °C): δ [ppm] = 7.43-6.95 (m, 20H, Ar-H), 

5.40-5.04 (m, 2H, -N-C(O)-O-CH2-Ph), 5.14-5.10 (m, 1H, H-2), 4.87-4.31 (m, 4H, N-CH2-

Ph), 4.78-4.76 (m, 1H, H-4), 4.57 (dd, J = 49.4, 7.4 Hz, 1H, H-5a), 4.53-4.48 (m, 1H, H-

1), 4.05-3.98 (m, 1H, H-3), 0.87, (s, 9H, Si-t-Bu), 0.03, 0.17 (s, 3H, CH3); 
13C-NMR (126 

MHz, CDCl3, -40 °C): δ [ppm] = 200.6 or 200.3 (d, J = 19.7 or 19.4 Hz, C=O), 156.6 

(C=O (CBz)), 128.8-125.9 (CAr), 91.0 (d, J = 185 Hz, C-5a), 85.4 (C-4), 76.4 (C-3), 73.7 

(O-CH2-Ph), 73.1 (O-CH2-Ph), 70.8 (d, J = 38.4 Hz, C-1), 67.8 (-N-C(O)-O-CH2-Ph), 56.8 

or 56.6 (C-2), 48.0 (N-CH2-Ph), 25.7 (-Si-C-CH3), 17.9 (-Si-C-CH3), (-4.0)-(-5.6) (-Si-CH3-

); 19F-NMR (470 MHz, CDCl3, -40°C): δ [ppm] = -188.4; RP-HPLC: tr = 5.9 min (ZORBAX 

SB-C18, 5 µm, 0.4 mL/min, 80-100% MeCN in 20 min); HRMS: calcd for 

C41H48FNO6SiNa [M+Na]+, 720.3127; found, 720.3121. 

 

Benzyl benzyl((1R,2R,3R,5S)-2,3-bis(benzyloxy)-6-((tert-

butyldimethylsilyl)oxy)-5-fluoro-4-methylenecyclohexyl)carbamate (36) 

Cyclohexanone 37 (290.60 mg, 0.416 mmol) was presented in a heat-dried schlenk-
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tube, coevaporated two times with toluene and dried under vacuum for 19 h. The starting 

material was solved in anhydrous toluene (2 mL) and freshly prepared Cp2TiMe2
294 (0.25 

M, 6.7 mL, 1.66 mmol) was added under argon atmosphere. The reaction was heated in 

an oil-bath to 70 °C and stirred for 3 h, after which the solution was allowed to reach 

room temperature. Water (5 mL) and petroleum ether/ethyl acetate (5:1, 10 mL) were 

added and the mixture stirred at room temperature for 24 h, resulting in an orange 

suspension. After filtration through Celite® 545, the filter cake was washed with ethyl 

acetate and the filtrate was washed with sat. aqueous NaCl and dried (MgSO4). The 

solvents were removed under reduced pressure and the residue purified by automated 

flash chromatography (100% cyclohexane to 9:1 cyclohexane/ethyl acetate in 45 min) 

yielding olefin 36 (175.72 mg, 61%) as slightly yellow oil. 

Rf
 = 0.75 (petroleum ether/ethyl acetate 5:1), Seebach-reagent; The 19F-NMR at -40 °C 

shows four distinct signals, indicating four conformers A, B, C, D in a ratio of 

1.00:3.48:15.91:8.36. Only two sets of signals are observed in HMQC, most probably 

belonging to most abundant conformers C and D. Assignment for conformer A: 19F-NMR 

(471 MHz, CDCl3, -40 °C): δ [ppm] = -176.1; Assignment for conformer B: 19F-NMR (471 

MHz, CDCl3, -40 °C): δ [ppm] = -176.6; Assignment for conformer C: 1H-NMR (500 MHz, 

CDCl3, -40 °C): δ [ppm] = 7.45-6.92 (m, 20H, Ar-H), 5.56 (s, 1H, H-6a), 5.40-5.04 (m, 

2H, N-C(O)-O-CH2-Ph), 5.28 (s, 1H, H-6b), 4.91-3.39 (m, 2H, (C-3)-O-CH2-Ph), 4.87-

4.85 (m, 1H, H-2), 4.83 (dd, J = 48.6, 5.4 Hz, 1H, H-5a), 4.82-4.37 (m, 2H, N-CH2-Ph), 

4.64-4.55 (m, 2H, (C-4)-O-CH2-Ph), 4.45-4.38 (m, 1H, H-4), 3.80 (q, J = 8.8 Hz, 1H, H-

3), 0.86 or 0.84 (s, 9H, t-Bu), 0.09-(-0.22) (s, 3H, CH3); 
13C-NMR (160 MHz, CDCl3, -

40 °C): δ [ppm] = 157.3 or 156.6 (C=O), 139.3-125.9 (CAr), 116.9 (C-6), 92.5 (d, J = 

171 Hz, C-5a), 82.3 (C-4), 77.2 (C-3), 73.6 or 73.5 (O-CH2-Ph), 72.7 (O-CH2-Ph), 71.1 

(d, J = 29 Hz, C-1), 67.3 or 67.2 (N-C(O)-O-CH2-Ph), 57.5 (C-2), 49.1 or 48.3 (N-CH2-

Ph), 25.7 (-Si-C-CH3), 17.8-17.4 (-Si-C-CH3), (-3.8)-(-5.6) (-Si-CH3-); 
19F-NMR (471 MHz, 

CDCl3, -40 °C): δ [ppm] = -177.9; Assignment for conformer D: 1H-NMR (500 MHz, 

CDCl3, -40 °C): δ [ppm] = 7.45-6.92 (m, 20H, Ar-H), 5.56 (s, 1H, H-6a), 5.40-5.04 (m, 

2H, N-C(O)-O-CH2-Ph), 5.28 (s, 1H, H-6b), 4.91-3.39 (m, 2H, (C-3)-O-CH2-Ph), 4.82-

4.37 (m, 2H, N-CH2-Ph), 4.80 (dd, J = 46.9, 6.2 Hz, 1H, H-5a), 4.78-4.74 (s, 1H, H-2b), 

4.64-4.55 (m, 2H, (C-4)-O-CH2-Ph), 4.45-4.38 (m, 1H, H-4), 4.15 (q, J = 3.1 Hz, 1H, H-

1), 3.80 (q, J = 8.8 Hz, 1H, H-3), 0.86 or 0.84 (s, 9H, t-Bu), 0.09-(-0.22) (s, 3H, CH3); 
13C-

NMR (160 MHz, CDCl3, -40 °C): δ [ppm] = 157.3 or 156.6 (C=O), 139.3-125.9 (CAr), 

116.9 (C-6), 93.8 (d, J = 168 Hz, C-5a), 82.6 (C-4), 77.2 (C-3), 73.6 or 73.5 (O-CH2-Ph), 

72.7 (O-CH2-Ph), 72.0 (d, J = 29 Hz, C-1), 67.3 or 67.2 (N-C(O)-O-CH2-Ph), 57.6 (C-2), 

49.1 or 48.3 (N-CH2-Ph), 25.7 (-Si-C-CH3), 17.8-17.4 (-Si-C-CH3), (-3.8)-(-5.6) (-Si-CH3-); 
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19F-NMR (471 MHz, CDCl3, -40 °C): δ [ppm] = -178.7; RP-HPLC: tr = 8.9 min (ZORBAX 

SB-C18, 5 µm, 0.4 mL/min, 80-100% MeCN in 20 min); HRMS: calcd for 

C42H50FNO5SiNa [M+Na]+, 718.3334; found, 718.3328. 

 

(5aR)-2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-deoxy-5a-

fluoro-carba-idose (48) To the olefin 36 (481.36 mg, 0.692 mmol) solved in anhydrous 

THF (5 mL) was added a solution of 9-BBN in THF (8.3 mL, 4.150 mmol, 0.5 M) at room 

temperature. After stirring at room temperature for 2 h the temperature was increased to 

66 °C. No starting material could be detected via TLC after additional 3.5 h and the 

solution was cooled to 0 °C. 3N NaOH aqueous solution (2.8 mL, 8.400 mmol) and 

35%wt H2O2 solution (2.8 mL) were successively added at 0 °C. The solution was stirred 

for 2 h at room temperature before stopping the reaction with 0.5 N Na2S2O3 aqueous 

solution (10 mL) and diluting with CH2Cl2 (60 mL). The organic phase was separated and 

the aqueous phase extracted with CH2Cl2 (3x20 mL). The combined organic layers were 

washed with sat. aqueous NaCl, followed by drying with MgSO4. The solvent was 

removed under reduced pressure and the residue purified by automated flash 

chromatography (40 g silica, 95:5 to 75:25 petroleum ether/ethyl acetate in 90 min) 

yielding the protected fluoro-carba-β-L-idosamine 48 (249.05 mg, 50%) as a colorless 

foam. 

The 19F-NMR at -40 °C shows three distinct signals, indicating three conformers A, B, C 

in a ratio of 1.00:10.90:21.98. Assignment for conformer A: 1H-NMR (500 MHz, CDCl3, -

40 °C): δ [ppm] = 7.48-6.95 (m, 20H, Ar-H), 5.43-3.41 (m, N-C(O)-O-CH2-Ph), 5.07-4.49 

(m, 4H, O-CH2-Ph), 4.89-4.07 (m, 2H, N-CH2-Ph), 4.68-4.84 (m, 1H, H-2), 4.65-4.56 (m, 

1H, H-5a), 4.30- 3.67 (m, 2H, H6a and b), 4.18 (br, 1H, H-1); 4.17-4.15 (m, 2H, H-3 and 

H-4), 2.79 (br, 1H, H-5), 0.98-0.95 (m, 9H, t-Bu-Si), 0.13-(-0.20) (m, 6H, Me2-Si); 13C-

NMR (126 MHz, CDCl3, -40 °C): δ [ppm] 157.0 or 156.4 or 155.2 (C=O), 139.1-125.9 

(CAr), 91.6 or 91.5 or 91.3 (d, J = 174 or 175 Hz, C-5a), 82.4 or 82.0 (C-4), 74.1 or 73.7 

or 73.2 or 73.1 or 72.4 or 72.1 (O-CH2-Ph), 73.6 (C-3), 72.4 (d, J = 29 Hz, C-1), 67.4 or 

67.2 or 66.5 (N-C(O)-O-CH2-Ph), 61.1 or 60.8 or 60.7 (d, J = 11 Hz, C-6a and b), 57.8 

(C-2), 52.9 or 49.6 or 49.0 (N-CH2-Ph), 44.6 or 43.8 or 43.6 (d, J = 18 Hz, C-5), 26.0, 

25.8 (t-Bu-Si), -4.4, -4.7, -5.0, -5.4, -5.9, -6.0 (Me2-Si); 19F-NMR (470 MHz, CDCl3, -

40 °C): δ [ppm] = -179.98 (s, 1F); Assignment for conformer B: 1H-NMR (500 MHz, 

CDCl3, -40 °C): δ [ppm] = 7.48-6.95 (m, 20H, Ar-H), 5.49 (t, J = 10.3 Hz, 1H, H-3), 5.43-
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3.41 (m, N-C(O)-O-CH2-Ph), 5.07-4.49 (m, 4H, O-CH2-Ph), 4.89-4.07 (m, 2H, N-CH2-Ph), 

4.65-4.56 (m, 1H, H-5a), 4.30- 3.67 (m, 2H, H6a and b), 4.13 (m, 1H, H-1), 3.92 (dd, 1H, 

J = 9.6, 5.4 Hz, H-4), 3.22 (br, 1H, H-2), 2.79 (br, 1H, H-5), 0.98-0.95 (m, 9H, t-Bu-Si), 

0.13-(-0.20) (m, 6H, Me2-Si); 13C-NMR (126 MHz, CDCl3, -40 °C): δ [ppm] = 157.0 or 

156.4 or 155.2 (C=O), 139.1-125.9 (CAr), 91.6 or 91.5 or 91.3 (d, J = 174 or 175 Hz, C-

5a), 83.1 (C-4), 74.9 (C-3), 74.1 or 73.7 or 73.2 or 73.1 or 72.4 or 72.1 (O-CH2-Ph), 70.4 

(d, J = 28 Hz, C-1), 67.4 or 67.2 or 66.5 (N-C(O)-O-CH2-Ph), 63.6 (C-2), 61.1 or 60.8 or 

60.7 (d, J = 11 Hz, C-6), 52.9 or 49.6 or 49.0 (N-CH2-Ph), 44.6 or 43.8 or 43.6 (d, J = 18 

Hz, C-5), 26.0, 25.8 (t-Bu-Si), -4.4, -4.7, -5.0, -5.4, -5.9, -6.0 (Me2-Si); 19F-NMR (470 

MHz, CDCl3, -40 °C): δ [ppm] = -180.93 (s, 1F); Assignment for conformer C: 1H-NMR 

(500 MHz, CDCl3, -40 °C): δ [ppm] = 7.48-6.95 (m, 20H, Ar-H), 5.43-3.41 (m, N-C(O)-O-

CH2-Ph), 5.07-4.49 (m, 4H, O-CH2-Ph), 4.89-4.07 (m, 2H, N-CH2-Ph), 4.80-4.76 (m, 1H, 

H-2), 4.70-4.62 (m, 1H, H-5a), 4.40 (br, 1H, H-1), 4.30-3.67 (m, 2H, H6a and b), 4.17-

4.15 (m, 2H, H-3 and H-4), 2.79 (br, 1H, H-5), 0.98 or 0.97 or 0.95 (m, 9H, t-Bu-Si), 0.13-

(-0.20) (m, 6H, Me2-Si); 13C-NMR (126 MHz, CDCl3, -40 °C): δ [ppm] = 157.0 or 156.4 or 

155.2 (C=O), 139.1-125.9 (CAr), 91.6 or 91.5 or 91.3 (d, J = 174 or 175 Hz, C-5a), 82.4 or 

82.0 (C-4), 74.1 or 73.7 or 73.2 or 73.1 or 72.4 or 72.1 (O-CH2-Ph), 73.6 (C-3), 71.0 (d, J 

= 28 Hz, C-1), 67.4 or 67.2 or 66.5 (N-C(O)-O-CH2-Ph), 61.1 or 60.8 or 60.7 (d, J = 11 

Hz, C-6a and b), 58.1 (C-2), 52.9 or 49.6 or 49.0 (N-CH2-Ph), 44.6 or 43.8 or 43.6 (d, J = 

18 Hz, C-5), 26.0, 25.8 (t-Bu-Si), -4.4, -4.7, -5.0, -5.4, -5.9, -6.0 (Me2-Si); 19F-NMR (470 

MHz, CDCl3, -40 °C): δ [ppm] = -182.03 (s, 1F); RP-HPLC: tr = 14.2 min (ZORBAX SB-

C18, 5 µm, 0.4 mL/min, 60-80 % MeCN in 20 min); HRMS: calcd for C42H53FNO6Si 

[M+H]+, 714.3621 found, 714.3617. 

 

Benzyl benzyl((1R,2R,3R,4R,5R,6R)-2,3-bis(benzyloxy)-6-((tert-

butyldimethylsilyl)oxy)-5-fluoro-4-formylcyclohexyl)carbamate (49) To 2-

iodoxybenzoic acid (297 mg, 0.466 mmol) solved in anhydrous DMSO (1 mL) was added 

a solution of the protected fluoro-carba-β-L-idosamine 48 (95.0 mg, 0.133 mmol) in 

anhydrous DMSO (0.5 mL) at room temperature. The solution was stirred at room 

temperature for 14 h, as reaction monitoring via LC-MS showed complete consumption 

of starting material. Water (5 mL) was added and the pH adjusted to pH 7 to 9 with sat 

aqueous NaHCO3. Then 0.5M solution of Na2SO3 was added (5 mL) and the solution 

extracted wit CH2Cl2 (4y20 mL). The combined organic layers where dried (MgSO4) and 
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the solvents removed under reduced pressure. The residue was used in the next step 

without further purification. 

RP-HPLC: tr = 7.0 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 80-100 % MeCN in 

20 min); ESI-MS: calcd for C42H50FNO6Si [M+H]+, 712.35 found, 712.34. 

 

Benzyl benzyl((3S,4S,5R,6R,7R,8S)-4,5-bis(benzyloxy)-7-((tert-

butyldimethylsilyl)oxy)-8-fluoro-1-oxaspiro[2.5]octan-6-yl)carbamate (34) The olefin 

36 (281.68 mg, 0.4047 mmol) was solved in CH2Cl2 (10 mL). The solution was cooled to 

0 °C and mCPBA (1.2 g, 5.26 mmol, 77%) solved in CH2Cl2 (6 mL) was added. The 

cloudy suspension was stirred at room temperature for 6 days. HPLC shows ~50% 

conversion, another portion of mCPBA (90 mg, 0.40 mmol, 77%) was added. After 10 

days again mCPBA (90 mg, 0.40 mmol) is added and the reaction stirred at room 

temperature for additional 4 days after which HPLC-monitoring shows almost complete 

conversion. Sat. aqueous Na2SO3 (10 mL) was added and the suspension through an 

RC-syringe filter (0.2 µm) and the filtrate diluted with CH2Cl2 (60 mL). The organic layer 

is washed with sat. aqueous Na2SO3 (3x30 mL), sat. aqueous NHCO3 and sat. aqueous 

NaCl, followed by drying with MgSO4. The solvent was removed under reduced pressure 

and the residue purified by automated flash chromatography (40 g silica, 100% 

petroleum ether to 90:10 petroleum ether/ethyl acetate in 30 min). Fractions containing 

product were combined and freeze-dried, yielding the epoxide 34 (170.93 mg, 59%) as 

colorless solid. 

The 19F-NMR at -40 °C shows three distinct signals, indicating three conformers A, B, C 

in a ratio of 1.00:2.37:1.26. Conformers A and C could not be distinguished in HSQC due 

to similar intensity. Assignment for conformer A or C: 1H-NMR (500 MHz, CDCl3, -40 °C): 

δ [ppm] = 7.44-6.89 (m, 20H, Ar-H), 5.39-4.94 (m, 2H, N-C(O)-O-CH2-Ph), 4.97-4.42 (m, 

2H, O-CH2-Ph), 4.82-3.39 (m, 2H, O-CH2-Ph), 4.79-4.38 (m, 2H, N-CH2-Ph), 4.75 (s, 1H, 

H-2), 4.24 (d, J = 8.5 Hz, 1H, H-4), 4.16 (br, 1H, H-1), 4.16 (d, J = 46.9 Hz, 1H, H-5a), 

3.90 (q, J = 10.9 Hz, 1H, H-3), 3.38 (br, 1H, H-6a), 2.69 (br, 1H, H-6b), 0.87 (s, 9H, t-Bu), 

0.06-(-0.28) (s, 3H, CH3); 
13C-NMR (176 MHz, CDCl3, -20 °C): δ [ppm] = 157.2 or 156.5 

(C=O), 138.6-125.9 (CAr), 94.2 (d, J = 178 Hz, C-5a), 78.3 (C-4), 75.8 (O-CH2-Ph), 75.3 

(C-3), 72.7 or 72.5 (O-CH2-Ph), 71.5 (d, J = 26.4 Hz, H-1), 67.3 (N-C(O)-O-CH2-Ph), 57.1 

(C-2), 49.1 (N-CH2-Ph), 48.4 or 48.2 (C-6), 25.9 (-Si-t-Bu), 17.7 (Si-C-), 1.3-(-6.3) (-Si-

CH3-); 
19F-NMR (470 MHz, CDCl3, -40 °C, 1H-coupled): δ [ppm] = -190.47 (d, J = 49.9 
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Hz) or -191.92 (d, J = 48.6 Hz); Assignment for conformer B: 1H-NMR (500 MHz, CDCl3, 

-40 °C): δ [ppm] = 7.44-6.89 (m, 20H, Ar-H), 5.39-4.94 (m, 2H, N-C(O)-O-CH2-Ph), 4.97-

4.42 (m, 2H, O-CH2-Ph), 4.82-3.39 (m, 2H, O-CH2-Ph), 4.70-4.38 (m, 2H, N-CH2-Ph), 

4.85 (br, 1H, H-2), 4.40 (br, 1H, H-1), 4.28 (d, J = 8.8 Hz, 1H, H-4), 4.16 (d, J = 46.9 Hz, 

1H, H-5a), 3.90 (q, J = 10.9 Hz, 1H, H-3), 3.38 (br, 1H, H-6a), 2.69 (br, 1H, H-6b), 0.87 

(s, 9H, t-Bu), 0.06-(-0.28) (s, 3H, CH3); 
13C-NMR (176 MHz, CDCl3, -20 °C): δ [ppm] = 

157.2 or 156.5 (C=O), 138.6-125.9 (CAr), 94.2 (d, J = 178 Hz, C-5a), 78.1 (C-4), 75.3 (C-

3), 72.7 or 72.5 (O-CH2-Ph), 70.4 (d, J = 26.1 Hz, H-1), 67.4 (N-C(O)-O-CH2-Ph), 57.1 

(C-2), 48.4 or 48.2 (C-6), 48.4 or 48.2 (N-CH2-Ph), 25.9 (-Si-t-Bu), 17.7 (Si-C-), 1.3-(-6.3) 

(-Si-CH3-); 
19F-NMR (470 MHz, CDCl3, -40 °C, 1H-coupled): δ [ppm] = -191.47 (d, J = 

48.2 Hz); Assignment for conformer A or C: 1H-NMR (500 MHz, CDCl3, -40 °C): δ [ppm] 

= 7.44-6.89 (m, 20H, Ar-H), 5.39-4.94 (m, 2H, N-C(O)-O-CH2-Ph), 5.26 (br, 1H, H-3), 

4.97-4.42 (m, 2H, O-CH2-Ph), 4.82-3.39 (m, 2H, O-CH2-Ph), 4.85-4.08 (m, 2H, N-CH2-

Ph), 4.16 (d, J = 46.9 Hz, 1H, H-5a), 4.12 (br, 1H, H-1), 4.03 (J = 9.5 Hz, 1H, H-4), 3.34 

(br, 1H, H-2), 3.38 (br, 1H, H-6a), 2.69 (br, 1H, H-6b), 0.87 (s, 9H, t-Bu), 0.06-(-0.28) (s, 

3H, CH3); 
13C-NMR (176 MHz, CDCl3, -20 °C): δ [ppm] = 157.2 or 156.5 (C=O), 138.6-

125.9 (CAr), 94.2 (d, J = 178 Hz, C-5a), 78.6 (C-4), 75.8 (O-CH2-Ph), 72.7 or 72.5 (O-

CH2-Ph), 69.4 (d, J = 25.2 Hz), 66.5 (N-C(O)-O-CH2-Ph), 63.0 (C-2), 52.9 (N-CH2-Ph), 

48.4 or 48.2 (C-6), 25.9 (-Si-t-Bu), 17.7 (Si-C-), 1.3-(-6.3) (-Si-CH3-); 
19F-NMR (470 MHz, 

CDCl3, -40 °C, 1H-coupled): δ [ppm] = -190.47 (d, J = 49.9 Hz) or -191.92 (d, J = 48.6 

Hz); RP-HPLC: tr = 8.2 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 80-100% MeCN in 

20 min); HRMS: calcd for C42H50FNO6SiH [M+H]+, 712.3464; found, 712.3450. 

*assignment through HSQC 

 

Benzyl benzyl((1R,2R,3R,6R)-2,3-bis(benzyloxy)-6-((tert-

butyldimethylsilyl)oxy)-4-methylenecyclohexyl)carbamate (47) Cyclohexanone 

38bFehler! Verweisquelle konnte nicht gefunden werden. (1.05 g, 1.54 mmol) was 

presented in a heat-dried schlenk-tube and was coevaporated two times with toluene. 

The starting material was solved in anhydrous toluene (16 mL) and freshly prepared 

Cp2TiMe2 (0.3 M, 10 mL, 3.09 mmol) was added under argon atmosphere. The reaction 

was heated in an oil-bath to 65 °C and stirred for 6 h, after which again Cp2TiMe2 (0.3 M, 

2.6 mL, 0.77 mmol) was added under argon atmosphere. The solution was stirred for 

another 15 h at 65 °C after which the solution was allowed to reach room temperature. 

Water (20 mL) and petroleum ether/ethyl acetate (5:1, 20 mL) were added and the 
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mixture stirred at room temperature for 1 h, resulting in an orange suspension. After 

filtration through celite® 545, the filter cake was washed with ethyl acetate and the filtrate 

was washed with sat. aqueous NaCl and dried (MgSO4). The solvents were removed 

under reduced pressure and the residue purified by automated flash chromatography 

(100% petroleum ether to 9:1 petroleum ether/ethyl acetate in 45 min) yielding olefin 47 

(428 mg, 41%) as slightly yellow oil. 

Rf
 = 0.64 (petroleum ether/ethyl acetate 5:1), Seebach-reagent; major conformer A: 1H-

NMR (600 MHz, CDCl3): δ [ppm] = 7.43-7.01 (m, 20H, Ar-H), 5.27-4.99 (m, 2H, N-C(O)-

O-CH2-Ph), 5.20 (s, 1H, H-6), 4.84-4.27 (m, 2H, N-CH2-Ph), 4.80-4.32 (m, 4H, 2x-O-CH2-

Ph), 4.33 (s, 1H, H-3), 4.04 (s, 1H, H-1), 3.81 (m, 1H, H-4), 3.19 (t, J = 9.9 Hz, 1H, H-2), 

2.64-1.97 (m, 2H, H-5a), 0.89 (s, 9H, t-Bu-O-Si), 0.10 (s, 3H, CH3-O-Si); minor 

conformer B: 1H-NMR (600 MHz, CDCl3): δ [ppm] = 7.43-7.01 (m, 20H, Ar-H), 5.27-4.99 

(m, 2H, N-C(O)-O-CH2-Ph), 4.96 (s, 1H, H-6), 4.84-4.27 (m, 2H, N-CH2-Ph), 4.80-4.32 

(m, 4H, 2x-O-CH2-Ph), 4.33 (s, 1H, H-1), 4.33 (s, 1H, H-3), 3.81 (m, 1H, H-4), 3.09 (t, J = 

8.2 Hz, 1H, H-2), 2.64-1.97 (m, 2H, H-5a), 0.89 (s, 9H, t-Bu-O-Si), 0.10 (s, 3H, CH3-O-

Si); RP-HPLC: tr = 3.78 min (Kinetex-C18, 2.6 µm, 0.8 mL/min, 80-100 % MeCN in 

20 min); HRMS: calcd for C42H51NO5SiNa [M+Na]+, 700.3429; found, 700.3414. 

 

 

Benzyl benzyl((4S,5R,6R,7R)-4,5-bis(benzyloxy)-7-((tert-

butyldimethylsilyl)oxy)-1-oxaspiro[2.5]octan-6-yl)carbamate (51/52) The olefin 47 

(300.0 mg, 0.444 mmol) was solved in CH2Cl2 (3 mL). The solution was cooled to 0 °C 

and mCPBA (230 mg, 1.021 mmol, 77%) solved in CH2Cl2 (2 mL) was added. The 

cloudy suspension was stirred at room temperature for 4 days, and another portion of 

mCPBA (100 mg, 0.44 mmol, 77%) was added. After another 1.5h again mCPBA 

(100 mg, 0.40 mmol) is added and the reaction stirred at room temperature for additional 

1h. A 10% aqueous solution of Na2SO3 (5 mL) was added and the organic layer 

separated. The organic layer is washed with 10% aqueous solution of Na2SO3 

(2x100 mL), sat. aqueous NHCO3 and sat. aqueous NaCl, followed by drying with 

MgSO4. The solvent was removed under reduced pressure and the residue purified by 

automated flash chromatography (12 g silica, 98% petroleum ether to 88:12 petroleum 

ether/ethyl acetate in 45 min). Fractions containing product were combined and the 
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solvent removed under reduced pressure, yielding the 5S-epoxide 51 (53.2 mg, 17%) 

and 5R-epoxide 52 (153.3 mg, 50%) as colorless solids. 

Rf
 = 0.33 (5R-epoxide) and 0.50 (5S-epoxide) (petroleum ether/ethyl acetate 5:1), 

Seebach-reagent; 5S-epoxide: 1H-NMR (600 MHz, CDCl3, 25 °C): δ [ppm] = 7.43-6.96 

(m, 15H, Ar-H), 5.18 and 5.00 (d, J = 12.3 Hz, 2H, O-CH2-Ph), 4.74-4.30 (8H, N-CH2-Ph, 

2xO-CH2-Ph, H-1, H-3), 3.64 (d, J = 9.2 Hz, 1H, H-4), 3.20 (d, J = 5.0 Hz, 1H, H-6a), 

3.07 (t, J = 10.0 Hz, 1H, H-2), 2.54 (d, J = 5.4 Hz, 1H, H-6b), 2.00 (t, J = 11.9 Hz, 1H, 

H5aa), 1.62 – 1.56 (m, 1H, H-5ab), 0.86 (s, 9H, t-Bu), 0.08, 0.03. -0.07, -0.13 (s, 3H, 

CH3); 
13C-NMR (151 MHz, CDCl3, 25 °C): δ [ppm] = 155.5 (C=O), 138.9-127.1 (CAr), 81.4 

(C-4), 78.0 (C-3), 75.2 (O-CH2-Ph), 71.1 (C-2), 66.9 (C-1, O-CH2-Ph), 57.1 (N-CH2-Ph), 

49.7 (C-6), 40.5, 40.3 (C-5a), 25.9 (-Si-C-(CH3)3), 18.0 (-Si-C-(CH3)3), -4.6 (-Si-CH3-); 

5R-epoxide: 1H-NMR (600 MHz, CDCl3, 25 °C): δ [ppm] = 7.53-6.97 (m, 15H, Ar-H), 

5.31-5.03 (m, 2H, O-CH2-Ph), 4.93-4.28 (8H, N-CH2-Ph, 2xO-CH2-Ph, H-1, H-3), 3.69-

3.52 (m, 1H, H-4), 3.15 (t, J = 10.4 Hz, 1H), 2.92 (m, 1H, H-6a), 2.52 (br, 1H, H-6b), 

1.86-1.48 (m, 2H, H5a), 0.86 (s, 9H, t-Bu), 0.06, 0.02. -0.15, -0.21 (s, 3H, CH3); 
13C-NMR 

(151 MHz, CDCl3, 25 °C): δ [ppm] = 156.6 (C=O), 138.9-127.0 (CAr), 79.9, 79.8, 79.6 (C-

4 and C-3), 75.1, 75.0 (O-CH2-Ph), 69.8 (C-2), 68.4 (C-1), 67.4 (O-CH2-Ph), 57.6, 56.5 

(N-CH2-Ph), 48.7, 48.5 (C-6), 40.1 (C-5a), 25.9 (-Si-C-(CH3)3), 17.9 (-Si-C-(CH3)3), -4.6 (-

Si-CH3-); RP-HPLC: tr = 8.1 min (5S-epoxide) and 6.9 min (5R-epoxide) (ZORBAX SB-

C18, 5 µm, 0.4 mL/min, 80-100 % MeCN in 30 min); HRMS: calcd for C42H51NO6SiNa 

[M+Na]+, 716.3378, found, 716.3366 (5S-epoxide) and 716.3369 (5R-epoxide). 

 

(5aR)-2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-deoxy-5a-

fluoro-1-O-tert-butyldimethylsilyl-carba-glucose (53) The epoxide 34 (47.17 mg, 

0.0663 mmol) was transferred to a heat-dried schlenk-tube with toluene. The toluene 

was removed under reduced pressure and the starting material dried under vacuum 

(~10-2 mbar) for 17 h. Manganese powder (5.46 mg, 0.0994 mmol) together with 2,4,6-

collidine hydrochloride (15.67 mg, 0.0994 mmol) were presented in a heat-dried schlenk-

tube and heated under oil-pump vacuum until slight sublimation of collidine was 

observed. The reagents were cooled to room temperature and Cp2TiCl2 (4.95 mg, 

0.0199 mmol) was added under argon atmosphere. Anhydrous and degassed THF (0.4 

mL) was added and the suspension stirred 30 min until color change to green was 

completed after which 1,4-cyclohexadiene (28 µL) was added. The epoxide was solved 
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in degassed, anhydrous THF (0.3 mL) and slowly added to the green suspension, upon 

that a slight color change to light green-yellow could be observed. The reaction was 

heated to 50 °C in an oil bath and stirred under argon atmosphere for 1 h. The reaction 

temperature was increased to 55 °C and the reaction stirred for another 30 min. The 

reaction temperature was increased to 60 °C and the reaction stirred for 1.5 h, when 

HPLC-monitoring showed 90% consumption of the epoxide. The reaction was cooled to 

room temperature and 1M HCl (1 mL) was added slowly. The reaction was diluted with 5 

mL ethyl acetate, the organic layer was separated and the aqueous phase extracted with 

ethyl acetate (3x10 mL) and CH2Cl2 (2x10 mL). The aqueous phase was basified with 

sat. aqueous NaHCO3 and extracted with CH2Cl2 (2x10 mL). The combined organic 

phases were washed with sat. aqueous NaHCO3 and, sat. aqueous NaCl and 

subsequently dried with MgSO4. The solvent was removed under reduced pressure and 

the residue purified via RP-HPLC (Gemini® C18, 110 Å, 5 µm, 50x30 mm, 80-100% 

MeCN in 10 min). Fractions containing product were combined and freeze-dried yielding 

the alcohole 53 (15.41 mg, 33%) as a white solid. 

The 19F-NMR shows two broad signals, indicating conformers that interchange quickly at 

room temperature, thus the conformers were not distinguishable for 1H and 13C-NMR 

assignment. 1H-NMR (700 MHz, CDCl3): δ [ppm] = 7.42–7.00 (m, 20H, Ar-H), 5.36-4.99 

(m, 2H, N-C(O)-O-CH2-Ph), 4.91-4.51 (m, 8H, 2xO-CH2-Ph, N-CH2-Ph, H2, H5a), 4.21 

(br, 1H, H-1,conformer A), 3.99-3.83 (m, 5H, H-1, conformer B, H-6, H-3, H-4), 2.31-2.23 

(m, 1H, H-5), 0.88 (s, 9H, t-Bu), 0.04 (s, 3H, CH3); 
13C-NMR (176 MHz, CDCl3): δ [ppm] 

= 156.9 (C=O), 138.7-126.7 (CAr), 91.8 (d, J = 171 Hz, C-5a), 81.1 (C-4), 77.5 (C-3), 75.5 

(O-CH2-Ph), 72.7 and 72.2 (br, C-1), 67.2 (N-C(O)-O-CH2-Ph), 61.6 (C-6), 57.0 (C-2), 

49.2 (N-CH2-Ph), 43.3 (d, J = 18 Hz, C-5), 26.0 (-Si-t-Bu), -5.0 (-Si-CH3-); 19F-NMR (470 

MHz, CDCl3): δ [ppm] = -196.3 (br), -197.0; RP-HPLC: tr =4.1 min (ZORBAX SB-C18, 

5 µm, 0.4 mL/min, 80-100% MeCN in 20 min); HRMS: calcd for C42H52FNO6SiNa 

[M+Na]+, 736.3440; found, 736.3421. 

 

Benzyl benzyl((1R,2S,5R,6R)-5,6-bis(benzyloxy)-2-((tert-

butyldimethylsilyl)oxy)-4-(hydroxy methylene)cyclohex-3-en-1-yl)carbamate (58) 

Assignment for the most dominant conformer: 1H-NMR (600 MHz, CDCl3): δ [ppm] = 

7.42–7.08 (m, 20H, Ar-H), 5.83 (d, J = 4.7 Hz, 1H, H-5a) 5.15-4.41 (m, 11H, N-C(O)-O-

CH2-Ph, 2xO-CH2-Ph, N-CH2-Ph, H-1, H-2, H-3), 4.30 (br, 1H, H-4), 4.15-4.07 (m, 2H, H-
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6), 0.98 (s, 9H, t-Bu), -0.07 (s, 3H, CH3); 
13C-NMR (151 MHz, CDCl3): δ [ppm] = 159.0 

(C=O), 140.1 (C-5), 138.6-127.4 (CAr), 83.0 (C-4), 76.3 (C-3), 74.2, 73.7 (O-CH2-Ph), 

68.8 (C-1), 68.1 (N-C(O)-O-CH2-Ph), 63.7 (C-6), 25.5 (-Si-t-Bu), 18.1 (-Si-C-(CH3)3) 1.17 

(-Si-CH3-); RP-HPLC: tr =4.6 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 80-100 % MeCN 

in 20 min); HRMS: calcd for C42H51NO6SiNa [M+Na]+, 716.3378; found, 716.3367. 

 

Dibenzyl (5aR)-2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-

deoxy-5a-fluoro-carba-idose-6-phosphate (62) To the silylated fluoro-carba-sugar 

precursor 48 (18.01 mg, 0.0252 mmol) solved in DMF (150 µL) was added a solution of 

TAS-F (30 µL, 0.0303 mmol, 1N in DMF). The reaction was stirred for 1.5 h at 23 °C. The 

reaction was diluted with 1 mL acetonitrile/water (50:50) and the solution loaded directly 

onto a C18-HPLC column (Gemini® C18, 110 Å, 5 µm, 50x30 mm), utilizing a gradient of 

40-80% MeCN (A: 0.1% formic acid in H2O) in 10 min. Fractions containing the product 

were combined and freeze-dried yielding the benzylated pseudo-sugar precursor 62 

(15.07 mg, 99%) as colorless foam. 

1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.33-7.18 (m, 20H, Ar-H), 5.17 (q, J = 12.1 

Hz, 2H, N-C(O)-O-CH2-Ph), 5.06 and 4.09 (d, J = 15.3 Hz, 2H, , N-CH2-Ph), 4.86 and 

4.44 (d, J = 10.8 Hz, 2H, O-CH2-Ph), 4.77-4.66 (m, 3H, H-3, O-CH2-Ph), 4.57 (dd, J = 

2.5, 2.8 Hz, 1H, H-5a), 3.99 (dd, J = 12.1, 6.7 Hz, 1H, H-6a), 3.92 (br, 1H, H-1), 3.89 (dd, 

J = 9.4, 6.3 Hz, 1H, H-4), 3.84 (dd, J = 12.2, 5.4 Hz, 1H, H-6b), 3.37 (d, J = 10.9 Hz, 1H, 

H-2), 2.71 (ddd, J = 12.1, 5.9 Hz, 1H, H-5); 13C-NMR (176 MHz, CDCl3): δ [ppm] = 159.4 

(C=O), 138.6-127.8 (CAr), 91.3 (d, J = 171.7 Hz, C-5a), 82.5 (C-4), 75.6 (O-CH2-Ph), 75.3 

(C-3), 73.8 (O-CH2-Ph), 72.8 (d, J = 28.4 Hz, C-1), 68.5 (N-C(O)-O-CH2-Ph), 63.7 (C-2), 

60.8 (d, J = 12.1 Hz, C-6), 56.2 (N-CH2-Ph), 44.7 (d, J = 17.8 Hz, C-5); 19F-NMR (282 

MHz, CDCl3): δ [ppm] = -185.40; RP-HPLC: tr = 14.3 min (ZORBAX SB-C18, 5 µm, 

0.4 mL/min, 20-100% MeCN in 20 min); HRMS: calcd for C36H38FNO6Na [M+Na]+, 

622.2575; found, 622.2579. 

 

(5aR)-2-Amino-2-deoxy-5a-fluoro-carba-idose acetate (63) Perbenzylated 

fluoro-carba compound 62 (22.65 mg, 0.0378 mmol) was deprotected according to GP1, 

with the difference that only one portion of 10% Pd/C (100% w/w) was added. The 
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reaction was finished after 7 h. The lyophilized pseudo-sugar was purified via HILIC 

(NUCLEODUR® HILIC 5 µm, 150x4.6 mm, 98-90% MeCN in 20 min, A: 20 mM NH4OAc 

in water pH 5.4). Due to missing UV-absorption of the product the fractions collected in 

time slices were analyzed via LC-MS (0-100% MeCN in 2 min). Fractions containing the 

target-mass were combined and freeze-dried yielding the pseudo-sugar 63 (3.26 mg, 

34%) as the acetate salt. 

1H-NMR (700 MHz, CDCl3): δ [ppm] = 4.90 (dt, J = 47.4, 7.2 Hz, 1H, H-5a), 4.33 (ddd, J 

= 11.1, 6.9, 4.5 Hz, 1H, H-1), 4.13 (dt, J = 6.2, 2.8 Hz, 1H, H-4), 4.09 (t, J = 5.9 Hz, 1H, 

H-3), 3.95 (ddd, J = 11.4, 6.0 Hz, 2H, H-6), 3.58 (brt, J = 6.0 Hz, 1H, H-2), 2.48 (dp, J = 

11.8, 6.4 Hz, 1H, H-5); 13C-NMR (176 MHz, CDCl3): δ [ppm] = 91.0 (d, J = 171.9 Hz, C-

5a), 70.7 (d, J = 5.8 Hz, C-4), 68.1 (C-3), 67.4 (d, J = 23.9 Hz, C-1), 58.28 (d, J = 6.6 Hz, 

C-6), 54.86 (d, J = 5.3 Hz, C-2), 43.41 (d, J = 17.2 Hz, C-5); 19F-NMR (282 MHz, CDCl3): 

δ [ppm] = -125.18; HRMS: calcd for C7H15FNO4Na [M+H]+, 196.0980; found,196.0977. 

 

Dibenzyl (5aR)-2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-

deoxy-5a-fluoro-1-O-tert-butyldimethylsilyl-carba-idose-6-phosphate (66) The 

unphosphorylated fluoro-carba-sugar precursor 48 (24.63 mg, 0.0345 mmol) was 

transferred to a heat-dried schlenk-tube with anhydrous CH2Cl2. The CH2Cl2 was 

removed under reduced pressure and 1H-Tetrazole (12.08 mg, 0.173 mmol), anhydrous 

CH2Cl2 (4 mL) and dibenzyl N,N-diisopropylphosphoramidite (29 µL, 0.0862 mmol) were 

added successively. The mixture was stirred for 3 h at room temperature and HPLC-

monitoring showed complete consumption of starting material. The reaction was cooled 

to 0 °C and m-CPBA (70%, 25.5 mg, 0.104 mmol) was added. After another hour HPLC 

shows completion of the reaction, the mixture was diluted with CH2Cl2 (30 mL) and 10 

mL of aqueous 10% Na2SO3 was added. The mixture was stirred for 15 min, then the 

organic layer was separated and washed with aqueous 10% Na2SO3 (1x10 mL), 1M HCl 

(2x10 mL), saturated NaHCO3 (2x10 mL) and brine (1x10 mL). The organic layer was 

dried (MgSO4) and the solvent removed under reduced pressure. The reaction was 

purified via RP-HPLC (Gemini® C18, 110 Å, 5 µm, 50x30 mm, 80-100% MeCN in 10 

min, A: 0.1% formic acid in H2O). Fractions containing product were combined and 

freeze-dried yielding the phosphorylated pseudo-sugar precursor 66 (43.42 mg, 99%) as 

colorless foam. 
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1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.41-6.89 (m, 30H, Ar-H), 5.32 and 5.15 (d, J = 

12.4 Hz, 2H, N-C(O)-O-CH2-Ph), 5.03-4.98 (m, 4H, P-O-CH2-Ph), 4.85-4.32 (m, 10H, 

2xO-CH2-Ph, N-CH2-Ph, H-5a, H-2, H-6), 4.21 (d, J = 12.0 Hz, 1H, H-1), 3.93 (br, 1H, H-

4), 3.77 (br, 1H, H-3), 2.82-2.75 (m, 1H, H-5), 0.89 (s, 9H, t-Bu), 0.07 and 0.01 (s, 6H, 

2xCH3); 
13C-NMR (176 MHz, CDCl3): δ [ppm] = 156.6 (C=O), 138.8-125.7 (CAr), 90.67 (d, 

J = 173.1 Hz, C-5a) and 90.00 (d, J = 170.5 Hz), 78.7 (C-4), 73.8 (C-3), 73.57 (d, J = 

27.4 Hz, C-1), 72.3, 72.2. 71.6 (O-CH2-Ph), 69.4 (P(O)-(O-CH2-Ph)2), 67.5 (N-C(O)-O-

CH2-Ph), 64.28 (dd, J = 10.0, 5.6 Hz, C-6), 58.3 (C-2), 50.0 (N-CH2-Ph), 42.12 (d, J = 

19.0 Hz, H-5), 34.4 (Si-C-(CH3)3), 26.1 (Si-C-(CH3))3, -4.5, -5.3, -5.5 (Si-CH3); 
31P-NMR 

(121 MHz, CDCl3): δ [ppm] = -0.02; 19F-NMR (282 MHz, CDCl3): δ [ppm] = -185.12, -

185.92 (br); RP-HPLC: tr =9.6 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 80-100% 

MeCN in 20 min); HRMS: calcd for C56H66FNO9PSi [M+H]+, 974.4223; found, 996.4230. 

 

Dibenzyl (5aR)-2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-

deoxy-5a-fluoro-carba-idose-6-phosphate (67) To the silylated fluoro-carba 

precursor 66 (15.0 mg, 0.0154 mmol) solved in anhydrous THF (192.5 µL), were added 

K2HPO4-Buffer (1.8 µL, pH 7) and a solution of TBAF (7.7 µL, 0.0077 mmol, 1M in 

anhydrous THF stored over 2 Å molecular sieve). The reaction was stirred at 23 °C and 

after 4 h HPLC showed completion of the reaction. After dilution with 500 µL of 

Acetonitril/H2O (1:1) the reaction was directly loaded onto a C18-HPLC column (Gemini® 

C18, 110 Å, 5 µm, 50x30 mm), utilizing a gradient of 40-100% MeCN (A: 0.1% formic 

acid in H2O) in 15 min. Fractions containing the target-mass were combined and freeze-

dried yielding the benzylated pseudo-sugar precursor 67 (5.44 mg, 41%) as colorless 

foam. 

1H-NMR (700 MHz, CDCl3): δ [ppm] = 7.45-6.99 (m, 30H, Ar-H), 5.18 and 5.12 (d, J = 

12.3 Hz, 2H, N-C(O)-O-CH2-Ph), 5.03-5.02 (m, 4H, P-O-CH2-Ph), 4.98 and 4.10 (d, J = 

15.5 Hz, 2H, N-CH2-Ph); 4.74-4.34 (m, 8H, 2xO-CH2-Ph, H-5a, H-3, H-6), 4.01 (br, 1H, 

H-1), 3.83 (t, J = 7.6 Hz, 1H, H-4), 3.28 (br, 1H, H-2), 2.82 (br, 1H, H-5); 13C-NMR (176 

MHz, CDCl3): δ [ppm] = 159.3 (C=O), 138.7-127.8 (CAr), 89.08 (d, J = 173.3 Hz, C-5a), 

80.8 (C-4), 75.6 (O-CH2-Ph), 74.6 (C-3), 73.5 (br, C-1), 72.9 (O-CH2-Ph), 69.6 (P(O)-(O-

CH2-Ph)2), 68.5 (N-C(O)-O-CH2-Ph), 64.9 (C-6), 61.3 (C-2)*, 55.5 (N-CH2-Ph)*, 43.2 (br, 

C-5); 31P-NMR (121 MHz, CDCl3): δ [ppm] = -1.16; 19F-NMR (282 MHz, CDCl3): δ [ppm] 

= -187.92; RP-HPLC: tr = 17.9 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 20-100% 
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MeCN in 20 min); HRMS: calcd for C50H51FNO9PNa [M+Na]+, 882.3178; found, 

882.3179. 

*assignment through HSQC 

 

(5aR)-2-Amino-2-deoxy-5a-fluoro-carba-idose-6-phosphate (33) Perbenzylated 

fluoro-carba compound 67 (5.44 mg, 0.00633 mmol) was deprotected according to GP1. 

The reaction was finished after 24 h. The lyophilized pseudo-sugar was purified via 

HILIC (NUCLEODUR® HILIC 5 µm, 150x4.6 mm, 98-90% MeCN in 20 min, A: 20 mM 

NH4OAc in water pH 5.4), due to missing UV-absorption of the product, the fractions 

collected in time slices were analyzed via LC-MS (0-100% MeCN in 2 min). Fractions 

containing the target-mass were combined and freeze-dried, yielding the pseudo-sugar 

33 (1.18 mg, 68%) as colorless foam. 

1H-NMR (500 MHz, D2O): δ [ppm] = 4.98 (dt, J = 46.9, 7.0 Hz, 1H, H-5a), 4.35 (ddd, J = 

11.2, 6.8, 4.7 Hz, 1H, H-1), 4.22 (t, J = 6.1 Hz, 1H, H-3), 4.19 – 4.16 (m, 2H, H-4, H-6a), 

4.08 (dt, J = 11.2, 6.3 Hz, 1H, H-6b), 3.63 (t, J = 6.1 Hz, 1H, H-2), 2.66 – 2.47 (m, 1H, H-

5); 13C-NMR (126 MHz, D2O): δ [ppm] = 90.1 (d, J = 171.7 Hz, C-5a), 70.4 (d, J = 5.3 Hz, 

C-4), 67.6 (C-3), 67.0 (d, J = 24.4 Hz, C-1), 60.6 (C-2), 54.9 (C-5); 31P-NMR (202 MHz, 

D2O): δ [ppm] = 2.84; 19F-NMR (282 MHz, D2O): δ [ppm] = no signal; HRMS: calcd for 

C7H14FNO7P [M+H]+, 274.0486; found, 274.0483. 

BnO
BnO

BnZNOH

FHO

 

(5aR)-2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-deoxy-5a-

fluoro-carba-glucose (68) To the silylated fluoro-carba precursor 53 (15.123 mg, 

0.0212 mmol) solved in 500 µL anhydrous THF, were added 3.9 µL K2HPO4-Buffer (pH 

7) and 84.7 µL 1 M TBAF (0.0847 mmol) in anhydrous THF, stored over 2 Å molecular 

sieve. After 4 h HPLC shows completion of the reaction. After dilution with 500 µL of 

Acetonitril/H2O (1:1) the reaction was directly loaded onto C18-HPLC column (Gemini® 

C18, 110 Å, 5 µm, 50x30 mm), utilizing a gradient of 40-100% MeCN (A: 0.1% formic 

acid in H2O) in 15 min. Fractions containing the target-mass were combined and freeze-

dried yielding the benzylated pseudo-sugar precursor 68 (11.46 mg, 90%) as colorless 

foam. 
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1H-NMR (700 MHz, CDCl3): δ [ppm] = 7.35-7.18 (m, 20H, Ar-H), 5.22 and 5.17 (d, J = 

12.2 Hz, N-C(O)-O-CH2-Ph), 5.09 and 4.11 (br, 2H, N-CH2-Ph), 4.93 and 4.68 (d, J = 

10.9 Hz, 2H, O-CH2-Ph), 4.81 and 4.47 (d, J = 10.9 Hz, 2H, O-CH2-Ph), 4.69 (ddd, J = 

47.3, 4.0, 2.1 Hz, 1H, H-5a), 4.63 (br, 1H, H-3), 3.93 (br, 1H, H6a), 3.92 (br, 1H, H-1), 

3.84 (br, 1H, H6b), 3.73 (t, J = 10.0 Hz, 1H, H-4), 3.32 (br, 1H, H-2), 2.37 (ddt, J = 39.5, 

10.1, 4.7 Hz, 1H, H-5);13C-NMR (176 MHz, CDCl3): δ [ppm] = 159.3 (C=O), 138.4, 138.2, 

135.8, 128.9-127.8 (CAr), 92.5 (d, J = 172 Hz, C-5a) 81.2 (C-4), 78.7 (C-3), 75.5, 75.4 (O-

CH2-Ph), 72.1 (d, J = 26 Hz, C-1), 68.5 (N-C(O)-O-CH2-Ph), 63.5 (br, C-2), 62.1 (d, J = 2 

Hz, C-6), 56.4 (N-CH2-Ph), 43.0 (d, J = 17 Hz, C-5); 19F-NMR (470 MHz, CDCl3): δ [ppm] 

= -199.03 (s, 1F); RP-HPLC: tr = 14.2 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 20-

100% MeCN in 20 min); HRMS: calcd for C36H39FNO6 [M+H]+, 600.2756; found, 

600.2754. 

 

(5aR)-2-Amino-2-deoxy-5a-fluoro-carba-glucose (69) The perbenzylated 

fluoro-carba-idosamine 68 (14.93 mg, 0.0174 mmol) was deprotected according to GP1. 

After a reaction time of 7 h LC-MS monitoring showed completion of the reaction. The 

lyophilized raw product was purified via HILIC (NUCLEODUR® HILIC 5 µm, 

150x4.6 mm, 98-90% MeCN in 20 min, A: 20 mM NH4OAc in water pH 5.4). Due to 

missing UV-absorption of the product the fractions collected in time slices were analyzed 

via LC-MS (0-100% MeCN in 2 min). Fractions containing the target-mass were 

combined and freeze-dried yielding the pseudo-sugar 69 (2.42 mg, 53%) as the acetate 

salt. 

1H-NMR (500 MHz, CDCl3): δ [ppm] = 4.97 (ddd, J = 45.5, 4.0, 2.0 Hz, 1H, H-5a), 4.35 

(dd, J = 7.2, 3.7 Hz, 1H, H-1), 3.99 (dd, J = 11.3, 4.3 Hz, 1H, H-6a), 3.80 (dd, J = 11.3, 

9.3 Hz, 1H, H-6b), 3.74 (dd, J = 10.8, 9.1 Hz, 1H, H-3), 3.54 (dd, J = 11.2, 9.2 Hz, 1H, H-

4), 3.37 (dt, J = 10.8, 3.0 Hz, 1H, H-2), 2.12 (dtdd, J = 36.2, 9.3, 4.4, 2.2 Hz, 1H, H-5), 
13C-NMR (126 MHz, CDCl3): δ [ppm] = 89.8 (d, J = 173.7 Hz, C-5a), 71.1 (C-3), 69.7 (d, 

J = 2.0 Hz, C-4); 66.0 (d, J = 27.3 Hz, C-1), 58.3 (d, J = 3.7 Hz, C-6), 52.9 (C-2), 42.5 (d, 

J = 18.2 Hz, H-5); 19F-NMR (470 MHz, CDCl3): δ [ppm] = -201.74 (s, 1F); RP-HPLC: tr = 

14.2 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 20-100% MeCN in 20 min); HRMS: calcd 

for C36H39FNO6 [M+H]+, 600.2756; found, 600.2754. 
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Dibenzyl (5aR)-2-amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-

deoxy-5a-fluoro-1-O-tert-butyldimethylsilyl-carba-glucose-6-phosphate (70) The 

unphosphorylated fluoro-carba precursor 53 (17.75 mg, 0.0249 mmol) solved in toluene 

was transferred to a heat-dried schlenk-tube. The toluene was removed under reduced 

pressure and the starting material dried under vacuum (~10-2 mbar) for 2 h. 1H-Tetrazole 

(8.71 mg, 0.124 mmol), anhydrous CH2Cl2 (2.1 mL) and dibenzyl N,N-

diisopropylphosphoramidite (21 µL, 0.0622 mmol) were added under argon atmosphere. 

The mixture was stirred for 2 h at room temperature after which HPLC-monitoring 

showed completion of the reaction. The reaction was cooled to 0 °C and m-CPBA (70%, 

18.39 mg, 0.0746 mmol) was added. After another 1 h HPLC shows completion of the 

reaction, the mixture was diluted with CH2Cl2 (20 mL) and 5 mL of aqueous 10% Na2SO3 

was added and the mixture stirred for 30 min. The organic layer was separated and 

washed with aqueous 10% Na2SO3 (1x10 mL), 1M HCl (2x10 mL), saturated NaHCO3 

(2x10 mL) and brine (1x10 mL). The organic layer was dried with MgSO4 and 

concentrated. The reaction was purified via RP-HPLC (Gemini® C18, 110 Å, 5 µm, 

50x30 mm, 80-100% MeCN in 10 min). Fractions containing product were combined and 

freeze-dried yielding the phosphorylated pseudo-sugar precursor 70 (22.76 mg, 94%) as 

colorless foam. 

1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.50-6.94 (m, 30H, Ar-H), 5.18-5.00 (m, 6H, N-

C(O)-O-CH2-Ph and P(O)-(O-CH2-Ph)2), 4.90-4.42 (m, 6H, O-CH2-Ph and N-CH2-Ph), 

4.73 (d, J = 46.4 Hz, 1H, H-5a), 4.67 (br, 1H, H-2), 4.33 (dt, J = 9.6, 4.7 Hz, 1H, H-6a), 

4.23 (br, 0.5H, H-1), 4.12 (td, J = 9.9, 5.5 Hz, 1H, H-6b), 3.97 (br, 1H, H-3), 3.89 (br, 

0.5H, H-1), 3.66 (s, 1H, H-4), 2.45 (dt, J = 34.5, 9.4 Hz, 1H, H-5), 0.83 (s, 9H, t-Bu), 0.03 

(s, 3H, CH3); 
13C-NMR (176 MHz, CDCl3): δ [ppm] = 156.8 (C=O), 138.6-126.3 (CAr), 

88.8 (d, J = 171 Hz, C-5a), 79.5 (C-4), 77.3 (C-3), 75.2 (O-CH2-Ph), 72.4 (br, C-1), 69.4 

(P(O)-(O-CH2-Ph)2), 67.2 (N-C(O)-O-CH2-Ph), 64.3 (C-6), 56.8 (C-2), 50.0 (dd, 17.9, 8.0 

Hz, C-5), 49.1 (N-CH2-Ph), 25.8 (t-Bu), -5.2 (CH3); 
31P-NMR (202 MHz, CDCl3): δ [ppm] 

= -0.78, -0.95, -1.02; 19F-NMR (470 MHz, CDCl3): δ [ppm] = -198.46 (br), -198.9; RP-

HPLC: tr =9.7 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 80-100% MeCN in 20 min); 

HRMS: calcd for C56H65FNO9PSiNa [M+Na]+, 996.4042; found, 996.4054. 
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Dibenzyl (5aR)-2-amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-

deoxy-5a-fluoro-carba-glucose-6-phosphate (71) To the silylated fluoro-carba 

precursor 70 (14.93 mg, 0.0174 mmol) solved in 500 µL anhydrous THF, were added 3.7 

µL K2HPO4-Buffer (pH 7) and 56.5 µL 1 M TBAF (4 eq) in anhydrous THF, stored over 2 

Å molecular sieve. The reaction was stirred at 23 °C and after 1 h HPLC showed 

completion of the reaction. After dilution with 500 µL of Acetonitril/H2O (1:1) the reaction 

was directly loaded onto a C18-HPLC column (Gemini® C18, 110 Å, 5 µm, 50x30 mm), 

utilizing a gradient of 40-100% MeCN (A: 0.1% formic acid in H2O) in 15 min. Fractions 

containing the target-mass were combined and freeze-dried yielding the benzylated 

pseudo-sugar precursor 71 (10.62 mg, 87%) as colorless foam. 

1H-NMR (500 MHz, CDCl3): δ [ppm] = 7.32-7.16 (m, 30H, Ar-H), 5.24 and 5.18 (d, J = 

12.0 Hz, N-C(O)-O-CH2-Ph), 5.11 and 4.10 (br, 2H, N-CH2-Ph), 5.03 (br, 4H, P(O)-(O-

CH2-Ph)2), 4.84 and 4.51 (d, J = 11.0 Hz, 2H, O-CH2-Ph), 4.78 and 4.45 (d, J = 11.0 Hz, 

2H, O-CH2-Ph), 4.65 (d, J = 47.8 Hz, 1H, H-5a), 4.62 (br, 1H, H-3), 4.29 (br, 1H, H6a), 

4.08 (br, 1H, H6b), 3.92 (br, 1H, H-1), 3.46 (t, J = 47.8 Hz, 1H, H-4), 3.30 (br, 1H, H-2), 

2.55 (d, J = 36.9 Hz, 1H, H-5);13C-NMR (176 MHz, CDCl3): δ [ppm] = 159.0 (C=O), 

138.2, 137.9, 128.5-127.7 (CAr), 89.0 (d, C-5a) 79.7 (C-4), 78.5 (C-3), 75.2 (O-CH2-Ph), 

75.0 (O-CH2-Ph), 71.8 (d, C-1), 69.4 (P(O)-(O-CH2-Ph)2), 68.4 (N-C(O)-O-CH2-Ph), 64.6 

(C-6), 63.3 (br, C-2), 56.2 (N-CH2-Ph), 41.5 (C-5); 31P-NMR (202 MHz, CDCl3): δ [ppm] = 

-1.28 (s, 1P); 19F-NMR (470 MHz, CDCl3): δ [ppm] = -201.56 (s, 1F); RP-HPLC: tr = 

17.8 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 20-100% MeCN in 20 min); HRMS: calcd 

for C50H52FNO9P [M+H]+, 860.3358; found, 860.3357. 

 

(5aR)-2-Amino-2-deoxy-5a-fluoro-carba-glucose-6-phosphate (35) 

Perbenzylated fluoro-carba compound 71 (10.62 mg, 0.0124 mmol) was deprotected 

according to GP1. The reaction was finished after 3 h. The lyophilized pseudo-sugar was 

purified via C18-HPLC (NUCLEODUR® C18, 110 Å, 5 µm, 150x4.6 mm, 100% H2O for 

5 min, then 0-100% acetonitrile in 5 min). Due to missing UV-absorption of the product 

the fractions collected in time slices were analyzed via LC-MS (0-100% MeCN in 2 min). 
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Fractions containing the target-mass were combined and freeze-dried yielding the 

pseudo-sugar 35 (2.39 mg, 70%) as colorless foam. 

1H-NMR (500 MHz, D2O): δ [ppm] = 5.03 (d, J = 45.3 Hz, 1H, H-5a), 4.38 (d, J = 3.6, 1H, 

H-1), 4.19 (dt, J = 10.4, 5.1 Hz, 1H, H-6a), 3.98 (td, J = 10.6, 10.1, 7.5 Hz, 1H, H-6b), 

3.80 (t, J = 9.9 Hz, 1H, H-3), 3.59 (t, J = 10.1 Hz, 1H, H-4), 3.44 (dt, J = 11.3, 3.2 Hz, 1H, 

H-2), 2.27 (dt, J = 38.3, 11.0 Hz, 1H, H-5); 13C-NMR (126 MHz, D2O): δ [ppm] = 89.5 (d, 

J = 174.1 Hz, C-5a), 70.6 (C-4), 69.5 (C-3); 65.7 (d, J = 26.7 Hz, C-1), 61.2 (C-6), 53.1 

(C-2); 41.7 (dd, J = 18.0, 6.6 Hz, C-5) 31P-NMR (202 MHz, D2O): δ [ppm] = 2.49 (s, 1P); 
19F-NMR (471 MHz, D2O): δ [ppm] = -201.77 (br, 1F); HRMS: calcd for C7H14NO7PF 

[M+H]+, 274.0486; found, 274.0484. 

5.6 Synthesis and physical data of phenyl-carba-sugars 

 

Methyl 3,4-Di-O-benzyl-2-deoxy-6-phenyl-2-((phenylmethoxy)carbonyl)amino-

α-D-glucopyranoside (81) Oxalyl chloride (9.1 mL, 0.106 mol) in anhydrous CH2Cl2 

(250 mL) was presented in a heat-dried flask. At -78 °C a solution of anhydrous DMSO 

(15.75 mL, 0.222 mol) in CH2Cl2 (50 mL) was added dropwise and the reaction was 

stirred for 30 min at -78 °C. The methyl glycoside 39 (80.74 g, 0.089 mol) was solved in 

CH2Cl2 (100 mL) and slowly added to the reaction. The reaction mixture was stirred for 

2h at -78 °C and trimethylamine (30.9 mL, 0.222 mol) was added at -78 °C. The cooling 

was removed and the reaction allowed to reach room temperature. Water (200 mL) was 

added, and the organic layer was separated and dried (MgSO4). The crude aldehyde 

was solved in anhydrous diethyl ether (300 mL), cooled to -74 °C and a freshly prepared 

solution of phenmagnesium bromide (104.6 mL, 0.133 mol, 1.27 M in diethyl ether) was 

added dropwise at -74 °C. The reaction solution was stirred at -74 °C for 2h. Ice-cold 

water (400 mL) was added to the reaction, the organic layer was separated and the 

aqueous phase extracted with CH2Cl2 (3x200 mL). The combined organic layers were 

washed with sat. aqueous NaCl and dried (MgSO4). The solvents were removed under 

reduced pressure and the residue purified by manual flash chromatography (3:1 

petroleum ether/ethyl acetate) yielding a 6-epimeric mixture of alcohol 81 (22.90 g, 38% 

over two steps) as slightly yellow oil. 
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Rf
 = 0.57, 0.66 (silica, petroleum ether/ethyl acetate 1:1), Seebach-reagent; 1H-NMR 

(400 MHz, CDCl3, 25 °C): δ [ppm] = 7.28-6.86 (m, 25H, Ar-H), 5.10-4.12 (m, 11H, 3xO-

CH2-Ph, N-CH2-Ph, H-6, H-2, H-1), 4.00-3.70 (m, 3H, H-3, H-4, H-5), 2.23 (s, 3H, CH3). 
13C-NMR (100 MHz, CDCl3, 25 °C): δ [ppm] = 157.8, 157.3 (C=O), 142.0-124.5 (CAr), 

99.6, 99.4 (H-1), 80.1 (H-4), 77.4 (H-3), 75.2 (O-CH2-Ph), 74.0 (O-CH2-Ph, H-5), 70.8 (H-

6), 67.6 (O-CH2-Ph), 58.9 (C-2), 54.2 (CH3), 47.5 (N-CH2-Ph). RP-HPLC: tr = 9.2 and 

9.8 min (EC 125/4 Nucleodur C-18 Gravity, 3 μm, 0.4 mL/min, 80–100 % MeCN in 10 

min); MS: calcd for C42H43NO7Na [M+Na]+, 696.2932, found, 696.3941. 

 

Methyl 3,4-Di-O-benzyl-2-deoxy-6-O-methanesulfonyl-6-phenyl-2-

((phenylmethoxy)carbonyl)amino-α-D-glucopyranoside (82) To a solution of the 

alcohol 81 (0.413 g, 0.613 mmol) in anhydrous CH2Cl2 (4 mL) cooled to 0 °C was added 

triethylamine (0.2 mL) and methanesulfonyl chloride (0.057 mL, 0.736 mmol) 

successively. The cooling was removed, and the reaction was allowed to reach room 

temperature. The solution was stirred for 3h at room temperature, then triethylamine 

(0.2 mL) and methanesulfonyl chloride (0.083 mL, 1.226 mmol) was added at 0 °C. The 

reaction was stirred for 17h at room temperature, then sat. aqueous NaHCO3 (10 mL) 

was added, and the organic layer was separated. The organic layer was washed with 

sat. aqueous NaHCO3 (10 mL), sat. aqueous NaCl and dried (MgSO4). The solvents 

were removed under reduced pressure and the residue purified by automated flash 

chromatography (100% petroleum ether to 75:25 petroleum ether/ethyl acetate in 4 min, 

then 75:25 petroleum ether/ethyl acetate for 6 min) yielding an isomeric mixture of the 

mesylate 82 (0.30 g, 65%) as colorless oil. 

Rf
 = 0.57 (silica, petroleum ether/ethyl acetate 1:1), Seebach-reagent; 1H-NMR (300 

MHz, CDCl3, 25 °C): δ [ppm] = 7.49-6.97 (m, 25H, Ar-H), 6.02 (s, 1H, H-6), 5.23-5.09 (m, 

2H, O-CH2-Ph), 5.04-4.23 (m, 8H, H-6, 2xO-CH2-Ph, N-CH2-Ph, H-2, H-1), 4.17-3.98 (m, 

2H,H-4, H-3), 3.76 (dd, J = 9.8, 1.5 Hz, 1H, H-5), 2.70 (s, 3H, CH3), 2.27 (s, 3H, CH3); 
13C-NMR (75 MHz, CDCl3, 25 °C): δ [ppm] = 157.7, 157.2 (C=O), 140.0-125.5 (CAr), 99.4 

(C-1), 80.0 (C-6), 79.1 (C-4), 77.7 (C-3), ), 75.0 (O-CH2-Ph), 73.8 (O-CH2-Ph), 73.4 (C-

5), 67.6 (O-CH2-Ph), 58.4 (C-2), 54.1 (CH3), 47.4 (N-CH2-Ph), 39.6 (CH3). MS: calcd for 

C43H45NO9SNa [M+Na]+, 774.2707, found, 774.2712. 
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Methyl 6-Bromo-3,4-di-O-benzyl-2-deoxy-6-phenyl-2-((phenylmethoxy)-

carbonyl)amino-α-D-glucopyranoside (83) The mesylate 82 (0.025 mol) was solved in 

butan-2-one (170 mL) and lithium bromide (45.3 g, 0.534 mol) was added. The reaction 

was heated under reflux for 4h, then water (100 mL) was added and the organic layer 

separated. The aqueous layer was extracted with CH2Cl2 (2x200 mL) and the combined 

organic layers washed with sat. aqueous NaCl and dried (MgSO4). The solvents were 

removed under reduced pressure and the residue purified by manual flash 

chromatography (83:17 petroleum ether/ethyl acetate) yielding a mixture of the two 

isomers (ratio 53:28) 83 with 16% of the next step elimination product (total 12.27 g, 74% 

over two steps) as colorless oil. 

Rf
 = 0.67 (silica, petroleum ether/ethyl acetate 3:1), Seebach-reagent; 1H-NMR (300 

MHz, CDCl3, 25 °C): δ [ppm] = 7.43-6.96 (m, 25H, Ar-H), 5.35 (d, J = 2.9 Hz, 1H, H-6), 

4.98-3.98 (m, 14H, 3xO-CH2-Ph, H-6, N-CH2-Ph, H-2, H-1, H-4, H-3, H-5), 2.88 (s, 3H, 

CH3); 
13C-NMR (75 MHz, CDCl3, 25 °C): δ [ppm] = 157.9, 140.0-125.6, 99.4, 82.7, 81.1, 

77.8, 75.5, 74.8, 74.4, 67.7 58.6, 55.0, 51.9, 47.2; RP-HPLC: tr = 19.9 min (EC 125/4 

Nucleodur C-18 Gravity, 3 μm, 0.4 mL/min, 20–100 % MeCN in 20 min); MS: calcd for 

C42H42BrNO6Na [M+Na]+, 758.2088, found, 758.2101. 

 

Methyl (Z)-3,4-Di-O-benzyl-2,6-dideoxy-6-(phenyl-1-en)-2-((phenylmethoxy)-

carbonyl)amino-α-D-glucopyranoside (80) To a solution of the bromide 83 (12.27 g, 

16.65 mmol) in acetonitrile (300 mL) sodium iodide (32 g, 216.5 mmol) and 1,8-

diazabicyclo[5.4.0]undec-7-ene (7.6 mL, 49.95 mmol) were added. The reaction solution 

was heated to reflux for 24h. Water (100 mL) was added to the reaction and the aqueous 

layer extracted with CH2Cl2 (3x200 mL). The combined organic layers were washed with 

sat. aqueous NaCl and dried (MgSO4). The solvents were removed under reduced 

pressure and the residue purified by automatic flash chromatography (100% petroleum 
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ether to 56:44 petroleum ether/ethyl acetate in 50min) yielding the enyne 80 (9.30 g, 

85%) as colorless oil. 

Rf
 = 0.60 (silica, petroleum ether/ethyl acetate 5:1), Seebach-reagent; 1H-NMR (300 

MHz, CDCl3, 25 °C): δ [ppm] = 7.58-6.96 (m, 25H, Ar-H), 6.18 (s, 1H, H-6), 5.14 (dd, J = 

12.3 Hz, 2H, N-C(O)-CH2-Ph), 4.91-4.54 (m, 6H, 2xO-CH2-Ph, H-2, H-1), 4.34-4.04 (m, 

4H, H-3, H-4, N-CH2-Ph), 2.57 (s, 3H, CH3); 
13C-NMR (75 MHz, CDCl3, 25 °C): δ [ppm] = 

157.9 (C=O), 147.5 (C-5), 140.0-125.6 (CAr), 111.3 (C-6), 101.3 (C-1), 82.4 (C-4), 76.0 

(C-3), 74.6 (O-CH2-Ph), 74.1 (O-CH2-Ph), 67.7 (O-CH2-Ph), 58.5 (C-2), 56.5 (CH3), 47.0 

(N-CH2-Ph); RP-HPLC: tr = 19.3 min (EC 125/4 Nucleodur C-18 Gravity, 3 μm, 0.4 

mL/min, 20–100 % MeCN in 20 min); MS: calcd for C42H41NO6Na [M+Na]+, 678.2836, 

found, 678.2836. 

 

2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-O-dibenzyl-1-hydroxy-6-phenyl-

5-oxo-cyclohexanone (78/79) The Alkene 80 (1.14 g, 1.74 mmol) was solved in a 2:1 

mixture of 1,4-dioxane and 5 mM aqueous H2SO4 (30 mL). Mecury(II) sulfate (0.26 g, 

0.87 mmol) was added and the solution was heated to 50 °C and stirred at this 

temperature for 17h. Saturated aqueous NaCl (50 mL) was added and the aqueous 

phase extracted with CH2Cl2 (3x70 mL). The combined organic layers were dried 

(MgSO4), the solvents were removed under reduced pressure. The residue was purified 

by automatic flash chromatography (100% petroleum ether to 60:40 petroleum 

ether/ethyl acetate in 20min) yielding a 74:26 mixture of cyclohexanone 78 and 79 

(0.76 g, 68%) as colorless powder. 

α-isomer: Rf
 = 0.50 (silica, petroleum ether/ethyl acetate 1:1), Seebach-reagent; 1H-

NMR (400 MHz, CDCl3, -40 °C): δ [ppm] = 7.44-6.90 (m, 25H, Ar-H), 5.23-4.07 (m, 11H, 

3xO-CH2-Ph, N-CH2-Ph, H-3, H-4, H-1), 3.91 and 3.40 (s, 1H, H-5a), 3.49 (d, J = 11.1 

Hz, 1H, H-2); 13C-NMR (100 MHz, CDCl3, -40 °C): δ [ppm] = 202.6 (C-5), 158.4 (C=O), 

137.8-125.3 (CAr), 87.7 (C-4), 77.1 (C-3), 75.9, 73.7 (2xO-CH2-Ph), 74.2 (C-1), 68.3 (O-

CH2-Ph), 67.1 (C-2), 59.1, 58.7 (C-5a), 56.0 (N-CH2-Ph); RP-HPLC: tr = 8.8 min (EC 

125/4 Nucleodur C-18 Gravity, 3 μm, 0.4 mL/min, 80–100 % MeCN in 20 min); MS: calcd 

for C41H39NO6H [M+H]+, 642.2850, found, 642.2843. 

β-isomer: Rf
 = 0.56 (silica, petroleum ether/ethyl acetate 1:1), Seebach-reagent; 1H-

NMR (400 MHz, CDCl3, -40 °C): δ [ppm] = 7.49-7.10 (m, 25H, Ar-H), 5.48-4.46 (m, 8H, 

3xO-CH2-Ph, N-CH2-Ph), 4.27 (t, J = 10.2 Hz, 1H), 4.18-3.72 (m, 4H, H-4, H-1), 3.73 (d, 
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J = 4.1 Hz, 1H, H-5a), 3.61 (dd, J = 10.6, 4.6 Hz, 1H, H-2); 13C-NMR (100 MHz, CDCl3, -

40 °C): δ [ppm] = 207.1, 206.3 (C-5), 155.8, 155.2 (C=O), 137.7-127.2 (CAr), 84.7, 84.3 

(C-4), 75.5, 72.6 (C-3), 74.9, 74.0 (2xO-CH2-Ph), 72.1 (C-1), 68.1, 67.2 (O-CH2-Ph), 

66.8, 65.3 (C-2), 57.7, 57.3 (C-5a), 55.5, 55.3 (N-CH2-Ph); RP-HPLC: tr = 7.8 min (EC 

125/4 Nucleodur C-18 Gravity, 3 μm, 0.4 mL/min, 80–100 % MeCN in 20 min). 

 

(3aS,4R,5R,7aS)-3-benzyl-4,5-bis(benzyloxy)-6-methylenehexahydrobenzo-

[d]oxazol-2(3H)-one (99) Methyltriphenylphosphonium bromide (0.378 g, 1.061 mmol) 

was presented in a heat-dried schlenk-tube in anhydrous THF (3 mL). A solution of n-

BuLi (0.66 mL, 1.06 mmol, 1.6 M in hexane) was added to the stirred suspension at 0 °C. 

After 1h a solution of cyclohexanone 42 (0.100 g, 0.177 mmol) in THF (1 mL) was added 

dropwise at 0 °C. The solution was stirred two hours at room temperature, after which 

ethyl acetate (8 mL) and sat. aqueous NH4Cl (4 mL) were added. The organic layer was 

separated and the aqueous layer extracted with ethyl acetate (3x10 mL). The combined 

organic phases were washed with sat. aqueous NaCl and dried (MgSO4). The solvents 

were removed under reduced pressure and the residue purified by automated flash 

chromatography (100% petroleum ether to 5:95 petroleum ether/ethyl acetate in 30 min) 

yielding olefin 99 (33.14 mg, 44%) as colorless oil. 

Rf
 = 0.40 (petroleum ether/ethyl acetate 3:1), Seebach-reagent; 1H-NMR (400 MHz, 

CDCl3, 25 °C): δ [ppm] = 7.29-7.03 (m, 15H, Ar-H), 5.16 (d, J = 17.2 Hz, 2H, H-6), 4.78 

(dd, J = 15.0 Hz 1H, N-CH2-Ph), 4.69 (d, J = 11.7 Hz, 1H, O-CH2-Ph), 4.58 (d, J = 11.7 

Hz, 1H, O-CH2-Ph), 4.48 (ddd, J = 7.6, 5.6, 4.7 Hz, 1H, H-1), 4.37 (d, J = 11.7, 1H, O-

CH2-Ph), 4.34 (d, J = 11.8 Hz, 1H, O-CH2-Ph), 3.97 (d, J = 15.0 Hz, 1H, N-CH2-Ph), 3.87 

(d, J = 5.9 Hz, 1H, H-4), 3.72 (t, J = 5.8 Hz, 1H, H-3), 3.51 (dd, J = 7.6, 5.7 Hz, 1H, H-2), 

2.63 (dd, J = 14.6, 4.7 Hz, 1H, H-5aa), 2.45 (ddt, J = 14.5, 5.5, 1.3 Hz, 1H, H-5ab). 13C-

NMR (101 MHz, CDCl3, 25 °C): δ [ppm] = 158.0 (C=O), 138.0-127.8 (CAr), 115.6 (C-6), 

80.7 (C-4), 80.5 (C-3), 73.6 (C-1), 73.4 (O-CH2-Ph), 71.2 (O-CH2-Ph), 56.9 (C-2), 46.6 

(N-CH2-Ph), 33.3 (C-5a). RP-HPLC: tr = 26.5 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 

20-100 % MeCN in 30 min); HRMS: calcd for C29H29NO4Na [M+Na]+, 478.1989, found, 

478.1981. 
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(3S,4R,5R)-N-benzyl-4,5-bis(benzyloxy)-6-methylene-3,4,5,6-tetrahydro-[1,1'-

biphenyl]-3-amine (100) Methyltriphenylphosphonium bromide (0.668 g, 1.870 mmol) 

was presented in a heat-dried schlenk-tube in anhydrous THF (5 mL). A solution of n-

BuLi (1.17 mL, 1.870 mmol, 1.6 M in hexane) was added to the stirred suspension at 

0 °C. The cooling was removed and the suspension was stirred at room temperature. 

After 2h the yellow solution was cooled to 0 °C and a solution of a mixture of 

cyclohexanones 78 and 79 (0.200 g, 0.312 mmol) in THF (2 mL) was added dropwise at 

0 °C. The solution was stirred two hours at room temperature, after which ethyl acetate 

(8 mL) and sat. aqueous NH4Cl (4 mL) were added. The organic layer was separated 

and the aqueous layer extracted with ethyl acetate (3x10 mL). The combined organic 

phases were washed with sat. aqueous NaCl and dried (MgSO4). The solvents were 

removed under reduced pressure and the residue purified by automated flash 

chromatography (silica, 100% petroleum ether to 50:55 petroleum ether/ethyl acetate in 

40 min) yielding a complex mixture. A second automated flash chromatography (basic 

aluminium oxide, 100% petroleum ether to 65:35 petroleum ether/ethyl acetate in 

25 min) yielded the eliminated olefin 100 (33.84 mg, 22%) as colorless oil. 

Rf
 = 0.79 (aluminium oxide, petroleum ether/ethyl acetate 3:1), Seebach-reagent; 1H-

NMR (300 MHz, CDCl3, 25 °C): δ [ppm] = 7.38-7.27 (m, 20H, Ar-H), 5.86 (d, J = 2.3 Hz, 

1H, H-1), 5.44 (s, 1H, H-6a), 5.16 (s, 1H, H-6b), 4.92-4.68 (m, 4H, O-CH2-Ph), 4.32 (dt, J 

= 7.0, 1.1 Hz, 1H, H4), 3.99 (t, J = 6.0 Hz, 1H, H-3), 3.83 (s, 2H, N-CH2-Ph), 3.63 (t, J = 

4.4 Hz, 1H, H-2).13C-NMR (75 MHz, CDCl3, 25 °C): δ [ppm] = 141.7 (C-5a), 140.2, 

138.6, 138.2 (CAr), 139. 4 (C-5), 129.0-127.3 (CAr), 127.0 (C-1), 116.8 (C-6), 81.3 (C-4), 

78.9 (C-3), 73.5, 72.6 (O-CH2-Ph), 58.0 (C-2), 50.5 (N-CH2-Ph). RP-HPLC: tr = 19.6 min 

(ZORBAX SB-C18, 5 µm, 0.4 mL/min, 0-100 % MeCN in 30 min); MS: calcd for 

C34H34NO2 [M+H]+, 488.3, found, 487.7. 

 

Benzyl benzyl((1R,2R,3R,5S)-2,3-bis(benzyloxy)-5-fluoro-4-methylene-6-oxy-

cyclohexyl)carbamate (101) The mixture of cyclohexanones 78 and 79 (200.0 mg, 

0.312 mmol) was presented in a heat-dried schlenk-tube and solved in anhydrous THF 

(5 mL). The solution was cooled to -20 °C after which pyridine (50 µL) and 

Cp2TiCH2AlCl(CH3)2 (0.5 M in toluene, 1.25 mL, 0.623 mmol) were added under argon 

atmosphere successively. The reaction was allowed to reach room temperature and was 
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stirred 17h at room temperature. Sat. aqueous NaHCO3 (5 mL) was added at 0 °C and 

the reaction was stirred for 15 min. The reaction solution was filtered through celite, the 

filter cake was washed with CH2Cl2.The filtrate was washed with sat. aqueous NaCl and 

dried (MgSO4). The solvents were removed under reduced pressure and the residue 

purified by automated flash chromatography (100% petroleum ether to 70:30 petroleum 

ether/ethyl acetate in 12 min) yielding a mixture of starting material and product. The 

fraction containing the desired product was purified via RP-HPLC (Gemini® C18, 110 Å, 

5 µm, 50x30 mm, 80-100 % MeCN in 10 min). Fractions containing product were 

combined and freeze-dried yielding the olefin 101 (31.6 mg, 16%) as a colorless foam. 

Rf
 = 0.36 (silica, petroleum ether/ethyl acetate 3:1), Seebach-reagent; 1H-NMR (300 

MHz, CDCl3, 25 °C): δ [ppm] = 7.35-7.21 (m, 25H, Ar-H), 5.44 (s, 1H, H6a), 5.21-5.18 

(m, 2H, H-6b, O-CH2-Ph), 4.81-4.44 (m, 8H, N-CH2-Ph, O-CH2-Ph, H-1, H-3), 4.18-3.77 

(m, 3H H-5a, H-4, H-2). 13C-NMR (75 MHz, CDCl3, 25 °C): δ [ppm] = 143.8 (C-5), 138.2-

126.6 (CAr), 113.6 (C-6), 82.2 (C-4), 80.4 (C-3 or C-1), 74.4 (O-CH2-Ph), 72.9 (O-CH2-

Ph), 70.3 (C-3 or C-1), 67.5 (O-CH2-Ph), 63.6 (C-2 or N-CH2-Ph), 62.0 (C-2 or N-CH2-

Ph), 51.6 (C-5a). RP-HPLC: tr = 21.5 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 0-100 % 

MeCN in 30 min); MS: calcd for C42H42NO5
+ [M+H]+, 640.3, found, 639.7. 

 

Benzyl benzyl((1R,2R,3S,6R)-2,3-bis(benzyloxy)-6-((tert-

butyldimethylsilyl)oxy)-4-oxocyclohexyl)carbamate (103/104) The isomeric mixture 

cyclohexanone 78 and 79 (0.59 g, 0.927 mmol) was presented in a heat-dried schlenk 

tube and solved in anhydrous CH2Cl2 (5 mL). The solution was cooled to 0 °C and 2,6-

lutidine (0.25 mL, 2.13 mmol) and tert-butyldimethylsilyl trifluoromethanesulfonate 

(0.49 mL, 2.13 mmol) were added successively at 0 °C. The cooling was removed and 

the reaction was stirred at room temperature for 16 h. Reaction monitoring via TLC 

shows residual starting material. 2,6-lutidine (0.11 mL, 0.948 mmol) and TBDMSOTf 

(0.21 mL, 0.914 mmol) were added at 0 °C and the reaction was stirred for 7h at room 

temperature. The reaction mixture was diluted with CH2Cl2 (20 mL) and washed with 1N 

aqueous HCl (15 mL) and sat. aqueous NaCl (15 mL). The organic layer was dried 

(MgSO4) and the solvent removed under reduced pressure. The residue was purified via 

flash chromatography (100% petroleum ether to 77:23 petroleum ether/ethyl acetate in 

45 min) yielding the protected axial cyclohexanone 78 (0.327 g, 47%) and a mixture of 

axial 78 and equatorial 79 cyclohexanone (0.186 g, 27%, 66:33 axial/equatorial) as 

colorless oils. Overall ratio axial/equatorial was 88:12. 
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Rfα
 = 0.31, Rfβ

 = 0.36 (petroleum ether/ethyl acetate 7:1), Seebach-reagent; assignment 

of the α-isomer: 1H-NMR (500 MHz, CDCl3, 25 °C): δ [ppm] = 7.66-7.10 (m, 25H, Ar-H), 

5.63-5.14 (m, 2H, O-CH2-Ph), 5.04-4.24 (m, 10H, N-CH2-Ph 2xO-CH2-Ph, C-2, C-1, C-4, 

C-3), 3.89 (s, 1H, H-5a), 3.45 (d, 1H, J = 11.3 Hz, O-CH2-Ph), 0.98 (CH3-C-Si), (-0.10) 

(CH3-Si); 
13C-NMR (126 MHz, CDCl3, 25 °C): δ [ppm] = 202.1 (C-5), 156.3 (C=O), 137.9-

125.4 (CAr), 88.6 (C-4), 78.2 (C-1), 77.3 (C-3), 73.5, 72.2 (2xO-CH2-Ph), 67.8 (O-CH2-

Ph), 62.7 (C-2), 56.7 (C-5a), 49.5 (N-CH2-Ph), 26.4 (Si-C-CH3), 18.2 (Si-C-CH3), (-3.7) 

(Si-CH3); RP-HPLC: trα = 7.9 min, trβ = 8.3 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 

80-100 % MeCN in 20 min); ESI-MS: calcd for C47H53NO6SiH [M+H]+, 756.4; found, 

756.5. 

 

Benzyl benzyl((1R,2R,3R,5S,6S)-2,3-bis(benzyloxy)-6-((tert-butyldimethylsilyl)oxy)-

4-methylene-5-phenylcyclohexyl)carbamate (76/77) A mixture of both isomers of the 

protected cyclohexanone 78 and 79 (1.11 g, 1.47 mmol, 69:31 axial:equatorial) was 

solved in anhydrous toluene (8 mL). Freshly prepared Cp2TiMe2 (6.3 mL, 3.23 mmol, 

0.51 M in toluene) was added under an argon atmosphere. The reaction was heated in 

an oil-bath to 65 °C and stirred for 17 h, after which the solution was allowed to reach 

room temperature. Water and ethyl acetate were added and the emulsion stirred until no 

formation of orange precipitate could be detected anymore. After filtration through celite® 

545, the filter cake was washed with ethyl acetate. The filtrate was washed with sat. 

aqueous NaCl and dried (MgSO4). The solvents were removed under reduced pressure 

and the residue purified by automated flash chromatography (100% petroleum ether to 

80:20 petroleum ether/ethyl acetate in 45 min) yielding equatorial-OH olefin 77 (187 mg) 

and the axial-OH olefin 76 (173 mg) as a yellow oil. The yield calculated with respect to 

the amount of equatorial protected cyclohexane in the starting material mixture is 41% 

(77), with respect to axial-OH starting material 17% (76). 

Rf
 = 0.60 (petroleum ether/ethyl acetate 5:1), Seebach-reagent; 

NMR-assignment of the equatorial-OH olefin 77: 

Conformer A: 1H-NMR (600 MHz, CDCl3, -40 °C): δ [ppm] = 7.58-7.01 (m, 25H, Ar-H), 

5.52-5.22 (m, 2H, H-6a and b), 5.50-5.03 (m, 2H, O-CH2-Ph), 4.77 and 4.38 (d, 2H, N-

CH2-Ph), 4.81-2.91 (m, 4H, 2xO-CH2-Ph), 4.80 (br, 1H, H-1), 4.39 (br, 1H, H-3), 4.09-

3.83 (m, 1H, H-5a), 3.80 (br, 1H, H-4), 3.75 (t, J = 10.5 Hz, 1H, H-2), 0.83 or 0.75 or 0.64 

(s, 9H, CH3-C-Si), 0.19 and 0.03 or 0.11 and 0.00 or -0.11 and -0.21 (s, 3H, 2xCH3-Si); 
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13C-NMR (151 MHz, CDCl3, -40 °C): δ [ppm] = 154.8 (C=O), 143-127.8 (CAr), 112.4 or 

112.3 or 112.2 (C-6), 81.8 (C-4), 80.3 (C-3), 75.6 and 72.9 or 72.8 72.6 or 72.3 (O-CH2-

Ph), 71.4 (C-1), 66.6 (O-CH2-Ph), 64.5 (C-2), 56.3 (N-CH2-Ph), 52.0 (C-5a), 25.7 (Si-C-

CH3), 18.0 (Si-C-CH3), -4.6 and -5.7 (Si-CH3); 

Conformer B: 1H-NMR (600 MHz, CDCl3, -40 °C): δ [ppm] = 7.58-7.01 (m, 25H, Ar-H), 

5.52-5.22 (m, 2H, H-6a and b), 5.50-5.03 (m, 2H, O-CH2-Ph), 5.22 (br, 1H, H-2), 5.22 

and 3.88 (d, 2H, N-CH2-Ph), 4.81-2.91 (m, 4H, 2xO-CH2-Ph), 4.22 (br, 1H, H-1), 4.09-

3.83 (m, 1H, H-5a), 3.80 (br, 1H, H-4), 3.16 (t, J = 9.4 Hz, 1H, H-3), 0.83 or 0.75 or 0.64 

(s, 9H, CH3-C-Si), 0.19 and 0.03 or 0.11 and 0.00 or -0.11  and -0.21 (s, 3H, 2xCH3-Si); 
13C-NMR (151 MHz, CDCl3, -40 °C): δ [ppm] = 158. 5 (C=O), 143-127.8 (CAr), 112.4 or 

112.3 or 112.2 (C-6), 81.8 or 81.6 (C-4), 79.6 (C-3), 75.6 and 72.9 or 72.8 72.6 or 72.3 

(O-CH2-Ph), 71.0 (C-1), 67.7 or 67.5 (O-CH2-Ph), 59.4 (C-2), 52.2 (C-5a), 45.7 (N-CH2-

Ph), 25.6 (Si-C-CH3), 17.9 (Si-C-CH3), 4.2 and -6.1 (Si-CH3); 

Conformer C: 1H-NMR (600 MHz, CDCl3, -40 °C): δ [ppm] = 7.58-7.01 (m, 25H, Ar-H), 

5.52-5.22 (m, 2H, H-6a and b), 5.50-5.03 (m, 2H, O-CH2-Ph), 5.09 and 4.29 (d, 2H, N-

CH2-Ph), 4.81-2.91 (m, 4H, 2xO-CH2-Ph), 4.49 (br, 1H, H-1), 4.39 (br, 1H, H-3), 4.09-

3.83 (m, 1H, H-5a), 4.01 (t, 1H, J = 9.4 Hz, H-4), 3.88 (br, 1H, H-2), 0.83 or 0.75 or 0.64 

(s, 9H, CH3-C-Si), 0.19 and 0.03 or 0.11 and 0.00 or -0.11  and -0.21 (s, 3H, 2xCH3-Si); 
13C-NMR (151 MHz, CDCl3, -40 °C): δ [ppm] = 156.6 (C=O), 143-127.8 (CAr), 112.4 or 

112.3 or 112.2 (C-6), 82.0 (C-4), 75.6 and 72.9 or 72.8 72.6 or 72.3 (O-CH2-Ph), 72.9 or 

72.8 72.6 or 72.3 (C-1), 67.7 or 67.5 (O-CH2-Ph), 63.1 (C-2), 56.6 (N-CH2-Ph), 51.7 (C-

5a), 25.5 (Si-C-CH3), 17.8 (Si-C-CH3), 4.1 and -5.0 (Si-CH3); RP-HPLC: tr = 32.4 min, 

(NUCLEODUR C18, 150x4.6mm, 5 µm, 0.4 mL/min, 80-100 % MeCN in 40 min); ESI-

MS: calcd for C48H55NO5SiNa [M+Na]+, 776.3742; found, 776.3733. 

 

Benzyl benzyl((1R,2R,3R,5S,6S)-2,3-bis(benzyloxy)-6-((tert-

butyldimethylsilyl)oxy)-4-methylene-5-phenylcyclohexyl)carbamate (76) The 

protected cyclohexanone 103 (913 mg, 1.21 mmol) was solved in anhydrous toluene 

(20 mL) and freshly prepared Cp2TiMe2
294 (5.2 mL, 2.66 mmol, 0.51 M in toluene) was 

added under argon atmosphere. The reaction was heated in an oil-bath to 65 °C and 

stirred for 17 h, after which the solution was allowed to reach room temperature. Water 

(20 mL) and ethyl acetate (20 mL) were added and the mixture stirred at room 

temperature for 1 h, resulting in an orange suspension. After filtration through celite® 
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545, the filter cake was washed with ethyl acetate. The filtrate was washed with sat. 

aqueous NaCl and dried (MgSO4). The solvents were removed under reduced pressure 

and the residue purified by automated flash chromatography (100% petroleum ether to 

80:20 petroleum ether/ethyl acetate in 45 min) yielding olefin 76 with residual impurities 

of the catalyst (304 mg, 33%) as yellow oil. 

Rf
 = 0.57 (petroleum ether/ethyl acetate 5:1), Seebach-reagent; 1H-NMR (500 MHz, 

CDCl3, 25 °C): δ [ppm] = 7.50-6.99 (m, 25H, Ar-H), 5.46-5.04 (m, 2H, O-CH2-Ph), 5.40, 

5.18 (s, 2H, H-6), 5.00-3.36 (m, 7H, N-CH2-Ph, 2xO-CH2-Ph, H-2), 4.25 (br, 1H, H-1), 

4.03 (br, 2H, H-3, H-4), 3.53 (br, 1H, H-5a), 0.96 (s, 9H, CH3-C-Si), (-0.12), (-0.80) (s, 

3H, CH3-Si); 
13C-NMR (126 MHz, CDCl3, 25 °C): δ [ppm] = 152.6 (C=O), 142.2 (C-5), 

138.2-126.8 (CAr), 116.0 (C-6), 85.3 (C-4), 77.9 (C-3), 75.4 (C-1), 73.5, 70.9 (O-CH2-Ph), 

67.0 (O-CH2-Ph), 62.8 (C-2), 52.7 (C-5a), 49.8 (N-CH2-Ph), 26.7 (Si-C-CH3), (-3.2), (-4.4) 

(Si-CH3); RP-HPLC: tr = 32.7 min, (NUCLEODUR C18, 150x4.6mm, 5 µm, 0.4 mL/min, 

80-100 % MeCN in 40 min); ESI-MS: calcd for C48H55NO5SiNa [M+Na]+, 776.3742; 

found, 776.3746. 

 

(5aR)-2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-deoxy-5a-

phenyl-idose (73) To the olefin 76 (20.0 mg, 0.0265 mmol) solved in anhydrous THF 

(0.2 mL) was added a solution of 9-BBN (0.16 mL, 0.0796 mmol, 0.5 M in THF) at room 

temperature. The reaction was heated in an oil bath to 60 °C and was stirred at that 

temperature for 5h. Again 9-BBN (0.2 mL, 0.0995 mmol) was added to the reaction at 

room temperature and the reaction was stirred at 60 °C for 17h. The reaction monitoring 

(TLC) still showed the presence of starting material, another portion of 9-BBN (0.2 mL, 

0.0995 mmol) was added do the reaction solution. The stirring was continued for 6h, 

then the reaction was cooled to 0 °C. 3N NaOH aqueous solution (0.15 mL, 0.477 mmol) 

and 35%wt H2O2 solution (0.15 mL) were successively added at 0 °C. The solution was 

stirred for 2h at room temperature before the addition of 0.5 N Na2S2O3 aqueous solution 

(10 mL) and diluting with CH2Cl2 (30 mL). The organic phase was separated and the 

aqueous phase extracted with CH2Cl2 (3x10 mL). The combined organic layers were 

washed with sat. aqueous NaCl and dried (MgSO4). The solvents were removed under 

reduced pressure and the residue purified by automated flash chromatography (12 g 

silica, 95:5 to 75:25 petroleum ether/ethyl acetate in 90 min) yielding the protected 

phenyl-carba-β-L-idosamine 73 (17.6 mg, 86%) as a colorless foam. 
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Rf
 = 0.44 (petroleum ether/ethyl acetate 5:1), Seebach-reagent; 1H-NMR (500 MHz, 

CDCl3, 25 °C): δ [ppm] = 7.52-6.93 (m, 25H, Ar-H), 5.55, 5.06 (d, J = 12.0 Hz, 2H, O-

CH2-Ph), 4.96, 4.45 (d, J = 16.7 Hz, 2H, N-CH2-Ph), 4.82, 3.47 (d, J = 11.3 Hz, 2H, O-

CH2-Ph), 4.70, 4.54 (d, J = 11.5 Hz, 2H, 2H, O-CH2-Ph), 4.52 (br, 1H, H-1), 4.39 (dd, J = 

11.0, 2.8 Hz, 1H, H-2), 4.25-4.14 (m, 3H, H-3, H-6), 3.91-3.87 (m, 1H, H-4), 2.92-2.90 

(m, 2H, H-5, H-5a), 0.90 (s, 9H, CH3-C-Si), (-0.11), (-0.19) (s, H3, CH3-Si); 13C-NMR (126 

MHz, CDCl3, 25 °C): δ [ppm] = 156.6 (C=O), 140.0-126.5 (CAr), 88.0 (C-4), 77.2 (C-1), 

75.0 (C-3), 73.1, 72.9, 72.3 (O-CH2-Ph), 67.7 (O-CH2-Ph), 63.4 (C-2), 62-1 (C-6), 50.0 

(N-CH2-Ph), 45.7 (C-5a), 72.9 (C-5), 26.6 (Si-C-CH3), (-4.9) (Si-CH3); RP-HPLC: tr = 

7.3 min, (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 80-100 % MeCN in 20 min); ESI-MS: 

calcd for C48H57NO6SiNa [M+Na]+, 794.3847; found, 794.3837. 

 

Benzyl benzyl((1R,2R,3R,4R,5R,6S)-2,3-bis(benzyloxy)-6-((tert-

butyldimethylsilyl)oxy)-4-formyl-5-phenylcyclohexyl)carbamate (105) To 2-

iodoxybenzoic acid (70.0 mg, 0.112 mmol) solved in anhydrous DMSO (0.8 mL) was 

added a solution of the protected phenyl-carba-β-L-idosamine 73 (24.8 mg, 0.032 mmol) 

in anhydrous DMSO (0.4 mL) was added at room temperature. The solution was stirred 

at room temperature for 18h, then water (5 mL) was added and the solution extracted 

with CH2Cl2 (3x10 mL). The combined organic layers were washed with sat. aqueous 

NaCl and dried (MgSO4). The solvents were removed under reduced pressure and the 

residue purified by automated flash chromatography (4 g silica, 95:5 to 75:25 petroleum 

ether/ethyl acetate in 90 min) yielding the aldehyde 105 (17.9 mg, 72%) as a colorless 

foam. 

Rf
 = 0.54 (petroleum ether/ethyl acetate 5:1), Seebach-reagent; 1H-NMR (500 MHz, 

CDCl3, 25 °C): δ [ppm] = 10.29 (d, J = 5.8 Hz, 1H, H-6), 7.51-6.86 (m, 25H, Ar-H), 5.54, 

5.08 (d, J = 11.9 Hz, 2H, O-CH2-Ph), 5.04, 4.45 (d, J = 16.7 Hz, 2H, N-CH2-Ph), 4.66, 

3.23 (d, J = 11.4 Hz, 2H, O-CH2-Ph), 4.62 (d, J = 10.8 Hz, 2H, O-CH2-Ph), 4.53 (dd, J = 

10.9, 3.0 Hz, 1H, H-2), 4.47 (br, 1H, H-1), 4.37 (dd, J = 11.0, 8.1 Hz, 1H, H-3), 3.91 (dd, 

J = 8.3, 5.2 Hz, 1H, H-4), 3.53 (td, J = 5.4, 2.9 Hz, 1H, H-5), 3.08 (br, 1H, H-5a), 0.85 (s, 

9H, CH3-C-Si), (-0.14), (-0.19) (s, H3, CH3-Si); 13C-NMR (126 MHz, CDCl3, 25 °C): δ 

[ppm] = 203.9 (C=O), 156.6 (C=O), 140.1-126.7 (CAr), 84.9, 84.7 (C-4), 77.8, 77.4 (C-1), 

75.2 (C-3), 72.3 (O-CH2-Ph), 71.1, 71.0 (O-CH2-Ph), 67.8 (O-CH2-Ph), 63.2 (C-2), 52.6 

(C-5), 49.8 (N-CH2-Ph), 48.8 (C-5a), 24.0 (Si-C-CH3), 18.2 (Si-C-CH3), (-4.2), (-5.5) (Si-
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CH3); RP-HPLC: tr = 3.1 min, (Kinetex EVO C18, 2.6 µm, 0.8 mL/min, 80-87 % MeCN in 

5 min); ESI-MS: calcd for C48H55NO6SiNa [M+Na]+, 792.3691; found, 792.3680. 

 

Benzyl benzyl((1R,2R,3R,4S,5R,6S)-2,3-bis(benzyloxy)-6-((tert-

butyldimethylsilyl)oxy)-4-formyl-5-phenylcyclohexyl)carbamate (106) A solution of 

the axial-hydroxy methylene aldehyde 105 (27.1 mg, 0.0317 mmol) in methanol (317 µL) 

and pyridine (35 µL) was stirred at 60 °C for 4 days. HPLC showed 98% conversion and 

the solvents were removed under reduced pressure and the residue coevaporated with 

toluene. The residue was purified by preparative HPLC (Gemini® C18, 110 Å, 5 µm, 

50x30 mm, 40-100% acetonitrile in 15 min, A: 0.1% formic acid in H2O) followed by 

lyophilisation of product fractions, yielding the aldehyde 106 (11.1 mg, 45%) as colorless 

foam. 

1H-NMR (500 MHz, CDCl3, 25 °C): δ [ppm] = 9.65 (d, J = 2.9 Hz, 1H, H-6), 7.50-6.81 (m, 

25H, Ar-H), 5.55, 5.02 (d, J = 11.9 Hz, 2H, O-CH2-Ph), 4.90, 4.31 (d, J = 16.7 Hz, 2H, N-

CH2-Ph), 4.77-3.76 (m, 9H, 2xO-CH2-Ph, H-2, H-1, H-3, H-4, H-5), 3.06 (dd, J = 12.6, 2.0 

Hz, 1H, H-5a), 0.92 (s, 9H, CH3-C-Si), (-0.18), (-1.17) (s, H3, CH3-Si); 13C-NMR (126 

MHz, CDCl3, 25 °C): δ [ppm] = 202.7 (C=O), 156.2 (C=O), 138.0-126.1 (CAr), 83.5 (C-4), 

77.4 (C-1), 76.5 (C-3), 74.9 (O-CH2-Ph), 71.3, (O-CH2-Ph)0, 67.7 (O-CH2-Ph), 62.5 (C-

2), 52.2, 52.0 (C-5), 49.5 (N-CH2-Ph), 47.2 (C-5a), 26.6 (Si-C-CH3), 18.3 (Si-C-CH3), (-

3.7), (-6.1) (Si-CH3); RP-HPLC: tr = 3.5 min, (Kinetex EVO C18, 2.6 µm, 0.8 mL/min, 80-

87 % MeCN in 5 min); ESI-MS: calcd for C48H55NO6SiH [M+H]+, 770.3871; found, 

792.3868. 

 

(5aS)-2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-deoxy-5a-

phenyl-glucose (107) To the aldehyde 106 (11.1 mg, 0.0144 mmol) solved in 

anhydrous THF (300 µL) was added a solution of LiAlH4 (18 µL, 0.0180 mmol, 1 M in 

THF) at 0 °C. The cooling bath was removed and the reaction stirred at room 

temperature for 15 min. The reaction was cooled and wet MgSO4 was added to quench 

the reaction. The MgSO4 was removed by filtration through a 0.2 µm syringe filter and 

washed with CH2Cl2 (2x 1 mL). The solvents were removed under reduced pressure and 
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the residue purified by automated flash chromatography (4 g silica, 98:2 to 78:22 

petroleum ether/ethyl acetate in 30 min) yielding the protected phenyl-carba-α-D-

glucosamine 107 (9.58 mg, 86%) as a colorless foam. 

Rf
 = 0.26 (petroleum ether/ethyl acetate 5:1), Seebach-reagent; 1H-NMR (600 MHz, 

CDCl3, -30 °C): δ [ppm] = 7.46-6.74 (m, 25H, Ar-H), 5.29 (t, J = 9.9 Hz, 1H, H-3c), 5.15-

4.61 (m, 6H, 3xO-CH2-Ph), 4.92-4.11 (m, 2H, N-CH2-Ph), 4.52 (d, J = 11.3 Hz, 1H, H-

2a), 4.38-4.35 (m, 2H, H-1a, H-2b), 4.11-4.07 (m, 1H, H-3a), 4.01 (H-1c), 3.97 (t, J = 9.6 

Hz, 1H, H-4a), 3.87 (d, J = 12.0 Hz, 1H, H-6aa), 3.82 (d, J = 11.2 Hz, 1H, H-6ac), 3.64 (t, 

J = 9.8 Hz, 1H, H-4c), 3.51 (dd, J = 11.2, 3.1 Hz, 1H, H-6ba), 3.42 (dd, J = 11.2, 3.4 Hz, 

1H, H-6bc), 3.08 (d, J = 10.8 Hz, 1H, H-2c), 3.04 (d, J = 12.5 Hz, 1H, H-5aa), 2.67 (d, J = 

13.1 Hz, 1H, H-5ab), 2.57-2.45 (m,1H, H-5), 0.88 (s, 9H, CH3-C-Si), (-0.27), (-1.23) (s, 

H3, CH3-Si); 13C-NMR (150 MHz, CDCl3, -30 °C): δ [ppm] = 156.9, 154.9 (C=O), 139.8-

125.5 (CAr), 84.1 (C-4c), 77.2 (C-3c), 75.3 (C-1), 73.8, 73.1 (C-3a, H-1a, H-1c, 2xO-CH2-

Ph), 67.0, 66.4 (C-2c, (O-CH2-Ph), 59.6 (C-6), 52.3 (N-CH2-Ph), 46.7 (C-5a), 40.6, 40.2 

(C-5), 26.3 (Si-C-CH3), 8.1 (Si-C-CH3), (-3.7), (-7.1) (Si-CH3); RP-HPLC: tr = 9.2 min, 

(ZORBAX SB-C18, 5 µm, 0.4 mL/min, 80-100 % MeCN in 20 min); ESI-MS: calcd for 

C48H57NO6SiNa [M+Na]+, 794.3847; found, 794.3837. 

 

Benzyl benzyl((3S,4S,5R,6R,7R,8S)-4,5-bis(benzyloxy)-7-((tert-

butyldimethylsilyl)oxy)-8-fluoro-1-oxaspiro[2.5]octan-6-yl)carbamate (74) The olefin 

77 (177.4 mg, 0.235 mmol) was presented in a 10 mL flat bottom flask and solved in 

CH2Cl2 (1.5 mL). The solution was cooled to 0 °C and mCPBA (116 mg, 0.52 mmol) 

solved in CH2Cl2 (1 mL) added and the cloudy suspension stirred at room temperature 

for 1h. TLC shows presence of starting material, so another three additional portions of 

mCPBA (116 mg, 0.52 mmol) were added in an interval of two times 1 h and then 2 h. 

After stirring for 4 h at room temperature sat. aqueous Na2SO3 (10 mL) is added and the 

suspension stirred for 10 min. The organic layer is separated washed with sat. aqueous 

NHCO3 (3x10 mL) and sat. aqueous NaCl, followed by drying with MgSO4. The solvent 

was removed under reduced pressure and the residue purified by flash chromatography 

(100% petroleum ether to 80:20 petroleum ether/ethyl acetate in 45 min), yielding the 

epoxide 74 (147.8 mg, 82 %) as colorless solid. 

Rf
 = 0.46 (petroleum ether/ethyl acetate 5:1), Seebach-reagent; 

NMR-assignment of conformer A: 
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1H-NMR (500 MHz, CDCl3, -40 °C): δ [ppm] = 7.64-7.06 (m, 25H, Ar-H), 5.53-5.06 (m, 

2H, N-C(O)-O-CH2-Ph), 5.26 and 4.03  (d, J = 15.6 Hz, 2H, N-CH2-Ph), 5.05-4.29 (m, 

2H, O-CH2-Ph), 4.82 (dd, J = 11.2, 5.0 Hz, 1H, H-1), 4.80-4.20 (m, 4H, O-CH2-Ph), 4.37–

4.29 (m, 1H, H-3), 3.82 (t, J = 10.7 Hz, 1H, H-2), 3.68 (d, J = 9.4 Hz, 1H, H-4), 3.07 (d, J 

= 5.3 Hz, 1H, H6a), 3.01 (d, J = 5.6 Hz, 1H, H-5a), 2.84 (d, J = 4.8 Hz, 1H, H6b), 0.74 or 

0.69 or 0.58 (s, 9H, CH3-C-Si), 0.15 and 0.07 or 0.08 and 0.02 or -0.16 and -0.25 (s, 3H, 

2xCH3-Si); 13C-NMR (176 MHz, CDCl3, -40 °C): δ [ppm] = 156.6 (C=O), 139.1-126.5 

(CAr), 81.3 (C-3), 75.7 (C-4), 75.6 or 75.1 or 74.9 or 74.7 (O-CH2-Ph), 70.7 (C-1), 67.7 or 

67.6 or 66.7 (O-CH2-Ph), 63.4 (C-2), 56.7 or 56.3 (N-CH2-Ph), 50.3 (C-6), 49.9 (C-5a), 

25.7 or25.5 (Si-C-CH3), 17.8 or 17.7 or 17.6 (Si-C-CH3), -4.3 and -4.9 or -4.4 and -6.1 or 

-4.6 and -5.6 (Si-CH3); 

Conformer B: 

1H-NMR (500 MHz, CDCl3, -40 °C): δ [ppm] = 7.64-7.06 (m, 25H, Ar-H), 5.53-5.06 (m, 

2H, N-C(O)-O-CH2-Ph), 5.26 and 4.03  (d, J = 15.6 Hz, 2H, N-CH2-Ph), 5.22 (t, J = 10.9 

Hz, 1H, H-2), 5.05-4.29 (m, 2H, O-CH2-Ph), 4.80-4.20 (m, 4H, O-CH2-Ph), 4.60 (dd, J = 

11.0, 5.9 Hz, 1H, H-1), 3.66 (d, J = 9.22 Hz, 1H, H-4), 3.54 (t, J = 10.1 Hz, 1H, H-3), 3.01 

(d, J = 5.6 Hz, 1H, H-5a), 2.98 (d, J = 5.0 Hz, 1H, H6a), 2.84 (2.93 (d, J = 5.1 Hz, 1H, 

H6b), 0.74 or 0.69 or 0.58 (s, 9H, CH3-C-Si); 13C-NMR (176 MHz, CDCl3, -40 °C): δ 

[ppm] = 158.4 (C=O), 139.1-126.5 (CAr), 78.2 (C-3), 77.1 (C-4), 75.6 or 75.1 or 74.9 or 

74.7 (O-CH2-Ph), 68.2 (C-1), 67.7 or 67.6 or 66.7 (O-CH2-Ph), 59.8 (C-2), 56.7 or 56.3 

(N-CH2-Ph), 50.3 (C-6), 49.7 (C-5a), 25.7 or25.5 (Si-C-CH3), 17.8 or 17.7 or 17.6 (Si-C-

CH3), -4.3 and -4.9 or -4.4 and -6.1 or -4.6 and -5.6 (Si-CH3); 

Conformer C: 

1H-NMR (500 MHz, CDCl3, -40 °C): δ [ppm] = 7.64-7.06 (m, 25H, Ar-H), 5.53-5.06 (m, 

2H, N-C(O)-O-CH2-Ph), 5.26 and 4.03  (d, J = 15.6 Hz, 2H, N-CH2-Ph), 5.11 (br, 1H, H-

1), 5.05-4.29 (m, 2H, O-CH2-Ph), 4.80-4.20 (m, 4H, O-CH2-Ph), 4.70 (t, J = 9.7 Hz, 1H, 

H-3), 3.72 (d, J = 9.6 Hz, 1H, H-4), 3.66 (t, J = 9.3 Hz, 1H, H-2), 3.07 (d, J = 5.3 Hz, 1H, 

H6a), 2.84 (d, J = 4.8 Hz, 1H, H6b), 2.80 (d, J = 4.8 Hz, 1H, H-5a), 0.74 or 0.69 or 0.58 

(s, 9H, CH3-C-Si); 13C-NMR (176 MHz, CDCl3, -40 °C): δ [ppm] = 154.8 (C=O), 139.1-

126.5 (CAr), 79.8 (C-3), 76.1 (C-4), 75.6 or 75.1 or 74.9 or 74.7 (O-CH2-Ph), 69.8 (C-1), 

67.7 or 67.6 or 66.7 (O-CH2-Ph), 64 6 (C-2), 56.7 or 56.3 (N-CH2-Ph), 50.3 (C-6), 50.0 

(C-5a), 25.7 or25.5 (Si-C-CH3), 17.8 or 17.7 or 17.6 (Si-C-CH3), -4.3 and -4.9 or -4.4 and 

-6.1 or -4.6 and -5.6 (Si-CH3); 

RP-HPLC: tr = 9.6 min, (NUCLEODUR C18, 150x4.6mm, 5 µm, 0.4 mL/min, 80-100 % 

MeCN in 40 min); HRMS: calcd for C48H55NO6SiNa [M+Na]+, 792.3691; found, 792.3696. 
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(5aS, 1R)-2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-deoxy-

5a-phenyl-1-O-tert-butyldimethylsilyl-glucose (108) A fresh solution of Cp2TiCl in THF 

was prepared according to Rajanbabu et al.201 To titanocene dichloride (635 mg) solved 

in anhydrous THF (5.1 mL) was added zinc dust (500 mg). The mixture was stirred at 

room temperature for 60 min under argon. Unreacted zinc was removed by filtration 

through a steel cannula with a glass-wool plug at the bottom. The epoxide 74 (82.32 mg, 

0.107 mmol) was solved in anhydrous THF (0.25 mL) and 1,4-cyclohexadien (0.1 mL, 

1.069 mmol) was added at room temperature. The solution of Cp2TiCl in THF (0.43 mL, 

0.214 mmol, 0.5 M) was added dropwise over 30 min. After 1.5h Cp2TiCl in THF 

(0.24 mL, 0.118 mmol) was added at room temperature. The reaction was stirred for 

another 1h and ice-cold 1 N HCl in water (500 µL) was added to the solution. The 

organic layer was separated and the aqueous phase extracted with CH2Cl2 (3x10 mL). 

Sat. aqueous NaHCO3 (10 mL) is added to the aqueous phase and again extracted with 

CH2Cl2 (3x 10 mL). The combined organic layers were washed with Sat. aqueous 

NaHCO3 (10 mL), sat. aqueous NaCl and dried (MgSO4). The solvents were removed 

under reduced pressure and the residue purified via automated flash chromatography 

(90% petroleum ether to 75:25 petroleum ether/ethyl acetate in 40 min) yielding the 

alcohol 108 (53.91 mg, 65%) as slightly yellow oil. 

Rf
 = 0.14 (petroleum ether/ethyl acetate 5:1), Seebach-reagent; 1H-NMR (700 MHz, 

CDCl3): δ [ppm] = 7.32–7.01 (m, 25H, Ar-H), 5.29 and 5.04 (d, J = 12.3 Hz, 2H, N-C(O)-

O-CH2-Ph), 4.88-4.11 (m, 2H, N-CH2-Ph), 4.83-4.37 (m, 4H, 2xO-CH2-Ph), 4.78-4.69 (m, 

2H, H-1 and H-3), 3.84 (dd, J = 11.6, 9.1 Hz, 1H, H-4), 3.78-3.76 (m, 1H, H-2), 3.43 (dd, 

J = 7.1, 5.6 Hz, 1H, H-6), 3.39 (dd, J = 6.0, 5.3 Hz, 1H, H-5a), 2.18 (dq, J = 11.1, 5.7 Hz, 

1H, H-5), 0.60 and 0.57 (s, 9H, t-Bu), 0.09 and -0.02 (s, 3H, CH3); 
13C-NMR (176 MHz, 

CDCl3): δ [ppm] = 156.5 (C=O), 131.2-128.1 (CAr), 82.4 (C-4), 81.3 (C-3), 75.2 and 74.8 

(O-CH2-Ph), 71.0 (C-1), 67.2 (br, C-2) 66.9 (N-C(O)-O-CH2-Ph), 64.2 (C-6), 56.8 (br, N-

CH2-Ph), 50.2 (C-5a), 44.4 (C-5), 25.8 (-Si-t-Bu), 17.7 (Si-C-CH3), -4.2 and -4.9 (-Si-

CH3-); RP-HPLC: tr = 7.5 min (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 80-100 % MeCN in 

20 min); HRMS: calcd for C48H57NO6SiNa [M+Na]+, 794.3847; found, 794.3834. 
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Dibenzyl (5aS)-2-Amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-

deoxy-5a-phenyl-1-O-tert-butyldimethylsilyl-glucose-6-phosphate (109) The 

unphosphorylated phenyl-carba precursor 107 (9.58 mg, 0.0124 mmol) was transferred 

to a heat-dried schlenk-tube with toluene. The toluene was removed under reduced 

pressure and the starting material dried under vacuum (~10-2 mbar) for 17 h. 1H-

Tetrazole (4.35 mg, 0.0621 mmol), anhydrous CH2Cl2 (1 mL) and dibenzyl N,N-

diisopropylphosphoramidite (10.4 µL, 0.0310 mmol) were added under argon 

atmosphere. The mixture was stirred for 2 h at room temperature after which HPLC-

monitoring showed completion of the reaction. The reaction was cooled to 0 °C and m-

CPBA (70%, 9.30 mg, 0.0377 mmol) was added. After 1h HPLC shows completion of the 

reaction, the mixture was diluted with ethyl acetate (10 mL) and 2 mL of aqueous 10% 

Na2SO3 was added and the mixture stirred for 15 min. The organic layer was separated 

and washed with aqueous 10% Na2SO3 (2x10 mL), 1M HCl (2x10 mL), saturated 

NaHCO3 (3x10 mL) and brine (2x10 mL). The organic layer was dried with MgSO4 and 

concentrated. The reaction was purified via RP-HPLC (Gemini® C18, 110 Å, 5 µm, 

50x30 mm, 80-100 % MeCN in 10 min). Fractions containing product were combined 

and freeze-dried yielding the phosphorylated pseudo-sugar precursor 109 (9.94 mg, 

78%) as colorless foam. 

1H-NMR (700 MHz, CDCl3, 25 °C): δ [ppm] = 7.50-6.85 (m, 35H, Ar-H), 5.24 (br, 1H, H-

3b), 5.08-3.76 (m, 18H, 5xO-CH2-Ph, N-CH2-Ph, H-2, H-6, H-3a, H-1, H-4a), 3.50 (br, 

1H, H-4c), 3.02 (m, 1H, H-2), 2.69 (br, 1H, H-5a), 2.63 (br, H-5), 0.90 (s, 9H, CH3-C-Si), 

(-0.20), (-1.15) (s, H3, CH3-Si); 13C-NMR (150 MHz, CDCl3, 25 °C): δ [ppm] = 155.0 

(C=O), 140.2-125.7 (CAr), 83.1 (C-4b), 81.9 (C-4a), 78.2 (C-3b), 75.4 (O-CH2-Ph), 74.2 

(C-1), 73.4 (O-CH2-Ph), 69.0 (2xP-O-CH2-Ph), 67.4 (C-2b), 66.6 (O-CH2-Ph), 67.7 (C-6), 

62.4 (C-2a), 52.9 (N-CH2-Ph), 46.9 (C-5a), 39.8 (C-5), 26.7 (Si-C-CH3), 18.4 (Si-C-CH3), 

(-3.5) (Si-CH3); RP-HPLC: tr = 22.2 min, (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 20-100 % 

MeCN in 20 min); ESI-MS: calcd for C62H70NO9PSiNa [M+Na]+, 1054.4450; found, 

1054.4481. 

 

Dibenzyl (5aS)-2-amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-

deoxy-5a-phenyl-1-O-tert-butyldimethylsilyl-β-D-carba-glucose-6-phosphate 

(110) The unphosphorylated phenyl-carba precursor 108 (36.76 mg, 0.0476 mmol) in 

toluene was transferred to a heat-dried schlenk-tub. The toluene was removed under 

reduced pressure and the starting material dried under vacuum (~10-2 mbar) for 17 h. 
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1H-Tetrazole (16.68 mg, 0.238 mmol), anhydrous CH2Cl2 (4 mL) and dibenzyl N,N-

diisopropylphosphoramidite (40 µL, 0.119 mmol) were added under argon atmosphere. 

The mixture was stirred at room temperature for 3 h after which TLC-monitoring showed 

completion of the reaction. The reaction was cooled to 0 °C and mCPBA (77%, 32.0 mg, 

0.143 mmol) was added. After 1h, 2 mL of aqueous 10% Na2SO3 was added at 0 °C and 

the mixture stirred for 15 min. The organic layer was separated and the aqueous layer 

extracted with CH2Cl2 (3x10 mL). Sat. aqueous NH4Cl (10 mL) is added to the aqueous 

layer and extracted with CH2Cl2 (3x20 mL). Sat. aqueous NaHCO3 (20 mL) is added to 

the aqueous layer and extracted with CH2Cl2 (3x30 mL). The combined organic layers 

are washed with brine (10 mL) dried with MgSO4 and the solvents removed under 

reduced pressure. The residue was purified via prep. RP-HPLC (Gemini® C18, 110 Å, 

5 µm, 50x30 mm, 80-100 % MeCN in 10 min). Fractions containing product were 

combined and freeze-dried yielding the phosphorylated pseudo-sugar precursor 110 

(30.03 mg, 61%) as colorless foam. 

1H-NMR (700 MHz, CDCl3, 25 °C): δ [ppm] = 7.32-6.98 (m, 35H, Ar-H), 5.28 and 5.04 (d, 

J = 12.3 Hz, 2H, N-C(O)-O-CH2-Ph), 4.92 and 4.83 (d, J = 7.8 Hz, 2H, P-O-CH2-Ph), 

4.71 (br, 2H, H-1 and H-3), 4.68 and 4.29 (d, J = 11.4 Hz, 2H, O-CH2-Ph), 4.23 (dt, J = 

9.2, 4.3 Hz, 1H, H-6a), 3.61 (dd, J = 11.8, 8.9 Hz, 1H, H-4), 3.49 (t, J = 5.9 Hz, 1H, H-

5a), 3.43 (td, J = 9.9, 5.8 Hz, 1H, H-6b), 3.76 (br, 1H, H-2), 2.33 (dt, J = 11.0, 5.9 Hz, 1H, 

H-5), 0.61 and 0.57 (s, 9H, t-Bu), 0.07 and -0.04 (s, 3H, CH3); 
13C-NMR (176 MHz, 

CDCl3): δ [ppm] = 155.5 (C=O), 138.2-127.1 (CAr), 81.2 (C-3), 79.3 (C-4), 74.6 (O-CH2-

Ph), 70.9 (C-1), 69.2 and 69.2 (d, J = 5.4 Hz, P-O-CH2-Ph), 66.9 (N-C(O)-O-CH2-Ph), 

66.3 (d, J = 5.8 Hz, C-6), 56.8 (br, N-CH2-Ph), 48.5 (C-5a), 43.1 (d, J = 8.2 Hz, C-5), 25.9 

(-Si-t-Bu), 17.7 (Si-C-CH3), -4.1 and -4.9 (-Si-CH3-); RP-HPLC: tr = 13.3 min (ZORBAX 

SB-C18, 5 µm, 0.4 mL/min, 80-100 % MeCN in 20 min); HRMS: calcd for 

C62H70NO9PSiNa [M+Na]+, 1054.4450 found, 1054.4458. 

 

Dibenzyl (5aS)-2-amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-

deoxy-5a-phenyl-carba-glucose-6-phosphate (111) To the silylated phenyl-carba-

GlcN6P precursor 109 (8.14 mg, 0.00789 mmol) solved in DMF (110 µL) were added 

water (1.42 µL, 0.0789 mmol) and a solution of TAS-F (39.4 µL, 0.0394 mmol, 1N in 

DMF). The reaction was stirred for 18h at 23 °C. Another 20 µL of a 1N solution of TAS-F 

in DMF were added and the reaction stirred at 23 °C. HPLC-monitoring after 27h showed 
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44% conversion of the reaction and 20 µL of a 1N solution of TAS-F in DMF were added. 

After 43h water (1.42 µL) and a last portion of 20 µL of a 1N solution of TAS-F in DMF 

were added. After 66h the reaction was diluted with 1 mL acetonitrile/water (66:34) and 

the solution was loaded directly onto a C18-HPLC column (Gemini® C18, 110 Å, 5 µm, 

50x30 mm), utilizing a gradient of 60-80 % MeCN (A: 0.1% formic acid in H2O) in 10 min. 

Fractions containing the product were combined and freeze-dried yielding the benzylated 

pseudo-sugar precursor 111 (4.59 mg, 63%) as colorless foam. 

1H-NMR (700 MHz, CDCl3, 25 °C): δ [ppm] = 7.31-7.13 (m, 35H, Ar-H), 5.12-4.43 (m, 

13H, 5xO-CH2-Ph, N-CH2-Ph, H-3), 4.44 (d, J = 9.9 Hz, 1H, H-6a), , 3.85 (br, 1H, H-1), 

3.74-3.66 (m, 2H, H-6b, H-4), 3.07 (br, 1H, H-2), 2.68 (br, 1H, H-5), 2.55 (br, 1H, H-5a), 

0.90 (s, 9H, CH3-C-Si), (-0.20), (-1.15) (s, H3, CH3-Si); 13C-NMR (150 MHz, CDCl3, 

25 °C): δ [ppm] = 158.8 (C=O), 138.8.2-127.2 (CAr), 81.8 (C-4), 78.8 (C-3), 75.4 (2xO-

CH2-Ph), 74.7 (C-1), 69.2, 69.1 (2xP-O-CH2-Ph), 68.1 (O-CH2-Ph), 65.2 (C-6), 47.2 (N-

CH2-Ph) and 47.2 (C-5a), 41.1 (C-5); 31P-NMR (162 MHz, CDCl3): δ [ppm] = -1.08 (s, 

1P); RP-HPLC: tr = 17.9 min, (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 20-100 % MeCN in 

20 min); ESI-MS: calcd for C56H56NO9PNa [M+Na]+, 940.3585; found, 940.3568. 

 

Dibenzyl (5aS)-2-amino-N-benzyl-N-benzyloxycarbonyl-3,4-di-O-benzyl-2-

deoxy-5a-phenyl-β-D-glucose-6-phosphate (75) To the silylated phenyl-carba 

precursor 110 (27.6 mg, 0.0267 mmol) solved in THF (395.5 µL) K2HPO4-buffer (2.54 µL) 

was added. A solution of TBAF (107.0 µL, 0.1070 mmol, 1N in THF) was added at room 

temperature and the reaction was stirred for 24 h at 23 °C. Another 50 µL of a 1N 

solution of TBAF in THF (0.050 mmol) were added and the reaction stirred at 23 °C for 

another 29 h. HPLC-monitoring after a total of 56 h showed 90% conversion of the 

reaction and the reaction was diluted with 1 mL acetonitrile/water (66:34). The solution 

was loaded directly onto a C18-HPLC column (Gemini® C18, 110 Å, 5 µm, 50x30 mm), 

utilizing a gradient of 60-80 % MeCN (A: 0.1% formic acid in H2O) in 10 min. Fractions 

containing the product were combined and freeze-dried yielding the benzylated phenyl-

carba-sugar 75 (14.15 mg, 58%) as colorless foam. 

NMR-assignment for conformer A: 

1H-NMR (700 MHz, CDCl3, 25 °C): δ [ppm] = 7.36-7.19 (m, 35H, Ar-H), 5.08-5.07 (m, 

2H, O-CH2-Ph), 4.86 and 4.30 (d, J = 14.8 Hz, 2H, N-CH2-Ph), 4.76-4.52 (m, 8H, O-CH2-

Ph), 4.39 (br, 1H, H-4), 4.24 (br, 1H, H-1), 4.01 (br, 1H, H-5a), 3.86 (br, 1H, H-6a), 3.65-
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3.61 (m, 2H, H-3, H-6b), 3.50 (br, 1H, H-2), 2.57 (br, 1H, H-5); 13C-NMR (176 MHz, 

CDCl3, 25 °C): δ [ppm] = 156.3 or 155.7 (C=O), 141.1-126.5 (CAr), 87.4 (C-3), 83.0 (C-4), 

77.7 (C-1), 73.9 (2xO-CH2-Ph), 71.1 (2xO-CH2-Ph), 69.3 (C-6), 67.7 (C-2), 67.2 (O-CH2-

Ph), 53.9 (N-CH2-Ph), 44.7 (C-5), 44.2 (C-5a); 31P-NMR (162 MHz, CDCl3): δ [ppm] = -

1.34 (s, 1P);  

NMR-assignment for conformer B: 

1H-NMR (700 MHz, CDCl3, 25 °C): δ [ppm] = 7.36-7.19 (m, 35H, Ar-H), 5.08-5.07 (m, 

2H, O-CH2-Ph), 4.86 and 4.30 (d, J = 14.8 Hz, 2H, N-CH2-Ph), 4.76-4.52 (m, 8H, O-CH2-

Ph), 4.24 (br, 1H, H-4), 3.97 (br, 1H, H-1), 3.74 (br, 1H; H-6a), 3.65-3.61 (m, 3H, H-3, H-

6b, H-2), 3.41 (br, 1H, H-5a), 2.42 (br, 1H, H-5); 13C-NMR (176 MHz, CDCl3, 25 °C): δ 

[ppm] = 156.3 or 155.7 (C=O), 141.1-126.5 (CAr), 87.0 (C-3), 82.7 (C-4), 78.1 (C-1), 73.5 

(2xO-CH2-Ph), 71.1 (2xO-CH2-Ph), 68.8 (C-6 and C-2), 68.0 (O-CH2-Ph), 45.1 (C-5), 

44.0 (C-5a); 31P-NMR (162 MHz, CDCl3): δ [ppm] = -1.34 (s, 1P); 

RP-HPLC: tr = 18.0 min, (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 20-100 % MeCN in 

20 min); ESI-MS: calcd for C56H56NO9PNa [M+Na]+, 940.3585; found, 940.3577. 

 

(5aS)-2-Amino-2-deoxy-5a-phenyl-glucose-6-phosphate (72) Perbenzylated phenyl-

carba compound 111 (4.59 mg, 0.00500 mmol) was deprotected according to GP1. The 

reaction was finished after 6h. The lyophilized pseudo-sugar was purified via C18-HPLC 

(Gemini® C18, 110 Å, 5 µm, 50x30 mm, 100% H2O for 5 min, then 0-40% acetonitrile in 

5 min). Fractions containing the product were combined and freeze-dried yielding (5aS)-

phenyl-carba-α-D-GlcN6P 72 (1.89 mg, 76%) as colorless foam. 

1H-NMR (400 MHz, CDCl3, 25 °C): δ [ppm] = 7.48-7.30 (m, 5H, Ph), 4.13 (ddd, J = 10.5, 

5.1, 2.0 Hz, 1H, H-6a), 4.10 (t, J = 2.4 Hz, 1H, H-1), 3.87 (dd, J = 10.7, 9.3 Hz, 1H, H-3), 

3.77 (t, J = 9.8 Hz, 1H, H-4), 3.50-3.46 (m, 1H, H-6b), 3.46 (dd, J = 10.5, 2.9 Hz, 1H, H-

2), 3.11 (dd, J = 12.7, 2.2 Hz, 1H, H-5a), 2.31 (ddd, J = 12.2, 10.2, 2.1 Hz, 1H, H-5); 13C-

NMR (176 MHz, CDCl3, 25 °C): δ [ppm] = 138.7-127.3 (CAr), 71.2 (C-4), 70.7 (C-3), 70.3 

(C-1), 61.2 (C-6), 56.3 (C-2), 44.8 (C-5a), 40.4 (C-5); 31P-NMR (283 MHz, CDCl3): δ 

[ppm] = 1.32, 0.25; RP-HPLC: tr = 0.4 min, (ZORBAX SB-C18, 5 µm, 0.4 mL/min, 0-40 % 

MeCN in 20 min); ESI-MS: calcd for C13H20NO7PNa [M+Na]+, 356.0870; found, 

356.0877. 
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(1R,2R,3R,4R,5R,8S)-4-amino-8-phenyl-6-oxabicyclo[3.2.1]octane-2,3-diol 

(114) Perbenzylated phenyl-carba compound 75 (8.86 mg, 0.00965 mmol) was 

deprotected according to GP1. The reaction was finished after 23 h. The lyophilized 

pseudo-sugar was purified via C18-HPLC (Gemini® C18, 110 Å, 5 µm, 50x30 mm, 100% 

H2O for 5 min, then 0-40% acetonitrile in 5 min). Fractions containing the product were 

combined and freeze-dried yielding the bicyclic ether 114 (1.28 mg, 65%) as colorless 

foam. 

1H-NMR (700 MHz, CDCl3, 25 °C): δ [ppm] = 7.47-7.35 (m, 5H, Ph), 4.68 (br, 1H, H-1), 

3.94-3.92 (m, 2H, H-6a, H-4), 3.78 (dd, J = 8.9, 4.9 Hz, 1H, H-6b), 3.74-3.72 (m, 2H, H-

5a, H-3), 3.26 (dd, J = 5.8, 2.1 Hz, 1H, H-2), 2.67 (d, J = 4.3 Hz, 1H, H-5); 13C-NMR (176 

MHz, CDCl3, 25 °C): δ [ppm] = 139.3, 128.9, 127.1, 127.0 (CAr), 78.8 (C-1), 76.3 (C-4), 

72.9 (C-3), 68.7 (C-6), 57.3 (C-2), 47.6 (C-5a), 40.6 (C-5); RP-HPLC: tr = 4.8 min, 

(ZORBAX SB-C18, 5 µm, 0.4 mL/min, 0-40 % MeCN in 20 min); ESI-MS: calcd for 

C13H17NO3H [M+H]+, 236.128; found, 236.127. 

5.7 Theoretical Section 

Cartesian Coordinates of optimized structures: 

L-configurated epoxide 34 (BP/def2-TZVP) 

  C      0.502129    1.183639   -0.333672 

  C      1.461300    0.033221    0.055388 

  C      0.738923   -1.336339   -0.000793 

  C     -0.497418   -1.360713    0.922084 

  C     -1.462426   -0.237810    0.509682 

  C     -0.799149    1.123337    0.478787 

  O     -1.735788    2.196783    0.245387 

  H     -2.342886   -0.214848    1.169316 

  O      1.106337    2.475986   -0.308691 

  C      2.087835    2.735815    0.697279 

  O      2.670356    0.043789   -0.704790 

  C      2.539947   -0.024627   -2.127949 
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  N      1.654134   -2.454528    0.239629 

  C      1.731182   -3.417711   -0.737046 

  O      2.718855   -4.325803   -0.459469 

  O      1.014097   -3.485111   -1.729703 

  C      2.834142   -5.383788   -1.430546 

  C      2.642471   -2.387579    1.318654 

  O     -0.142982   -1.176949    2.294719 

  Si    -0.797480   -2.068547    3.569615 

  C     -0.349462   -3.887544    3.396873 

  C     -0.011729   -1.315914    5.096643 

  C     -2.672557   -1.895303    3.615942 

  H      0.200970    1.045327   -1.386012 

  H      1.802331    0.202297    1.088034 

  H      0.347476   -1.500743   -1.015834 

  H     -1.009553   -2.327744    0.765365 

  F     -1.931533   -0.537234   -0.791069 

  H     -0.366813   -1.822919    6.006293 

  H     -0.260049   -0.248613    5.188684 

  H      1.084140   -1.407070    5.068141 

  H     -3.084483   -2.459212    4.467547 

  H     -3.149435   -2.294159    2.707782 

  H     -2.987098   -0.847731    3.732645 

  C     -1.118440    2.101791    1.536562 

  H      3.063514   -4.977172   -2.424092 

  H      1.903254   -5.963600   -1.489558 

  H      3.657193   -6.013091   -1.074310 

  H      2.823424   -3.389758    1.720962 

  H      2.243406   -1.756023    2.118120 

  H      3.597634   -1.968421    0.966807 

  H      0.738178   -4.042280    3.437313 

  H     -0.714375   -4.315459    2.451405 

  H     -0.802470   -4.470208    4.213766 
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  H      2.309643    3.807721    0.618792 

  H      3.010547    2.160308    0.522498 

  H      1.722911    2.529175    1.719262 

  H      3.563435   -0.111438   -2.512608 

  H      2.086105    0.890007   -2.543221 

  H      1.964905   -0.906040   -2.457779 

  H     -0.401484    2.894928    1.760402 

  H     -1.781647    1.809063    2.357658 

D-configurated epoxide 34 (BP/def2-TZVP) 

  C      0.435911    1.120390   -0.414906 

  C      1.439330    0.042059    0.056678 

  C      0.763158   -1.353617   -0.023038 

  C     -0.493596   -1.424448    0.871738 

  C     -1.490692   -0.318109    0.479955 

  C     -0.856474    1.059444    0.407912 

  C     -1.716608    2.244893    0.541962 

  H     -2.329604   -0.298087    1.191901 

  O      0.975866    2.431458   -0.519379 

  C      1.822111    2.881651    0.551070 

  O      2.681051    0.090639   -0.643009 

  C      2.615738   -0.001667   -2.069089 

  N      1.703260   -2.446167    0.234857 

  C      1.832196   -3.401588   -0.742685 

  O      2.835019   -4.284896   -0.439123 

  O      1.148311   -3.482414   -1.758216 

  C      3.011119   -5.331642   -1.412786 

  C      2.655409   -2.367968    1.346343 

  O     -0.147469   -1.266906    2.244437 

  Si    -0.871764   -2.054633    3.546454 

  C     -0.723255   -3.919646    3.334200 

  C      0.101754   -1.452685    5.030382 

  C     -2.689517   -1.586560    3.704654 
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  H      0.132419    0.870703   -1.447305 

  H      1.715483    0.246041    1.102083 

  H      0.406380   -1.523606   -1.050528 

  H     -0.980436   -2.400328    0.687239 

  F     -2.016690   -0.633727   -0.796480 

  H     -0.292512   -1.889785    5.959796 

  H      0.043777   -0.357923    5.119502 

  H      1.162851   -1.730697    4.953397 

  H     -3.112547   -2.020284    4.624412 

  H     -3.293664   -1.963997    2.865777 

  H     -2.818252   -0.495579    3.759466 

  O     -0.900989    1.798106    1.649871 

  H     -1.387010    3.177254    0.077731 

  H     -2.795628    2.117242    0.678920 

  H      3.258748   -4.911522   -2.396273 

  H      2.100179   -5.938406   -1.504167 

  H      3.841241   -5.939039   -1.035378 

  H      2.798388   -3.360324    1.788464 

  H      2.243507   -1.701825    2.109726 

  H      3.631398   -1.982515    1.014849 

  H      0.325982   -4.230231    3.224016 

  H     -1.275788   -4.285120    2.455608 

  H     -1.134900   -4.440453    4.212795 

  H      2.052155    3.928435    0.315959 

  H      2.761780    2.308370    0.580691 

  H      1.313820    2.832042    1.524933 

  H      3.656443   -0.065619   -2.409267 

  H      2.154394    0.895115   -2.514311 

  H      2.078975   -0.903429   -2.408687 

β-titanoxy radical 55 (TPSS-D3/def2-TZVP) 

  C      0.936583    1.409220    0.707777 

  C      1.132332   -0.024111    0.166214 
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  C     -0.119134   -0.860405    0.505574 

  C     -0.262882   -0.955605    2.030877 

  C     -0.467352    0.440045    2.619875 

  C      0.545035    1.413601    2.159648 

  H     -0.555010    0.417360    3.707550 

  O      2.050457    2.273010    0.441664 

  C      3.313080    1.744129    0.856691 

  O      1.480514   -0.053834   -1.213351 

  C      0.542297    0.558220   -2.106056 

  N     -0.106475   -2.168811   -0.148132 

  C     -1.136039   -2.446184   -1.002798 

  O     -0.936652   -3.646255   -1.629022 

  O     -2.120109   -1.741912   -1.197105 

  C     -2.003601   -4.015327   -2.529217 

  C      1.091096   -3.018447   -0.111010 

  O      0.926819   -1.522356    2.575150 

  Si     1.246962   -2.227039    4.058625 

  C      2.879044   -3.099317    3.741413 

  C      1.479255   -0.912548    5.376010 

  C     -0.110921   -3.465228    4.551881 

  H      0.116383    1.872346    0.133968 

  H      1.991267   -0.474785    0.668570 

  H     -1.021115   -0.364511    0.136902 

  H     -1.135541   -1.574407    2.265320 

  F     -1.777574    0.878595    2.149125 

  H      1.841254   -1.359633    6.310565 

  H      0.549687   -0.376970    5.596311 

  H      2.220272   -0.174333    5.047051 

  C      0.806359    2.665561    2.944442 

  H     -2.111829   -3.266180   -3.317182 

  H     -2.946496   -4.105345   -1.984466 

  H     -1.700414   -4.976615   -2.944758 



5 Experimental Section 

150 

  H      0.803883   -4.056406    0.065624 

  H      1.714993   -2.680700    0.713548 

  H      1.648240   -2.951253   -1.050777 

  H      3.607364   -2.392062    3.326904 

  H      2.770411   -3.922522    3.026518 

  H      3.303258   -3.508555    4.665183 

  H      4.011987    2.583177    0.840301 

  H      3.660228    0.966270    0.165970 

  H      3.261324    1.330844    1.874868 

  H      0.886391    0.304437   -3.110631 

  H      0.543292    1.650291   -1.994090 

  H     -0.473297    0.168639   -1.963585 

  H      1.876034    2.921681    2.900276 

  H      0.279480    3.506772    2.452572 

  H     -2.008701    3.128151    2.826501 

  H     -3.653268    2.568884    4.837257 

  C     -2.107228    3.710008    3.731653 

  C     -2.978111    3.409046    4.796239 

  Cl    -1.745394    1.014570    6.041270 

  O      0.419377    2.555628    4.285233 

  C     -1.341054    4.849424    4.101910 

  H     -0.566243    5.320094    3.511057 

  Ti    -0.717774    3.116575    5.624839 

  C     -2.751805    4.346154    5.837251 

  H      1.108728    1.256780    7.261983 

  H      2.332537    3.271608    5.994849 

  C     -1.758141    5.256194    5.390119 

  H     -3.254723    4.364464    6.794284 

  C      0.834974    2.300035    7.311820 

  C      1.481548    3.360989    6.654240 

  C     -0.291540    2.834663    8.008149 

  H     -1.373854    6.101284    5.942201 
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  H     -1.003145    2.262397    8.584887 

  C      0.734887    4.542829    6.880151 

  H      0.969967    5.525784    6.495260 

  C     -0.341773    4.215578    7.761813 

  H     -1.084302    4.903033    8.141211 

  C     -0.429054   -4.399726    3.366654 

  H      0.459774   -4.947670    3.032802 

  H     -1.183700   -5.141154    3.664445 

  H     -0.824536   -3.849043    2.506491 

  C     -1.400360   -2.748924    5.004360 

  H     -1.843348   -2.141015    4.208828 

  H     -2.151490   -3.493139    5.305026 

  H     -1.222243   -2.089334    5.859186 

  C      0.410361   -4.315769    5.731819 

  H     -0.364588   -5.027978    6.048107 

  H      1.300216   -4.893162    5.457169 

  H      0.660686   -3.695361    6.600493 

TS2A (TPSS-D3/def2-TZVP) 

  C      0.909878    1.780789    0.966563 

  C      1.449807    0.410650    0.503122 

  C      0.355743   -0.635872    0.780648 

  C      0.001473   -0.722819    2.274742 

  C     -0.310160    0.660167    2.854110 

  C      0.639926    1.747764    2.462958 

  H     -0.456307    0.609966    3.935612 

  O      1.692012    2.892941    0.532980 

  C      3.084887    2.820850    0.851655 

  O      1.882454    0.405689   -0.856350 

  C      0.892156    0.777670   -1.821206 

  N      0.687292   -1.948354    0.221873 

  C     -0.294844   -2.586274   -0.476095 

  O      0.157908   -3.759472   -1.016788 
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  O     -1.447540   -2.188035   -0.605683 

  C     -0.864571   -4.509889   -1.707283 

  C      2.060355   -2.458284    0.280011 

  O      1.062239   -1.333881    3.003814 

  Si     0.965688   -2.524874    4.183772 

  C      2.411289   -3.668271    3.815170 

  C      1.229117   -1.739520    5.868773 

  C     -0.673629   -3.499263    4.166245 

  H     -0.055516    1.952591    0.465072 

  H      2.353737    0.171404    1.071280 

  H     -0.565497   -0.325948    0.278432 

  H     -0.911059   -1.319211    2.360339 

  F     -1.620574    0.990484    2.306656 

  H      1.092078   -2.476809    6.669041 

  H      0.534105   -0.913202    6.054865 

  H      2.251661   -1.353773    5.958198 

  C      0.377438    3.109745    3.077347 

  H     -1.277742   -3.921944   -2.530049 

  H     -1.667494   -4.780403   -1.017066 

  H     -0.356185   -5.399328   -2.080338 

  H      2.039609   -3.544847    0.355884 

  H      2.536128   -2.051290    1.170784 

  H      2.628381   -2.161860   -0.607879 

  H      3.331633   -3.088377    3.677673 

  H      2.250936   -4.259676    2.907506 

  H      2.585256   -4.362641    4.645143 

  H      3.516170    3.760526    0.499479 

  H      3.566041    1.982549    0.335731 

  H      3.244902    2.734002    1.932575 

  H      1.370270    0.649010   -2.794128 

  H      0.596604    1.826964   -1.700418 

  H      0.006346    0.131593   -1.768882 
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  H      1.259945    3.749593    2.937192 

  H     -0.458053    3.594027    2.541570 

  H     -2.450158    2.880610    3.092010 

  H     -3.757962    1.860543    5.167616 

  C     -2.679591    3.409671    4.004871 

  C     -3.371688    2.865550    5.102734 

  Cl    -1.435865    0.977860    6.333163 

  O      0.096246    3.020598    4.451318 

  C     -2.276135    4.728413    4.349860 

  H     -1.702220    5.403569    3.728690 

  Ti    -1.092271    3.281772    5.831874 

  C     -3.399946    3.835605    6.138163 

  H      1.400414    2.198470    7.260123 

  H      1.697291    4.568270    6.015965 

  C     -2.750184    5.000421    5.655160 

  H     -3.846363    3.708168    7.114662 

  C      0.770699    3.068845    7.376026 

  C      0.927642    4.308990    6.728080 

  C     -0.411241    3.138274    8.171621 

  H     -2.624365    5.926661    6.195905 

  H     -0.815111    2.333328    8.767044 

  C     -0.175390    5.127572    7.065427 

  H     -0.339727    6.138305    6.719081 

  C     -0.986713    4.407174    7.994132 

  H     -1.898925    4.762841    8.451718 

  C     -0.993147   -4.088648    2.776968 

  H     -0.157836   -4.678839    2.382856 

  H     -1.864066   -4.755339    2.850819 

  H     -1.235946   -3.317387    2.040880 

  C     -1.861819   -2.646026    4.658620 

  H     -2.087905   -1.811736    3.987326 

  H     -2.764056   -3.270969    4.720730 
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  H     -1.676526   -2.226339    5.652597 

  C     -0.493860   -4.679114    5.152697 

  H     -1.426857   -5.257412    5.202101 

  H      0.302613   -5.360527    4.834037 

  H     -0.264996   -4.335860    6.167876 

  C      5.586862    2.032691    3.352778 

  H      6.567030    1.948348    3.850859 

  H      5.753442    0.010748    2.449411 

  H      5.802697    2.609046    2.434865 

  C      5.075491    0.667124    2.991351 

  C      3.847936    0.233670    3.321343 

  H      3.531116   -0.767198    3.044529 

  H      2.252031    0.533682    4.752603 

  C      2.868720    1.073733    4.031945 

  H      1.919546    1.348956    3.219439 

  C      3.407714    2.344540    4.540520 

  H      2.761040    2.931103    5.184103 

  C      4.633305    2.797821    4.225345 

  H      4.976651    3.751942    4.620664 

TS2B (TPSS-D3/def2-TZVP) 

  C     -1.659075    1.659277   -0.138968 

  C     -0.433160    0.718673   -0.255814 

  C     -0.977022   -0.719837   -0.334146 

  C     -1.811655   -1.128230    0.892325 

  C     -2.849536   -0.052186    1.272844 

  C     -2.398693    1.373838    1.158866 

  H     -3.242084   -0.268999    2.271360 

  O     -1.379659    3.035559   -0.370860 

  C     -0.189190    3.576960    0.223524 

  O      0.413363    1.022144   -1.366976 

  C     -0.222492    1.032260   -2.649869 

  N      0.078082   -1.696979   -0.613568 
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  C     -0.223767   -2.688992   -1.497186 

  O      0.855502   -3.496470   -1.736735 

  O     -1.321946   -2.864037   -2.014757 

  C      0.563607   -4.606281   -2.613887 

  C      1.409090   -1.538657   -0.023446 

  O     -0.975030   -1.426524    2.019181 

  Si    -1.177771   -2.941490    2.722238 

  C     -0.842805   -4.303875    1.473617 

  C      0.051239   -3.010240    4.164600 

  C     -2.948815   -3.099060    3.340054 

  H     -2.341322    1.396186   -0.959208 

  H      0.205570    0.850923    0.621471 

  H     -1.665493   -0.777825   -1.182992 

  H     -2.383636   -2.020150    0.600694 

  F     -3.941086   -0.263407    0.358082 

  H     -3.126334   -4.086247    3.782693 

  H     -3.665632   -2.980676    2.518614 

  H     -3.185198   -2.344791    4.099278 

  C     -2.069059    2.109603    2.427859 

  H      0.214802   -4.243147   -3.583147 

  H     -0.201789   -5.248416   -2.170929 

  H      1.508626   -5.140552   -2.714312 

  H      1.871016   -2.517963    0.093373 

  H      1.292082   -1.083966    0.959661 

  H      2.044512   -0.902274   -0.647518 

  H      0.179387   -4.259264    1.084219 

  H     -1.525735   -4.244590    0.618506 

  H     -0.985457   -5.287630    1.937585 

  H     -0.244484    4.652703    0.048294 

  H      0.702831    3.166833   -0.264717 

  H     -0.148671    3.397716    1.300770 

  H      0.574515    1.235697   -3.367445 
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  H     -0.975696    1.826718   -2.711012 

  H     -0.679246    0.063076   -2.889058 

  H     -2.116806    3.192210    2.242489 

  H     -2.846116    1.868688    3.165019 

  H      1.884740    2.678345    2.056427 

  H      2.508027    4.347455    4.060059 

  C      1.994911    2.405515    3.095218 

  C      2.316514    3.289389    4.156025 

  Cl    -0.287231    4.776135    3.700259 

  O     -0.775885    1.820751    2.965666 

  C      1.763028    1.125674    3.647233 

  H      1.427811    0.254675    3.104010 

  Ti     0.022261    2.563988    4.482162 

  C      2.273155    2.560077    5.364635 

  H     -1.155989    4.667684    6.423302 

  H     -2.915727    3.364604    4.876815 

  C      1.924364    1.216197    5.050110 

  H      2.471743    2.955379    6.350272 

  C     -1.217356    3.596179    6.306381 

  C     -2.149865    2.905681    5.484432 

  C     -0.351122    2.647832    6.880656 

  H      1.823862    0.402922    5.752948 

  H      0.465045    2.857668    7.556597 

  C     -1.861562    1.526395    5.565108 

  H     -2.362700    0.735219    5.025259 

  C     -0.735415    1.360209    6.406453 

  H     -0.281336    0.419074    6.674960 

  C     -0.225240   -1.833915    5.117736 

  H     -1.218087   -1.911703    5.575607 

  H      0.514334   -1.828412    5.932420 

  H     -0.169633   -0.876016    4.592390 

  C      1.501391   -2.918561    3.651215 
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  H      2.202759   -2.946084    4.497066 

  H      1.748532   -3.754353    2.987641 

  H      1.678646   -1.989837    3.101272 

  C     -0.122824   -4.337207    4.932517 

  H     -1.135346   -4.443416    5.337864 

  H      0.082060   -5.205457    4.296048 

  H      0.578183   -4.374577    5.778055 

  C     -5.315932    3.750379    3.106944 

  C     -5.384537    2.762113    2.196986 

  C     -4.735911    2.858241    0.880572 

  C     -4.264921    4.201838    0.515654 

  C     -4.191693    5.203941    1.408033 

  C     -4.616596    5.053138    2.839922 

  H     -5.793264    3.628076    4.077432 

  H     -5.910250    1.839867    2.436383 

  H     -5.231626    2.301908    0.081248 

  H     -3.671524    2.117739    0.960479 

  H     -3.921208    4.357705   -0.502651 

  H     -3.802314    6.173196    1.105414 

  H     -5.263593    5.894561    3.136756 

  H     -3.729993    5.152404    3.493599 

TS2B* (TPSS-D3/def2-TZVP) 

  C      1.326314    1.431996    1.103868 

  C      1.557620    0.014093    0.523867 

  C      0.286152   -0.838213    0.671809 

  C     -0.056119   -0.967808    2.159885 

  C     -0.444213    0.407375    2.730206 

  C      0.115398    1.561179    1.979597 

  H     -0.208582    0.457575    3.801535 

  O      2.513973    1.963937    1.747153 

  C      2.795267    1.401407    3.035707 

  O      2.060745    0.048008   -0.815323 
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  C      1.146181    0.510933   -1.809717 

  N      0.379106   -2.130759   -0.005363 

  C     -0.646427   -2.468817   -0.838846 

  O     -0.410562   -3.674628   -1.438247 

  O     -1.654984   -1.799961   -1.042882 

  C     -1.469975   -4.101430   -2.322664 

  C      1.578557   -2.967096    0.106983 

  O      1.061561   -1.509580    2.854499 

  Si     1.142603   -2.571178    4.149207 

  C      2.577870   -3.721887    3.745391 

  C      1.557584   -1.577274    5.689343 

  C     -0.459014   -3.571729    4.389833 

  H      1.205045    2.119022    0.257892 

  H      2.366514   -0.454109    1.087975 

  H     -0.565396   -0.333712    0.205665 

  H     -0.933470   -1.611143    2.265047 

  F     -1.880128    0.489583    2.670968 

  H      1.140580   -2.030078    6.596379 

  H      1.169580   -0.555732    5.627106 

  H      2.644409   -1.520158    5.826399 

  C     -0.349951    2.936949    2.353587 

  H     -1.604189   -3.378342   -3.130648 

  H     -2.406937   -4.204545   -1.770186 

  H     -1.139204   -5.064186   -2.712570 

  H      1.298433   -3.993762    0.351304 

  H      2.189701   -2.569296    0.913799 

  H      2.151334   -2.959546   -0.825033 

  H      3.291335   -3.217803    3.082993 

  H      2.259099   -4.644450    3.248089 

  H      3.118254   -4.001958    4.657012 

  H      3.743878    1.844043    3.346760 

  H      2.896460    0.310121    2.991112 
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  H      2.013139    1.659672    3.760932 

  H      1.681409    0.438571   -2.758260 

  H      0.860406    1.559758   -1.647539 

  H      0.237482   -0.102153   -1.855009 

  H      0.194343    3.684290    1.762032 

  H     -1.425027    3.044934    2.147109 

  H     -2.963842    2.429100    3.530617 

  H     -3.377187    2.051891    6.141305 

  C     -2.906804    3.191067    4.294404 

  C     -3.124015    2.991220    5.674861 

  Cl    -0.722222    1.316735    6.226101 

  O     -0.087408    3.171902    3.726098 

  C     -2.534855    4.547998    4.105418 

  H     -2.272083    5.010434    3.163939 

  Ti    -0.781455    3.546196    5.385463 

  C     -2.866406    4.207761    6.349469 

  H      2.033002    2.660605    6.265963 

  H      1.944022    4.658098    4.482916 

  C     -2.516910    5.179397    5.369869 

  H     -2.934655    4.368224    7.416271 

  C      1.452215    3.567378    6.350191 

  C      1.414918    4.622904    5.423991 

  C      0.533569    3.869067    7.403475 

  H     -2.275255    6.215190    5.559339 

  H      0.319270    3.233958    8.250664 

  C      0.437844    5.553235    5.855397 

  H      0.165156    6.468123    5.347337 

  C     -0.071398    5.102222    7.111783 

  H     -0.816318    5.604613    7.712047 

  C     -0.880879   -4.307548    3.101709 

  H     -0.085364   -4.966100    2.734012 

  H     -1.761020   -4.934350    3.302929 
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  H     -1.145065   -3.621627    2.290897 

  C     -1.614287   -2.681179    4.894142 

  H     -1.926624   -1.941788    4.150024 

  H     -2.490118   -3.302916    5.128535 

  H     -1.338844   -2.136212    5.803251 

  C     -0.158230   -4.637231    5.470775 

  H     -1.051230   -5.256085    5.635474 

  H      0.658272   -5.304601    5.172452 

  H      0.108360   -4.180789    6.430732 

  C     -3.528438    4.680237    0.058239 

  H     -4.343545    5.184230   -0.486587 

  H     -4.915419    3.485968    1.313074 

  H     -3.249606    5.397828    0.848923 

  C     -4.038868    3.406027    0.672391 

  C     -3.482395    2.210560    0.459488 

  H     -3.900897    1.324760    0.931037 

  H     -2.415225    1.186731   -1.104097 

  C     -2.260686    2.004966   -0.386265 

  H     -1.444815    1.640160    0.273316 

  C     -1.811087    3.258935   -1.076056 

  H     -0.981518    3.170178   -1.775762 

  C     -2.364526    4.456056   -0.866613 

  H     -1.980245    5.327127   -1.395005 

α-D-Glucosamine-6-phosphate (BP/def2-TZVPP) 

  C      0.902343    1.222809   -0.173631 

  C      1.481217   -0.066088    0.394984 

  C      0.705494   -1.286143   -0.098944 

  C     -0.821797   -1.089277    0.096549 

  O     -1.281725    0.166440   -0.366258 

  C     -0.589164    1.307624    0.184222 

  C     -1.267807    2.545609   -0.400211 

  O      1.641385    2.322970    0.373648 
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  O      2.858238   -0.249562    0.017333 

  N      1.109423   -2.466138    0.686089 

  O     -1.151517   -1.271267    1.468097 

  O     -0.629749    3.699490    0.152297 

  P     -1.080939    5.236735   -0.492184 

  O     -0.174126    6.154647    0.331015 

  O     -0.747096    5.159570   -1.985549 

  O     -2.578650    5.355011   -0.185878 

  H      0.997876    1.207387   -1.278203 

  H      1.410490   -0.010719    1.497883 

  H      0.893818   -1.397562   -1.181037 

  H     -1.376576   -1.813977   -0.523467 

  H     -0.694814    1.317149    1.283400 

  H     -1.168737    2.540720   -1.501018 

  H     -2.342319    2.537579   -0.148251 

  H      1.016449    3.094110    0.318155 

  H      3.346448    0.521799    0.355693 

  H      2.123861   -2.462589    0.810209 

  H      0.881969   -3.327444    0.184794 

  H     -0.409085   -1.834442    1.802234 

Carba-α-D-glucosamine-6-phosphate 23 (BP/def2-TZVPP) 

  C      0.822410    1.207243   -0.188953 

  C      1.415534   -0.064880    0.411134 

  C      0.701941   -1.318086   -0.093463 

  C     -0.823559   -1.224591    0.143126 

  C     -1.415754    0.089876   -0.358810 

  C     -0.669161    1.328975    0.160580 

  C     -1.282139    2.611054   -0.408279 

  O      1.598290    2.314921    0.304204 

  O      2.813018   -0.191562    0.078541 

  N      1.199414   -2.493684    0.648614 

  O     -1.089837   -1.377552    1.549069 
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  H     -2.476831    0.136621   -0.070592 

  O     -0.628542    3.750410    0.172939 

  P     -0.992783    5.296824   -0.490874 

  O     -0.095275    6.188775    0.371899 

  O     -0.592580    5.210161   -1.968124 

  O     -2.498852    5.473402   -0.257261 

  H      0.923901    1.154561   -1.293941 

  H      1.310203   -0.004084    1.510900 

  H      0.878850   -1.395317   -1.182159 

  H     -1.300317   -2.059860   -0.405662 

  H     -1.388769    0.078291   -1.461742 

  H     -0.756677    1.367111    1.260168 

  H     -1.159518    2.635089   -1.507682 

  H     -2.363776    2.649762   -0.187070 

  H      0.968470    3.085453    0.289194 

  H      3.231917    0.644181    0.352837 

  H      2.214946   -2.432257    0.746197 

  H      1.011221   -3.349976    0.122656 

  H     -0.366427   -1.981481    1.842174 

(5aR)-Fluoro-carba-α-D-glucosamine-6-phosphate 35 (BP/def2-TZVPP) 

  C      0.834963    1.197334   -0.234840 

  C      1.424064   -0.060262    0.400332 

  C      0.708531   -1.323249   -0.076881 

  C     -0.818056   -1.229396    0.159877 

  C     -1.427046    0.089242   -0.324089 

  C     -0.657001    1.327912    0.119890 

  C     -1.284456    2.616732   -0.424778 

  O      1.600822    2.318974    0.237512 

  O      2.819179   -0.201093    0.073407 

  N      1.193045   -2.481088    0.699988 

  O     -1.094828   -1.367062    1.556997 

  H     -2.476523    0.149739    0.001056 
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  O     -0.636297    3.736506    0.195525 

  P     -0.995386    5.300868   -0.438148 

  O     -0.100569    6.171548    0.447758 

  O     -0.587761    5.241263   -1.914215 

  O     -2.502023    5.470474   -0.207222 

  H      0.941652    1.121634   -1.335028 

  H      1.315988    0.028933    1.498038 

  H      0.889318   -1.429678   -1.160904 

  H     -1.308379   -2.044701   -0.405216 

  F     -1.459407    0.027438   -1.751977 

  H     -0.742435    1.353439    1.221093 

  H     -1.159144    2.676474   -1.519688 

  H     -2.366319    2.638161   -0.202307 

  H      0.957999    3.079716    0.254699 

  H      3.247982    0.629345    0.348253 

  H      2.205625   -2.411842    0.819221 

  H      1.020449   -3.349857    0.189562 

  H     -0.354639   -1.948115    1.861714 

(5aR)-Fluoro-carba-β-L-idosamine-6-phosphate 33 1C4-configuration (BP/def2-
TZVPP) 

  C      0.680988    0.957754   -0.400531 

  C      1.258523   -0.313453    0.252528 

  C      0.287268   -1.502274    0.164480 

  C     -1.118950   -1.172703    0.705655 

  C     -1.689777    0.109081    0.051732 

  C     -0.705878    1.271475    0.155022 

  F     -1.257692    2.374780   -0.573399 

  O     -2.939883    0.427946    0.674580 

  N     -1.213705   -1.017631    2.170946 

  O      1.576105   -0.120981    1.651698 

  C      1.622843    2.165791   -0.220383 

  H      2.173276   -0.583265   -0.296367 

  O      0.172453   -1.878292   -1.225479 
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  H     -1.785480   -2.000575    0.423321 

  H     -1.887241   -0.080970   -1.013738 

  H     -0.644603    1.619505    1.199240 

  H     -2.799027    0.122832    1.603703 

  H     -0.376822   -0.551254    2.530438 

  H     -1.258340   -1.932154    2.620754 

  H      2.331635    0.490790    1.689994 

  H      0.472022   -2.796651   -1.309921 

  H      0.705457   -2.335916    0.749558 

  H      1.274879    3.005302   -0.842522 

  O      2.984857    1.860445   -0.511921 

  H      1.580700    2.499131    0.832501 

  P      3.531628    2.131950   -2.105901 

  O      5.007195    1.732022   -1.974809 

  O      3.298562    3.630684   -2.361662 

  H      0.601195    0.740526   -1.477601 

  O      2.694761    1.215706   -3.009025 

(5aR)-Fluoro-carba-β-L-idosamine-6-phosphate 33 4C1-configuration (BP/def2-
TZVPP) 

  C      0.979516    1.172371    0.152493 

  C      1.615795   -0.180500    0.469462 

  C      0.929366   -1.300749   -0.329231 

  C     -0.574776   -1.340746   -0.038990 

  C     -1.239667    0.037603   -0.192412 

  C     -0.526530    1.211491    0.477855 

  O      1.744230    2.162292    0.876631 

  O      3.007619   -0.170454    0.098848 

  N      1.507818   -2.636715   -0.136419 

  O     -0.753686   -1.834964    1.300298 

  H      1.111709    1.349589   -0.929407 

  H      1.530807   -0.388940    1.552171 

  H      1.038981   -1.044644   -1.396553 

  H     -1.046888   -2.030981   -0.758584 
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  H      1.583554    3.028006    0.465682 

  H      3.356879    0.680800    0.423114 

  H      1.354365   -2.923358    0.833926 

  H      2.521249   -2.576591   -0.257614 

  H     -1.697386   -2.030595    1.425798 

  H     -2.278890   -0.011973    0.161419 

  F     -1.312184    0.296938   -1.604138 

  C     -0.836653    1.292012    1.989590 

  H     -0.965957    2.126472    0.047192 

  H     -0.474061    0.394587    2.511312 

  O     -2.239781    1.388321    2.237191 

  H     -0.315015    2.166101    2.408135 

  P     -2.927865    2.943401    2.313235 

  O     -2.711009    3.582123    0.931849 

  O     -2.188718    3.667708    3.450369 

  O     -4.389131    2.594078    2.629478 

(5aS)-fluoro-carba-α-D-GlcN6P 117 (BP/def2-TZVPP) 

  C      0.811707    1.210529   -0.183406 

  C      1.413371   -0.066754    0.398386 

  C      0.693593   -1.319315   -0.103803 

  C     -0.828143   -1.218978    0.163966 

  C     -1.388939    0.088206   -0.380368 

  C     -0.688740    1.331770    0.161515 

  C     -1.292673    2.617051   -0.417842 

  O      1.572829    2.313476    0.329766 

  O      2.801950   -0.191190    0.041078 

  N      1.184809   -2.491519    0.643214 

  O     -1.068191   -1.324393    1.569684 

  F     -2.780596    0.140814   -0.076654 

  O     -0.636290    3.744833    0.178641 

  P     -0.985377    5.300436   -0.482245 

  O     -0.087674    6.179300    0.392422 
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  O     -0.573245    5.212920   -1.955648 

  O     -2.491523    5.483248   -0.258770 

  H      0.917891    1.174992   -1.288242 

  H      1.323268   -0.013778    1.499329 

  H      0.859591   -1.402098   -1.192954 

  H     -1.332261   -2.051170   -0.363407 

  H     -1.323403    0.063792   -1.481079 

  H     -0.794139    1.347885    1.258932 

  H     -1.149251    2.639149   -1.514794 

  H     -2.374361    2.665312   -0.212869 

  H      0.943656    3.086440    0.306747 

  H      3.234272    0.630969    0.334718 

  H      2.200282   -2.432113    0.742000 

  H      0.992556   -3.350913    0.124122 

  H     -0.342777   -1.927060    1.863370 

(5aS)-hydroxy-carba-α-D-GlcN6P 118 (BP/def2-TZVPP) 

  C      0.851247    1.199583   -0.214923 

  C      1.459050   -0.058452    0.398102 

  C      0.734005   -1.318462   -0.070022 

  C     -0.784691   -1.214178    0.185075 

  C     -1.400233    0.094696   -0.320411 

  C     -0.633019    1.339640    0.169137 

  C     -1.240297    2.624134   -0.404543 

  O      1.640643    2.316154    0.230759 

  O      2.846508   -0.192750    0.036227 

  N      1.226661   -2.478645    0.698974 

  O     -1.039752   -1.328254    1.594385 

  O     -0.567089    3.755620    0.170868 

  P     -0.978459    5.314000   -0.436970 

  O     -0.051897    6.194760    0.405861 

  O     -0.645620    5.267130   -1.932559 

  O     -2.473790    5.465901   -0.130109 
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  H      0.926774    1.121733   -1.320340 

  H      1.376514    0.023433    1.498280 

  H      0.900437   -1.424603   -1.157345 

  H     -1.285311   -2.048797   -0.341998 

  H     -0.701762    1.382729    1.270335 

  H     -1.120363    2.640112   -1.504623 

  H     -2.316672    2.676291   -0.177005 

  H      1.009680    3.087859    0.232167 

  H      3.273001    0.647079    0.285690 

  H      2.242943   -2.420587    0.790759 

  H      1.030634   -3.346922    0.196119 

  H     -0.311223   -1.921150    1.899382 

  H     -1.377757    0.073780   -1.422290 

  O     -2.795382    0.139227    0.027287 

  H     -2.849300   -0.057990    0.980380 
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GlmU Bifunctional protein in the biosynthetic pathway of UDP-
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HAI Healthcare-associated infections  

helD Stress-responsive promoter (RNA) 
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HRMS High-resolution mass spectra  

HTS High-throughput screening  
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L. monocytogenes  Listeria monocytogenes 
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M. tuberculosis Mycobacterium tuberculosis 
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MDR Multidrug resistance 
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MIC Minimal inhibitory concentration  

mRNA messengerRNA 

MRSA Methicillin-resistant Staphylococcus aureus 

MS Mass spectrum 

N. gonorrhoeae Neisseria gonorrhoeae 
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NFSI N-Fluorobenzene sulfonimide  

NMR Nuclear magnetic resonance spectroscopy 

NOE Nuclear Overhauser effect 

O-GlcNAc  O-Linked N-acetylglucosamine 

p.a. Per annum 

PTS phosphoenolpyruvate: sugar phosphotransferase 
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ptsH phosphorylation subunit of PTS 
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PbmrC Stress-responsive promoter (protein synthesis) 

PhelD Stress-responsive promoter (RNA) 

PyorB Promoter indicating DNA damage 

PypuA Promotor indicating cell wall synthesis inhibition or cell 

envelope stress 

QM/MM Quantum mechanical/molecular mechanical  
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RNA Ribonucleic acid 

RNase  Ribonuclease 
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RP Reverse phase 

S. aureus Staphylococcus aureus 

SAR Structure-activity relationships  

s.d. Standard deviation 
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SET Single-electron-transfer  
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SreB Trans-acting riboswitch 

sRNA Small RNA 

T. tengcongensis Thermoanaerobacter tengcongensis 

TAS-F Tris(dimethylamino)sulfonium difluorotrimehtylsilicate 

TBAF tetra-n-Butylammonium fluoride 

TBS tert-Butyldimethylsilyl 

THF Tetrahydrofuran 
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TMS Trimethylsilyl 

TPP Thiamin pyrophosphate  

TRIS Tris(hydroxy methylene)aminomethane  

UDP-GlcNAc Uridine diphosphate N-acetylglucosamine 

UTP-GlcNAc Uridine triphosphate N-acetylglucosamine 

UTR Untranslated region  

VISA Vancomycin intermediate resistant Staphylococcus 

aureus 
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w/o Without 

Wt Wild type 

Z Carboxybenzyl 
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