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Abstract 

 

Since their discovery more than 100 years ago, macrocycles have attracted much attention in 

chemistry. They define a distinct chemical space where molecular structures are located between small 

substances and macromolecules and applications at the junction between physics, chemistry and 

biology. Macrocycles have a wide range of applications in molecular recognition and self-organization, 

in catalysis and in drug discovery. 

Carbohydrate-containing macrocycles are found in nature in a large variety of forms, such as 

cyclodextrins and various antibiotically active substances. Carbohydrates are of great interest for the 

synthesis of macrocycles not only because of their biological activity, but also because of their good 

availability from natural sources and because of their complex but defined stereochemistry and 

multifunctionality, which allows a great structural diversity and broad modulation of the properties of 

the macrocycles derived from them. 

The main interest of this work was the synthesis and properties of photoswitchable glycoazobenzene 

macrocycles. Here, the azobenzene units serve as photoswitches, which can be reversibly converted 

from their thermodynamically more stable planar trans-isomer to the bent cis-isomer by irradiation 

with light. In the macrocycle, the energy of the light can thus be transformed into molecular motion. 

The temporal and spatial control of form and function by irradiation makes azobenzene conjugates 

ideal building blocks for incorporation into macrocyclic structures.  

While azobenzene glycoconjugates, in which the properties of carbohydrates are combined with those 

of the photoisomerizable azobenzene units, have been successfully developed in the past, the 

combination of azobenzene derivatives with carbohydrates in macrocyclic systems was unknown until 

now. The present work explores new territory in this field. 

The synthesis and photochromic properties of the first glycoazobenzene macrocycles are described in 

this thesis. The syntheses were designed in such a way that the different glycoazobenzene macrocycles 

could be obtained easily and as modular as possible from readily available building blocks in a few 

steps. Four different reactions were successfully used as key steps for macrocyclization in the 

synthesis, the thiourea bridging, the click reaction, the Sonogashira coupling and the Glaser coupling.  

The detailed investigation of the photochromic properties of the new macrocycles showed that the 

isomerization of the azobenzene units significantly and in a defined way changes the macrocycle 

structure and is associated with the switching of molecular properties such as solubility and chiroptic 

and physicochemical properties.  



 

 

Kurzzusammenfassung 

 

Seit ihrer Entdeckung vor über 100 Jahren haben Makrozyklen in der Chemie viel Aufmerksamkeit auf 

sich gezogen. Sie definieren einen besonderen chemischen Raum, wo sich die Molekülstrukturen 

zwischen kleinen Substanzen und Makromolekülen und Anwendungen an der Schnittstelle zwischen 

Physik, Chemie und Biologie befinden. Makrozyklen finden in der molekularen Erkennung und 

Selbstorganisation, in Katalyse bis zur Wirkstoffforschung ein breites Anwendungsspektrum. 

Kohlenhydrathaltige Makrozyklen finden sich in der Natur in verschiedensten Formen, wie 

Cyclodextrine und verschiedene antibiotisch aktive Substanzen. Kohlenhydrate sind nicht nur wegen 

ihrer biologischen Aktivität von großem Interesse für die Synthese von Makrozyklen, sondern auch 

durch ihre gute Verfügbarkeit aus natürlichen Quellen und wegen ihrer komplexen, aber definierten 

Stereochemie und Multifunktionalität, die eine große strukturelle Vielfalt und breite Modulation der 

Eigenschaften der davon abgeleiteten Makrozyklen ermöglicht. 

Das Interesse dieser Arbeit galt insbesondere der Synthese und den Eigenschaften von 

photoschaltbaren Glykoazobenzolmakrozyklen. Dabei dienen die Azobenzoleinheiten als 

Photoschalter, welche durch die Bestrahlung mit Licht von ihrem thermodynamisch stabileren 

planaren trans-Isomer in das verdrehte cis-Isomer reversibel überführt werden können. Im 

Makrozyklus kann dadurch die Energie der Lichteinwirkung in molekulare Bewegung transformiert 

werden. Die zeitliche und räumliche Kontrolle von Form und Funktion durch Bestrahlung macht 

Azobenzolkonjugate zu idealen Bausteinen für den Einbau in makrozyklische Strukturen. 

Während Azobenzol-Glykokonjugate, in denen die Eigenschaften von Kohlenhydraten mit denen der 

photoisomerisierbaren Azobenzoleinheiten verbunden sind, bereits früher erfolgreich entwickelt 

wurden, war die Kombination von Azobenzolderivaten mit Kohlenhydraten in makrozyklischen 

Systemen bisher unbekannt. Mit der vorliegenden Arbeit wurde hier Neuland betreten. 

Es werden hier die Synthese und die photochromen Eigenschaften der ersten Glykoazobenzol 

Makrozyklen beschrieben. Die Synthesen wurden so konzipiert, dass die verschiedenen 

Glykoazobenzolmakrozyklen einfach und möglichst modular aus leicht verfügbaren Bausteinen in 

wenigen Schritten erhalten werden konnten. Vier verschiedene Reaktionen wurden erfolgreich als 

Schlüsselschritt für die Makrozyklisierung in der Synthese eingesetzt, die Thiourea-Verbrückung, die 

Click-Reaktion, die Sonogashira-Kupplung und die Glaser-Kupplung. 

Die ausführliche Untersuchung der photochromen Eigenschaften der neuen Makrozyklen zeigte, dass 

die Isomerisierung der Azobenzoleinheiten die Makrozyklenstruktur signifikant und definiert 

verändern und mit der Schaltbarkeit von Moleküleigenschaften einhergeht, wie der Löslichkeit und 

den chiroptischen und physikochemischen Eigenschaften. 
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1. Introduction  

 

1.1 Macrocycles - from nature to design 
 

The most well-known carbohydrate macrocycles found in nature are cyclodextrins. They were first 

described by VILLIERS in 1891[1] as non-reducing products derived from the digestion of starch by 

bacteria. It took 60 years until the three major components, respectively α-, β- and γ-cyclodextrin had 

been isolated and fully characterized as cyclic structures containing only α-1,4 linked glucose units.[2] 

By this time it was already established that cyclodextrins are able to form inclusion complexes with 

various organic and inorganic substances, a feature that could be exploited for several applications like 

solubility enhancement of drugs, reduction of volatility and protection of oxidation-sensitive 

compounds such as vitamin A.[2, 3] 

Their ability to include guest molecules stems from the macrocyclic structure of the cyclodextrins. The 

α-1,4 linked glucose units (six units for α-, seven for β- and eight for γ-cyclodextrin) form a truncated 

cone-like structure with a small and a large rim. The primary alcohols are located at the smaller rim, 

the primary face, while the secondary alcohols of the glucose units are located at the secondary face. 

This leads to a hydrophilic exterior of the macrocycle and a slightly more hydrophobic cavity, from 

which polar solvent molecules can be readily displaced by a hydrophobic guest to form a host-guest 

complex (Figure 1.1).[3] 

 

Figure 1.1: Illustration of an inclusion complex formed between β-cyclodextrin and p-xylene in water. 

Based on a depiction by SZEJTLI.[3]  

 

The ease of their enzymatic preparation led to widespread industrial use of cyclodextrins, including 

pharmaceutical, cosmetical as well as food and flavor applications.[4] 

Before the structure of cyclodextrins was fully elucidated, RUZICKA was able to correctly characterize 

the structure of 17-membered ring civetone[5] and 15-membered ring muscone in 1926,[6] two strongly 

odorous substances used in the perfume industry (Figure 1.2). However, he did not only characterize 

the structures of these cyclic ketones, but also developed a synthetic route towards 15- to 18-

membered cyclic ketones.[7] With this work, he pioneered the synthesis of macrocycles in a time where 

it was still generally believed that the construction of larger rings was impossible.[8]  
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Figure 1.2: Structure of civetone (left) and muscone (right).  

 

Forty years later, PEDERSEN discovered dibenzo[18]crown-6, whose synthesis he published together 

with thirty-two other cyclic polyethers, a class of compounds he named crown ethers in 1967.[9, 10] This 

marked the beginning of fully synthetic macrocycles in the context of the field of host-guest and 

supramolecular chemistry, and in 1987 he was awarded with a Nobel Prize together with CRAM and 

LEHN “for their development and use of molecules with structure-specific interactions of high 

selectivity.”[11-13] 

Since then, the field of macrocyclic chemistry has grown tremendously including the context of 

pharmaceutical applications. A vast amount of naturally occurring macrocycles display biological 

activities, making them and their synthetic analogues relevant for drug design.[14-18] Their 

conformational preorganization allows target binding without a large entropic loss, while their 

flexibility permits selective positioning of functional groups in different chemical environments. By 

changing their spatial structure in this manner, membrane permeability can be improved.[19-21] In 

addition, macrocycles are effective ligands for low-druggability targets, such as protein-protein 

interactions, due to their ability to bind several hot spots in shallow binding sites, which are too far 

apart for conventional (linear) drug design.[22] 

 

1.2 Azobenzene photoswitches 
 

The ability of natural macrocycles to reversibly change their spatial structure and conformational 

preorganization is a property whose emulation is desirable for synthetic analogues as well. This makes 

azobenzene with its well-known ability to isomerize between a trans- and cis-form an ideal building 

block for the incorporation into the macrocyclic backbone.[23-25] 

Although the first azo dyes were discovered and synthesized already some 70 years prior,[26] the 

photochemical trans → cis isomerization of azobenzene was first described by HARTLEY in 1937.[27] He 

observed a change in the polarity and absorption of azobenzene solutions in bright sunlight, which was 

thermally reversible with no change in pressure. Hence, he concluded that the different properties 

observed were due to a trans/cis isomerization of the azobenzene (Scheme 1.1). 

 

 

Scheme 1.1: Photoisomerization between trans- and cis-azobenzene. 
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The thermodynamically favored trans-isomer adopts a planar structure and shows absorption bands 

corresponding to a strong π → π* transition and a not fully resolved, weak and symmetry-forbidden 

n → π* transition at higher wavelengths in UV/Vis absorption spectra. Irradiation with light of an 

appropriate wavelength to excite either transition leads to the corresponding non-planar cis-isomer. 

The isomerization goes hand in hand with a decrease in absorption for the blue-shifted π → π* 

transition and a stronger band for the n → π* transition due to the torsional twist between the two 

phenyl rings. Back-isomerization to trans-azobenzene can be achieved either by excitation of any 

transition or through thermal relaxation.[28, 29] The isomerization in either direction is possible over four 

different mechanisms, rotation, inversion, concerted inversion and inversion-assisted rotation with 

four different transition states. Which mechanism is favored strongly depends on various factors, like 

the solvent, substituents or irradiation wavelength.[30] 

The wavelengths needed for isomerization are usually in the range between UV-A and blue light. 

However, the appropriate wavelengths needed for switching can be fine-tuned with shifting of the π 

→ π* or n → π* transition through introduction of different substituents.[23, 31, 32] Electron-rich groups 

in ortho position of the azo bond shift the n → π* transition to higher wavelengths, allowing for 

switching with lower energy red light, which is favorable in a biological context.[31, 33] A red shift of the 

n → π* transition leads to more stable cis-isomers resulting in longer half-lives, meanwhile red shifting 

of the π → π* transitions leads to considerably shorter half-lives.[34] Ultra short half-lives for cis-

azobenzene compounds, which can be relevant for the mimicry of biological processes, can be 

obtained by implementing push-pull substituents into the molecule.[35] 

Increasing the strain upon the azobenzene unit through constriction in a small cyclic system leads to 

stabilization of the bent cis-isomer, until it is more thermodynamically stable than the trans-isomer, 

like in the highly strained diazocine.[36] This is due to the shape change upon isomerization between 

the elongated trans-form and the compact, bent cis-form with a decreased distance from 9 Å to 5.5 Å 

for the carbon atoms in para position to the azo bond.[37] 

This change in end to end distance is a driving-force of photoinduced molecular motion, converting 

non-invasive electromagnetic radiation in the form of light with a high spatial and temporal resolution 

into mechanical work through the change of conformation. This makes azobenzene the ideal moiety 

for the implementation in molecular machines,[37, 38] a topic which has been awarded with the Nobel 

Prize for SAUVAGE, STODDART and FERINGA in 2016.[39-41] 

 

1.3 Examples for the interaction between form and function in azobenzene-

containing systems 
 

In his essay The Chemist and the Architect (Der Chemiker und der Architekt)[42] TRAUNER draws ostensive 

parallels between the creative processes of constructing buildings and molecules. He reasons that one 

of the architectural guiding principles “form follows function” is also true for chemists, as the 

simplification of biologically active structures to their active components proved to be very successful. 

However, conformational switching between two distinct shapes might prove the opposite: function 

follows form. The interactions between form and function are manifold, but the shape switching ability 

of azobenzene moieties makes them uniquely qualified to illustrate these interactions, in small 

molecules as well as supramolecular structures.[43] 

The combination of azobenzene and cyclodextrin in a supramolecular context has already attracted 

great interest.[44] The inclusion of trans-azobenzene into the cyclodextrin cavity as a guest is 

thermodynamically more favored and isomerization to the corresponding cis-isomer leads to a 
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dissociation of the host-guest complex.[45, 46] This behavior is utilized in the design of (pseudo-) 

rotaxanes and catenanes for molecular machines, [47, 48] where the trans→cis isomerization upon 

irradiation with light is the driving force for molecular shuttles, where the cyclodextrin moves along 

the axis containing the azobenzene unit (Scheme 1.2).[49] 

 

Scheme 1.2: A photoswitchable shuttle using an azobenzene-containing axle and α-cyclodextrin 

ring.[49] 

 

Another application of the reversible complexation of azobenzene is a photoinduced release 

mechanism. It was shown that supramolecular vesicles formed through self-assembly of an 

amphiphilic cyclodextrin could be assembled with an azobenzene glycoconjugate to form highly dense 

multivalent structures which are able to cross-link lectins.[50] Upon isomerization with light, the 

azobenzene glycoconjugates depart from the cyclodextrin cavity and are released from the 

supramolecular structure. The lectin shows high affinity (avidity, respectively) towards the 

multivalently presented carbohydrate ligands assembled on the high-density surface of the cross-

linkers but has no affinity towards the monovalent carbohydrate ligands which are displayed after their 

photoinduced release. This process of lectin binding and release is fully reversible. 

Covalently bound azobenzene cyclodextrin conjugates are also known for the reversible formation of 

pseudo-rotaxanes in intermolecular or intramolecular self-assemblies. The supramolecular structures 

dissociated upon isomerization with light from trans- to cis-isomer and were formed anew through 

thermal relaxation.[51] The reversible inclusion and dissociation of an azobenzene moiety into the 

cyclodextrin cavity can also be utilized for the synthesis of synthetic ion channels.[52] Here, the included 

trans-azobenzene blocks the cavity, so that only small cations can pass whereas larger ions are 

excluded. The isomerized cis-azobenzene dissociates from the cavity and allows for the passage of the 

larger ions, such as anions. Meanwhile, azobenzene-bridged bis-cyclodextrins displayed an increased 

complex formation of bidentate ligands through cooperative binding only in the cis-form of the 

azobenzene moiety, owing to the closer proximity of the two cyclodextrin units. [53]  

MANABE et al. extensively investigated photoresponsive crown ethers in the 1980s, predominantly by 

incorporating azobenzene moieties into the backbone of crown ethers.[54] They could show that it was 

possible to selectively extract potassium ions from an aqueous phase with isomerization of an 

azobenzene-bridged bis-crown ether.[53, 55] The larger potassium ions form 1:2 complexes with 

[15]crown-5, as they are slightly too large in diameter for the crown ether. This leads to the inability 

of the trans-isomerized bis-crown ether to complex potassium ions. However, upon isomerization, the 

bis-crown ether can again form a 1:2 complex with a potassium ion (Scheme 1.3, left), thus enabling 

the extraction of the cations from the aqueous phase. For azobenzophane-type crown ethers, where 

the azobenzene moiety is fully incorporated into the crown ether backbone, only the cis-isomer 
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displays the ability to complex metal ions while the trans-isomer is not showing affinity towards any of 

the tested metal ions (Scheme 1.3, right).[56] Presumably, the polyoxyethylene chains are linearly 

extended in the trans-isomer and thus unable to form the crown-like structure needed for the ion 

complexation.  

 

Scheme 1.3: Depiction of photoresponsive complexation of potassium ions by azobenzene-modified 

crown-ethers in aqueous solution. 

 

Photoresponsive polymer films and threads, simulating muscle behavior, can be created with 

implementing azobenzene units into the side chains of a polymer[57] or directly into the polymer 

backbone.[58] Combined with a passive substrate to form bi- or unimorph actuators, they show 

reversible bending and stretching upon isomerization with light, which can be easily inspected by the 

naked eye. 

Azobenzene derivatives, especially those which are switchable with red light, are exceptionally suitable 

as semisynthetic biomaterials for applications in photopharmacology.[23, 59-62] Similar to the 

photoswitchable cyclodextrin ion channel, the potassium transporting Shaker channels, modified with 

an azobenzene ligand terminated with a quaternary ammonium group, block the passage of potassium 

ions through insertion into the protein pore, where the quaternary ammonium binds to a site in the 

pore-lining domain.[63] The cis-isomerized tether is too short for binding to the site and dissociates from 

the cavity to restore potassium migration. 

Moreover, it could be shown that the cross-linking of short peptide chains with azobenzene moieties 

enables the reversible switching of their secondary structure. The stretching and bending of 

iodoacetamide azobenzene linked to two cysteines in an α-helix structure would either increase helix 

content or distort the structure leading to a random coil secondary structure, depending on the 

distance between the two cysteine moieties (Scheme 1.4).[64] 

 

 

Scheme 1.4: Schematic representation of short peptide chains cross-linked by azobenzene units. 

Isomerization of the azobenzene moiety from trans to cis leads to either destruction (left) or formation 

(right) of a helical secondary structure.  
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1.4 Approaches to macrocyclization 
 

Often, the most challenging step in the synthesis of macrocycles is the ring-closing reaction. So much 

so that in the beginning of the 20th century the synthesis of larger carbocycles was still deemed an 

impossible task.[8] There are two possible ways for the creation of macrocycles, the end-to-end 

cyclization of a chain and the assembly of two or more building blocks into a cyclic structure. Both 

synthetic routes come with their own set of challenges and can often be improved with the assistance 

of pre-organization or use of templates. 

The starting point for the synthesis of artificial macrocycles was RUZICKA’s preparation of cyclic ketones 

after his elucidation of the structures of civetone and muscone (see chapter 1.1). He prepared 10- to 

18-membered cyclic ketones in an end-to-end cyclization of the corresponding dicarboxylic acid metal 

salts. Harsh reaction conditions of vacuum distillation with temperatures up to 500 °C were needed to 

generate the macrocycles in yields lower than 1.5 %.[7]  

By then it was already known that for intramolecular end-to-end cyclization to take place, appropriate 

dilution must be applied to prevent intermolecular side reactions. From a kinetic standpoint, the first 

order process of the intramolecular reaction is in competition with the formation of intermolecular 

reaction side products. As these latter pathway follows second order kinetics, they are dependent on 

the concentration,[65] which leads to a favorable cyclization under high dilution or pseudo-high-dilution 

conditions. However, high dilution does not always lead to satisfying yields in end-to-end cyclization 

of linear precursors. In molecules with higher degrees of freedom the reaction facilitating proximity of 

the end groups becomes statistically unlikely, leading to slow reaction rates and low turnover numbers. 

Therefore, pre-organization is an important tool to improve the yields of macrocyclizations.[66, 67] 

Pre-organization can be favorably used for the cyclization of peptides, where certain turn motifs can 

be exploited for the cyclization of longer peptide chains. For this, N- and C-terminus of the desired 

macrocyclic peptide are chosen via retrosynthetic disconnection so that intermolecular hydrogen 

bonding pre-organizes the linear precursor in an appropriate secondary structure where the distance 

between the two end groups of the chain becomes minimal, thus facilitating peptide coupling and 

hence macrolactamization.[66, 68] 

The application of templates in macrocycle synthesis can be advantageous not only for intramolecular 

reactions but especially for multicomponent macrocyclization. The pre-organization around a template 

structure leads to binary or tertiary complexes with an energetically favored conformation that 

facilitates the macrocyclization towards a well-defined product, which is often tunable according to 

the used template.[69] Various positively or negatively charged ions, as well as neutral organic guest 

molecules can act as template structures.[70] For example, the synthesis of crown ethers is facilitated 

by the very same cations that are able to form complexes with them.[9] However, the identification of 

a suitable template molecule is a challenging task and has to be optimized for every envisioned 

macrocyclic structure. 

Without the assistance of templates, the synthesis of macrocycles from multiple components in a one-

pot-type synthesis is demanding. A reaction proven to be useful in this regard is the Ugi multi 

component reaction. Here, simple, bifunctionalized building blocks generate diverse macrocyclic 

structures rapidly and with great ease.[71-73] 

Macrocyclizations with only two components require the synthesis of less building blocks, while still 

allowing for the preparation of diverse cycles through the substitution of components, unlike linear 
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precursors for end-to-end cyclization. Facile macrocyclization of two components is favored when the 

interatomic distance between the functional groups of the building blocks is similar, ensuing optimal 

contact of the two components for synthesis with minimum strain.[74, 75] Changing the distance 

between functional groups of one building block can lead to the preference for a different cyclization 

pattern, as seen in the light-controlled macrocyclization of bis-bromomethylazobenzene with 

tetrathiafulvalene (Scheme 1.5).[76] While the reaction with the cis-configured azobenzene leads to the 

formation of the [1:1] macrocycle, the trans-azobenzene facilitates the formation of the [2:2] 

macrocycle, as the distance between the reaction partners of both building blocks is too large to allow 

the formation of a smaller cycle. 

 

 

Scheme 1.5: Photochemically controlled macrocyclization leading to either [1:1] or [2:2] cycle.  
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2. Project Idea 
 

We envisioned a design that unites photoisomerizable azobenzene moieties and carbohydrates in the 

backbone of a single macrocyclic structure. In these glycoazobenzene macrocycles, switching between 

two well defined conformational states upon irradiation with light or thermal relaxation leads to 

switching between two distinct forms (Figure 1.2). This should in turn influence the function of the 

molecule, its chirality, biological activity and ability to form self-assembled supramolecular structures. 

Figure 1.2: Schematic representation of photoresponsive, shape-switchable glycoazobenzene 

macrocycles. 

 

With an increasing number of applications of macrocyclic structures in various areas, carbohydrate-

containing macrocycles attract interest far beyond the context of cyclodextrin.[77] Carbohydrates are 

stereochemically defined, natural building blocks with conformational restriction. They can be 

exchanged in an almost modular fashion to give an assortment of stereochemical diverse, chiral 

products, while being biocompatible, water soluble and multifunctional, with well-established 

methods for site-selective derivatization.[78]  

Photoresponsive glycoconjugates, where their molecular geometry could be controlled in a spatially 

and temporally resolved manner, have already been successfully synthesized through the introduction 

of azobenzene moieties.[79, 80] However, even though azobenzene-containing macrocycles are quite 

common,[43] glycoazobenzene macrocycles, where carbohydrate and azobenzene moieties are 

implemented into the backbone of the same macrocycle, constitute a new research field and were not 

yet devised at the start of this project. 

Concomitantly with our work, XIE et al. reported their research on related structures where one 

carbohydrate and one azobenzene were cyclized via O-arylation to 16- and 17-membered rings 

(Scheme 1.6).[81, 82] They could show that the synthesized glycomacrocycles could be reversibly 

photoisomerized between two distinct states and displayed multistimuli-responsive self-assembly 

properties. Similar to other azobenzene-containing macrocycles with chiral elements,[83-86] the 

glycomacrolactones displayed a distinct helical chirality with a preferred orientation. 
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Scheme 1.6: Glycoazobenzene macrocycles prepared in the group of XIE.[81, 82] 

 

As there are many possible synthetic glycomacrocyclic structures, the focus of this work lays on a 

modular approach for the preparation of the macrocycles. For this, several criteria were chosen: The 

macrocycles were built up in a symmetrical manner with readily accessible building blocks, while the 

implementation into the macrocyclic backbones was limited to the para-position for the azobenzene 

moieties and to the anomeric position and primary hydroxyls of the carbohydrates (Figure 1.3). 

Figure 1.3: Formation of symmetrical macrocycles through combination of building blocks. 

 

In the following, the results are reported in an order that is built on the cyclization reaction. Hence, 

chapters 3 to 6 describe the synthetic work based on macrocyclization by thiourea bridging, CuAAC 

click reaction, Sonogashira coupling and Glaser coupling. Each chapter is preceded by a short 

introduction which is specific for the employed cyclization chemistry. 

Published manuscripts are included in the respective chapters together with experimental procedures 

and analytical data and spectra, while all literature references are compiled in chapter 9. 

Chapter 7 summarizes the successful work towards photoswitchable azobenzene macrocycles, 

whereas in chapter 8, other collaborative works are added. 
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3. Thiourea Bridging 

3.1 Introduction 
 

Isothiocyanates readily react with amines to thiourea bridged ligation products. OSSIAN ASCHAN 

described the reaction of phenyl isothiocyanate with amino acids to yield the corresponding thiourea 

derivatives under heating.[87] Based on this work, in 1950 EDMAN further developed the reaction 

conditions to require less heating under weak basic conditions[88] and subsequently used it for 

sequence analysis of peptides starting at the N-terminus, the so-called Edman degradation.[89] 

Thiourea bridging tolerates many functional groups and reacts mostly quantitively and without the 

formation of byproducts, hence this ligation method belongs to a set of reactions regarded as “Click 

Chemistry” by SHARPLESS in 2001.[90] The reaction has a high potential as ligating method in organic and 

biological chemistry. 

Thiourea bridging is also an ideal reaction for macrocyclization and hence has been successfully applied 

in the synthesis of m-xylene macrocycles,[91] cyclic peptides[92] and glycomacrocycles, notably in the 

preparation of the trehalose-based cyclodextrin analogues by the group of GARCÍA-FERNÁNDEZ.[93-95] 

Here, two target macrocycles 1 and 2 were envisioned, which both rely on thiourea bridging for 

macrocyclization (Figure 3.1). They comprise an azobenzene moiety as photoswitchable hinge, which 

is glycosidically linked to an NCS-functionalized glucose or maltose derivative, respectively. Ring 

closure would be facilitated with piperazine (3) as a small but rigid cyclic diamine spacer.[96] 

Figure 3.1: The two target thiourea-bridged macrocycles glucoside 1 and maltoside 2. 

 

3.2 Synthesis 
 

For the synthesis of macrocycle 1, the glucoside donor 4 was required and prepared from D-glucose in 

6 steps according to the literature.[97] The azido-functionalized glucosyl donor was subsequently used 

with 4,4’-dihydroxyazobenzene (5)[98] to yield the bis-glucosylated azobenzene derivative 6 in 52 % 

yield (Scheme 3.1). Then, the reaction with carbon disulfide and triphenylphosphine converted 6 into 

the isothiocyanate 7 in an aza-Wittig reaction in a good yield of 79 %.[99] 
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In the next step, 7 and piperazine (3) were reacted to yield 8.[94] However, the simple addition of both 

reactants in pyridine gave only traces of the desired cycle 8, presumably because the interatomic 

distance between the functional groups of the precursor 7 is too large for the cyclization with 

piperazine (3). Instead, a mixture of different oligomers is formed. However, when trans-7 was 

isomerized to cis-7 prior to the cyclization reaction, using a 365 nm LED for 20 min, the reaction with 

3 led to the desired macrocycle 8 in a good yield of 48 % (Scheme 3.2). Then, deprotection under 

Zemplén conditions using catalytic sodium methoxide in methanol[100] gave the target macrocycle 1 in 

quantitative yield. 

Scheme 3.1: Synthesis of the macrocycle 1, starting from 4 and 5. 

 

In analogy to the synthesis of 1, the reaction of the cis-bis-maltosylated azobenzene derivative with 

piperazine and subsequent deprotection led to the azobenzene maltoside macrocycle 2, which was 

synthesized by JAESCHKE and DESPRAS, cf. chapter 3.5. Both macrocycles were investigated for their 

photochromic properties and the consequences of the trans/cis isomerization of the azobenzene hinge 

on form and function of the macrocycles. 

 

3.3 Photochromic properties of 1 
 

The photochromic properties of the two target macrocycles 1 and 2 were investigated by NMR, UV/Vis 

and circular dichroism (CD) spectroscopy. The results for 2 were collected by DESPRAS and are shown in 

chapter 3.5. 

Force field-minimized structures (OPLS3 force field in implicit water)[101] show a great change in shape 

upon isomerization for both macrocycles, trans-1 isomerizes from a flattened out structure to a 

triangle shape for cis-1 with a perpendicular bisector as the C2 symmetry axis (Figure 3.2). These 

changes can also be seen in the 1H NMR, where especially the H-6 and the piperazine protons of both 

1 and 2 undergo a significant change in their chemical shift, for macrocycle 1 from 3.8 ppm and 3.3 ppm 

to 4.2 ppm and 3.1 ppm for both H-6 protons and from 3.4 ppm to 3.8 ppm for the piperazine protons 
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(see Figure 7 in chapter 3.5). The other carbohydrate protons are, as suggested by the minimized 

structures, located outside of the macrocyclic ring and are thus less affected by the change of the ring 

shape. 

 

Figure 3.2: Force field-minimized structures of macrocycle 1 in trans- and cis-form (left). 

 

The UV/Vis absorption spectrum of trans-1 in DMSO shows a large band corresponding to the π → π* 

transition (λmax = 360 nm) (Figure 3.3a). The forbidden n → π* transition is considerably weaker and 

not well separated from the π → π* transition, with a λmax of 450 nm. The photostationary state (PSS) 

was reached after irradiation with a 365 nm LED for 10 min, giving a trans:cis ratio of 2:98 (see Figure 

5 in chapter 3.5) and leading to the typical decrease in intensity and a hypsochromic shift of the π → π* 

transition to 310 nm, while the n → π* transition only slightly increased in absorbance. Due to the 

overlapping of the respective n → π* transitions of trans- and cis-1, complete back switching was only 

possible through thermal relaxation with a half-life for cis-1 of 6 h (at 300 K in DMSO-d6, chapter 3.5). 

Irradiation with a 435 nm LED for 5 min led to a PSS with a trans:cis ratio of 53:47. The PSS for 

macrocycle 2 was similar for the trans → cis isomerization, but back switching with a 435 nm LED led 

to a higher amount of trans-2 with a trans:cis ratio of 37:63 (Figure 5, chapter 3.5). The absorption 

spectra in water with 0.5 % DMSO (Figure 3.3b) show similar bands but with slightly decreased 

absorbance. Both macrocycles are stable for at least 10 switching cycles without any photobleaching 

(Figure 6, chapter 3.5). 

CD spectra of the linear precursor 7 show weak bands for the transitions corresponding to the UV/Vis 

bands of the azobenzene unit, which shows that there is a chirality transfer from the carbohydrate 

moieties to the otherwise planar and thus optically inactive trans-azobenzene. But upon 

macrocyclization, the bands of 1 show a significant increase in the ellipticity of the π → π* and n → π* 

transition of the azobenzene hinge (Figure 3.3 c and d) and high values for the specific optical rotation 

of +439 ° for trans-1 and +683 ° for cis-1 (9:1 water/DMSO). This indicates a twist of the π-electron 

system,[102] leading to helical chirality in the macrocycle, which azobenzene moieties are known to 

cause upon clamping in a strained system.[84, 86, 103-105] In DMSO and water (0.5 % DMSO), the CD spectra 

of trans-1 show a very weak negative band for the π → π* transition and a strong positive one for the 

n → π* transition, which is even more pronounced in water. After isomerization with 365 nm light, the 

signals for both transitions do not change their sign but get stronger in intensity in DMSO, while the 

intensity increases to a minor extent in water. The changes between the measured spectra in DMSO 
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or water indicate a solvent dependent change in the twisting of the azobenzene moiety, which may 

influence the overall shape of the molecule. 

Figure 3.3: UV/Vis and CD spectra of 1 at 298 K at a concentration of 50 µM (a) UV/Vis spectra in DMSO; 

(b) UV/Vis spectra in water with 0.5 % DMSO; (c) CD spectra in DMSO; (d) CD spectra in water with 

0.5 % DMSO; black line: trans-1, red line: PSS after irradiation with 365 nm for 5 min, blue line: PSS 

after irradiation with 435 nm for 5 min. 

 

Theoretical CD spectra were calculated by RAEKER in the HARTKE group[106] for trans-1 and each possible 

helical conformers of cis-1 in implicit DMSO (Figure 3.4). The computational setup used was force field 

optimizations, followed by DFT and RPA-TDDFT calculations. 

The experimental spectra of 1 are in good agreement with the calculated spectra for trans-1 and cis-

(M)-1, supporting that trans-1 switches in a unidirectional motion to the cis-(M) conformer. This 

findings are in agreement with the literature, where comparisons between experimental and 

theoretical spectra showed that the helical conformation can be directly deduced from the region 

around 450 nm of CD spectra: (M)-helices give exclusively a positive Cotton effect in this region, while 

(P)-helices give a negative one.[86, 103-105] 

 

Figure 3.4: Comparison of experimental (a) and theoretical (b) CD spectra of 1 in DMSO. 
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3.4 Conclusion 
 

In summary, the macrocycle 1 was synthesized using thiourea bridging for the key macrocyclization 

step in a good yield of 48 %. The linear isothiocyanate precursor 7 was synthesized via glycosylation of 

literature-known substances and followed by an aza-Wittig reaction, in a yield of 41 % over two steps. 

Most importantly, the intermolecular macrocyclization with piperazine (3) could only be realized with 

pre-orientation of the linear precursor 7 through isomerization to the cis-form, which led to a bent 

structure where the electrophilic sites were close enough to each other to facilitate the reaction. This 

signifies the importance of the azobenzene moiety, not only for changing the shape of the macrocycle, 

but also for the construction of the macrocyclic structure. As shown with the synthesis of macrocycle 

2 by JAESCHKE and DESPRAS, the synthesis route allows for the implementation of different 

carbohydrates, leading to a variety of macrocyclic structures. 

The photochemical properties of 1 were tested and together with obtained theoretical CD spectra 

indicate that cis-1 adopts a helically twisted structure through a chirality transfer from the 

carbohydrate moieties, with a unidirectional switching to the cis-(M)-conformation.  
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4. CuAAC Click Reaction 

4.1 Introduction 
 

A powerful ligation reaction, frequently used today, leads to triazole-bridged ligation products from 

alkynes and alkyl azides. The thermal cycloaddition of an azide with an alkyne was first described by 

MICHAEL in 1893.[107] 60 years later, this 1,3-dipolar cycloaddition reaction was studied extensively by 

HUISGEN.[108] The great drawback of this pericyclic reaction according to Huisgen are harsh reaction 

conditions and slow reaction rates. In addition, an unwanted regioisomeric mixture of 1,4- and 1,5-

triazoles is obtained with asymmetric alkynes (Scheme 4.1a).  

In 2002, a copper(I)-catalyzed variation of this reaction was concomitantly introduced by the groups 

of MELDAL[109] and SHARPLESS,[110] where terminal alkynes and azides yield 1,4-triazoles regioselectively 

and under mild reaction conditions (Scheme 4.1b). This reaction is a prime example for a “click 

reaction” as suggested by SHARPLESS. According to Sharpless a click reaction is a reaction which is high 

in yield, with broad scopes and applications and only generates minimal or no byproducts.[90] This Cu(I)-

catalyzed azide-alkyne cycloaddition (CuAAC) today serves as the most commonly known click-type 

reaction. 

The suggested mechanism of CuAAC is based on DFT calculations and involves a stable dinuclear Cu(I)-

acetylide complex and subsequent binding of the distal nitrogen atom of the azide to the acetylene C-

2, leading to the regioselectivity of the reaction.[111]  

Other variants of the reaction include the ruthenium-catalyzed process (RuAAC),[112] which leads to 

1,5-tirazole isomers regioselectively, and the strain-promoted copper-free reaction using cyclooctynes, 

which was first observed by WITTIG and KREBS in 1961[113] and utilized by BERTOZZI et al. in 2004 as a 

bioorthogonal ligation reaction.[114] 

Scheme 4.1: Overview of the different 1,3-dipolar cycloadditions with an alkyne and azide. (a) Huisgen 

reaction; (b) copper catalyzed reaction; (c) ruthenium catalyzed reaction.[115] 

The efficient and rapid click reaction soon became a popular tool in the synthesis of macrocycles, 

including glycomacrocycles,[116] where the isosterism of the 1,2,3 triazole with peptide bond makes it 

especially interesting for the synthesis of macrocyclic peptide mimetics.[68] 

Here, the synthesis of a glycoazobenzene macrocycle 9 through Cu(I)-catalyzed click macrocyclization 

was targeted, comprising two azobenzene and two disaccharide moieties. As carbohydrate building 

blocks the symmetric trehalose diazide, 6,6’-diazido-6,6’-dideoxy-trehalose 10[117] was chosen for 

macrocyclization. Retrosynthesis of 9 suggests two possible synthetic routes, first a one-pot 

condensation of two molecules 10 with two equivalents 4,4’-dipropargyloxy azobenzene (11),[118] and 
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second the sequential construction from azido trehalose 10 with monopropargyl azobenzene 12[118] 

followed by conversion of the product 13 with propargyl bromide (14) and a subsequent second click 

reaction of 15 with the second equivalent of 10 as the cyclization step (Scheme 4.2). 

Scheme 4.2: Two retrosynthetic pathways for macrocycle 9 and their corresponding building blocks. 

 

 

4.2 Synthesis 
 

Not completely unexpectedly, the one-pot macrocyclization, reacting 10 and 11 under Cu(I) catalysis, 

did not yield the desired macrocycle but instead an inseparable mixture of different products.  

Reaction of 10 with the unsymmetrical propargyl azobenzene 12 afforded the difunctionalized 

trehalose derivative 13 in 73 % yield using Cu(I)Br and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine 

(PMDETA) in DMF (Scheme 4.3).[119] Subsequent Williamson etherification with propargyl bromide 14 

gave the precursor 15 in 78 % yield, which was then reacted to 16 via a second click reaction in an 

intermolecular macrocyclization with 10 in a yield of 28 %. For the subsequent intramolecular click 

reaction, the dilution of the reaction was increased significantly from 100 mM to 5 mM and 10 and 15 

were added equimolarly to the reaction, to prevent oligomer formation.  

Nevertheless, the yield of the click reaction (28 %) was clearly poorer than for the first intermolecular 

click ligation (73 %) in the sequence but satisfying for a non-templated macrocyclization reaction. Pre-

organization of the precursor 15 was not necessary to facilitate the reaction, despite the considerably 

higher degree of freedom in its structure compared to the reaction partner 10. Presumably, π-π 

stacking aligns the azobenzene moieties parallelly, leading to a similar distance in the functional groups 

for the click reaction of 10 and 15. Finally, 16 was deprotected under ZEMPLÉN conditions[100] to give 

the target macrocycle 9 in quantitative yield. 
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Scheme 4.3: Synthesis of macrocycle 9 with a yield of 16 % over four steps. PMDETA: N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine. 

 

4.3 Photochromic properties 
 

The macrocycle 9 was investigated by NMR, UV/Vis and CD spectroscopy. In NMR measurements the 

molecule is highly symmetric, showing only a single set of signals representing one fourth of the cycle. 

Change in the chemical shifts of the carbohydrate protons upon trans → cis isomerization is minimal, 

with only H-1 and H-6 being affected by the switching, which shows that trans/cis isomerization does 

not lead to a significant change in their chemical environment while the high symmetry of the molecule 

persists (Figure 4.1). The signal for the CH2 protons between the triazole and azobenzene moiety is 

shifted downfield by 0.2 ppm and collapses from two doublets with 2J = 12 Hz to a singlet, indicating 

fewer rotational freedom at this position in the trans-form compared to the cis-form. However, the 

structures which were determined by force field-minimization (OPL3 in water, Figure 4.2)[101] reveal a 

twisted structure for trans-9 and a bent shape for cis-9 where this high degree of symmetry cannot be 

observed. 

Figure 4.1: Cutout of the 1H NMR spectra of 9 (600 MHz, DMSO-d6, 298 K): black line: all trans-
macrocycle, red line: PSS after irradiation with 365 nm for 5 min; red highlight: diyne CH2a and CH2b, 
blue highlight: H-6a and H-6b, green highlight: H-1. 
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Figure 4.2: Force field-minimized structures (OPLS3 in water) of the different all trans- and all cis-

isomers of 9.[101] 

 

UV/Vis absorption spectra in DMSO show a strong π → π* transition (λmax = 360 nm) and a weak n 

→ π* transition in the region of 450 nm (Figure 4.3a). Upon isomerization at 365 nm, the weakened π 

→ π* transition undergoes a blue shift towards a λmax of 310 nm, while in the n → π* transition the 

absorption is slightly increased. The switching efficiency was quantified using 1H NMR, after 5 min of 

irradiation at 365 nm the PSS with a trans:cis ratio of 2:98 was reached. Even though both trans and 

cis n → π* transitions overlap, they are resolved in the green range and through irradiation with a 

520 nm LED the initial relaxed state could be almost recovered with a PSS with a trans:cis ratio of 90:10. 

Thermal relaxation was determined by UV/Vis measurements, to give the half-life of cis-9 at 298 K in 

DMSO as τ1/2 = 16 h.  

Absorption measurements in water (0.5 % DMSO) shows a broader band for trans-9, with a reduced 

absorbance and a λmax blue-shifted to 340 nm (Figure 4.3b). In contrast, the spectrum corresponding 

to the PSS after irradiation at 365 nm is very similar to the one measured in DMSO. The reduced 

absorbance in addition to the higher baseline indicate that the macrocycle is not fully dissolved in the 

water/DMSO mixture, while the solubility improves upon irradiation with 365 nm light. This is a known 

effect for cis-azobenzene-containing compounds, as their bent shape weakens intermolecular 

stacking, thus improving solvation in polar solvents.[120] 

The CD spectrum for trans-9 in DMSO shows a weak negative Cotton effect for the n → π* transition 

at 450 nm and an exciton coupling around the π → π* transition from the interaction of one 

azobenzene unit with the other (Figure 4.3 c).[121] Upon isomerization the exciton coupling disappears 

and the spectrum corresponding to the PSS at 365 nm shows a negative Cotton effect for the π → π* 

transition and a positive one for the n → π* transition. In water (0.5 % DMSO) the amplitude for the 

exciton coupling in trans-9 is severely increased in intensity (Figure 4.3 d), while the Cotton effect for 

the n → π* transition changes its sign to positive. The spectrum corresponding to the PSS at 365 nm 

has the same pattern in water and in DMSO, but with an increased intensity as well. 

An increase of the ellipticity of the Cotton effect generally implies a more strongly twisted conjugated 

π-electron system, while the increase in the amplitude of an exciton couplet is influenced by a change 

in the angle between the two interacting chromophores or their distance.[102, 121] The amplitude 

reaches a maximum at a projection angle of 70°, while being inversely proportional to the square of 
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the distance between the two chromophores. The increased intensities in water for the Cotton effects 

of the n → π* transition in trans-9 and the n → π* and π → π* transition in cis-9 indicate that the azo 

bond of the azobenzene moieties is more twisted than in DMSO. The strong increase in the amplitude 

of the exciton coupling for the π → π* transition in trans-9 shows that either the angle between the 

two azobenzene units or their distance differs in water as the solvent. This shows that the solvent has 

a profound effect on the shape and chirality of the macrocycle. Presumably, the increased polarity in 

water increases the π-π stacking of the azobenzene moieties, leading to the twist in the trans-

configured molecule as seen in the force field-minimized structure. 

Figure 4.3: UV/Vis and CD spectra of 9 at 298 K in a concentration of 50 µM (a) UV/Vis spectra in DMSO; 

(b) UV/Vis spectra in water with 0.5 % DMSO; (c) CD spectra in DMSO; (d) UV/Vis spectra in water with 

0.5 % DMSO; black line: trans-9, red line: PSS after irradiation with 365 nm for 5 min, blue line: PSS 

after irradiation with 520 nm for 5 min. 

 

 

4.4 Conclusion 
 

After constructing macrocycles through thiourea bridging, the CuAAC click reaction was also 

successfully applied to the synthesis of glycoazobenzene macrocycles. The target macrocycle 9 could 

be obtained after an attempt at a one-pot macrocyclization of four building blocks was unsuccessful.  

The change in the shape of the macrocycle upon trans → cis isomerization leads to a better solvation 

in polar solvents. Additionally, changing the solvents affects the shape of the macrocycle as well, as CD 

spectroscopy revealed that the angle between the two di-triazole-azobenzene linkers differs largely in 

different solvents. This indicated that solvation has a strong influence on the shape of the macrocycle 

and vice versa. It might be possible that the trans-macrocycle has a straight structure in DMSO and a 

twisted one in water. However, DFT calculations are needed to study this effect further. 
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4.5 Experimental section 
 

General methods and instrumentation 

 

Moisture-sensitive reactions were carried out in flame-dried glassware and under a positive pressure 
of nitrogen. Analytical thin layer chromatography (TLC) was performed on silica gel plates (GF 254, 
Merck). Visualization was achieved by UV light and/or with 10 % sulfuric acid in ethanol or vanillin 
(3.0 g vanillin and 0.5 mL H2SO4 in 100 mL EtOH), followed by heat treatment at ca. 200 °C. The products 
were purified by flash chromatography on silica gel columns (Merck, 230–400 mesh, particle size 
0.040–0.063 mm). Pyridine was dried over KOH, tetrahydrofuran and N,N-dimethylformamide were 
stored over 3Å molecular sieves under a nitrogen atmosphere. 
 
Melting points were determined on a Büchi M-560 apparatus. Optical rotations were measured with a 

PerkinElmer 241 polarimeter with a sodium D-line (589 nm) and a cuvette of 10 cm path length, in the 

solvents indicated. Circular dichroism spectroscopy was performed on a Jasco J-720 CD spectrometer 

(Jasco, Tokyo, Japan) with a bandwidth of 1 nm and a cuvette of 10 mm path length. Infrared (IR) 

spectra were measured with a PerkinElmer FTIR Paragon 1000 (ATR) spectrometer and were reported 

in cm-1. ESI mass spectra were recorded on a Thermo ScientificTM Q ExactiveTM. Trans → cis 

photoisomerization experiments were performed using a LED emitting a 365 nm light from Nichia 

Corporation with a FWHM of 10 nm and intensity of 25 mW/cm2. Cis → trans photoisomerization 

experiments were performed using a LED emitting a 520 nm light from Nichia Corporation with a 

FWHM of 45 nm and intensity of 1 mW/cm2. UV/Vis absorption spectra were measured on a 

PerkinElmer Lambda-241. Proton (1H) nuclear magnetic resonance spectra and carbon (13C) nuclear 

magnetic resonance spectra were recorded on a Bruker DRX-500 and AV-600 spectrometer. Chemical 

shifts are referenced to internal tetramethylsilane (TMS) or 4,4-dimethyl-4-silapentane-1-sulfonic acid 

(DSS), or to the residual proton of the NMR solvent. Data are presented as follows: chemical shift, 

multiplicity (s=singlet, d=doublet, t=triplet, q=quartet, m=multiplet, and br=broad signal), coupling 

constant in hertz (Hz) and, integration. Full assignment of the signals was achieved by using 2D NMR 

techniques (1H - 1H COSY and 1H - 13C HSQC and HMBC). To differentiate the aromatic signals of the 

unsymmetrically substituted azobenzene moieties, the signals of the aromatic ring furthest from the 

carbohydrate center are labeled with an apostrophe. 

 

Specific rotation and circular dichroism 

The optical rotation and the circular dichroism spectra were measured at 293 K. The CD signal was 
recorded as ellipticity (θ), expressed in units of millidegrees (mdeg). The ellipticity was converted into 
difference in molar absorption coefficient (Δε), expressed in M-1∙cm-1, by using the following equation: 

Δε = θ /(32980∙c∙l) 
Δε = difference in molar absorption coefficient 
θ = ellipticity 
c = molar concentration in mol∙L-1 
l = optical path length in cm 
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Irradiation experiments 
 

Each sample was heated at 45 °C in the dark for 20 h prior to the beginning of each experiment in order 
to fully relax the azobenzene to its trans-form. The respective sample was irradiated in the dark, the 
distance between the lamp and the sample being about 5 cm. Photostationary states (PSS) were 
reached after irradiating the respective sample with a LED emitting light with the wavelength of 
365 nm or 520 nm. Then the respective measurement was performed immediately afterwards. 

The cis:trans ratios were determined by 1H NMR spectroscopy. The photostationary states (PSS)were 
determined by integration of one aromatic signal of each isomer.  
 

Extinction coefficients (ε) were calculated using the Beer-Lambert law (see equation below), plotting 
the absorbance at the respective λmax versus different concentrations. In the case of PSS 365 nm, the 
λmax of the n-π* band was used. A linear fitting gave the value of ε as the slope of the linear plot. 
 

A =ε ∙ c ∙ l 
 

A = absorbance 
ε = extinction coefficient = slope of the plot 
c = molar concentration in mol∙L-1 
l = optical path length in cm 

 

Switching cycle experiments were performed by irradiating the respective sample alternatively for 
1 min with the different LEDs within 20 cycles. The value of the absorbance at λmax(E) was plotted against 
the number of times the sample was irradiated to showcase the switching stability. 

 

The kinetics of the thermal cis→trans relaxation process was determined by the decay of the λmax of 
the n-π* band of the cis-form. After irradiation the spectra of the samples were recorded in regular 
intervals, keeping the sample inside the probe at a constant temperature of 298 K, until the relaxation 
was almost complete. The absorbance at was plotted versus the time, and an exponential decay of 
first order fitted to the data, according to the following equation: 
 

Aλmax = Ainf + A∙exp-k∙t 

Aλmax = absorbance at the n-π* band of the cis-form 
Ainf = absorbance at infinite time 
A = pre-exponential factor proportional to the initial integral of the cis-isomer 
k = rate of thermal isomerization 
t = time 

A linear fitting gave the value of k as the slope of the following plot: 
 

ln(Aλmax - Ainf) = ln(A) –kt 
 

The half-life of the cis-isomer (τ1/2) was determined as τ1/2 = ln2/k.  
  



66  CuAAC Click Reaction 
 

 

Synthesis 

 

2,3,4,2′,3′,4′-Hexa-O-acetyl-6,6′-dideoxy-6,6′-[5-[[4-[(1E)-2-(4-
(hydroxy)phenyl)diazenyl]phenoxy]methyl]-1H-1,2,3-triazol-1-yl]-α,α-D-trehalose (13): 

2,3,4,2′,3′,4′-Hexa-O-acetyl-6,6′-diazido-6,6′-dideoxy-α,α-D-trehalose (10)[117] (65.0 mg, 100 µmol), 
4-hydroxy-4’-propargyloxy azobenzene (12)[118] (76.0 mg, 300 µmol) and CuBr (6.00 mg, 47.0 µmol) 
were dissolved in dry DMF (1.00 mL) under nitrogen and PMDETA (10.0 µL, 47.0 µmol) was added. The 
mixture was stirred at room temperature for 3 d and then concentrated under reduced pressure. The 
crude residue was dissolved in ethyl acetate, washed with water (3 x 100 mL) and dried over MgSO4. 
After filtration and concentration under reduced pressure, the residue was purified by flash 
chromatography (cyclohexane/ethyl acetate/methanol 3:2:0 → 0:99:1) to give 13 (83.9 mg, 73.0 μmol, 
73 %) as an orange foam. 

[α]20
D= +56.5 (c= 0.68 in CH2Cl2); 1H NMR (600 MHz, CDCl3) δ = 7.88 – 7.84 (m, 4 H, Ar-Hortho), 7.81 – 

7.76 (m, 4 H, Ar-Hortho’), 7.43 (s, 2 H, triazole-H), 7.04 – 6.99 (m, 4 H, Ar-Hmeta), 6.91 – 6.86 (m, 4 H, Ar-
Hmeta’), 6.14 (s, 2 H, OH), 5.35 – 5.23 (m, 6 H, H-3, CH2), 4.85 (dd, 3J2,3 = 10.3 Hz, 3J2,1 = 3.7 Hz, 2 H, H-2), 
4.75 (dd~t, 3J4,3 = 3J4,5 = 9.7 Hz, 2 H, H-4), 4.34 (d, 2J6a,6b = 12.4 Hz, 2 H, H-6a), 4.03 (d, 3J1,2 = 3.7 Hz, 2 H, 
H-1), 3.95 (ddd~td, 3J5,4 = 3J5,6b = 10.0 Hz, 3J5,6a = 1.8 Hz, 2 H, H-5), 3.82 (dd, 2J6b,6a = 14.2 Hz, 3J6b,5 = 9.8 
Hz, 2 H, H-6b), 2.07 (s, 6 H, 2 CH3C=O), 2.04 (s, 6 H, 2 CH3C=O), 2.00 (s, 6 H, 2 CH3C=O) ppm; 13C NMR 
(151 MHz, CDCl3) δ = 169.8 (CH3C=O), 169.7 (CH3C=O), 169.4 (CH3C=O), 159.6 (Ar-Cpara), 158.5 (Ar-Cpara’), 
147.1 (Ar-Cipso), 146.7 (Ar-Cipso’), 144.2 (triazole-Cq), 124.7 (Ar-Cortho’), 124.4 (Ar-Cortho), 124.1 (triazole-
CH), 116.0 (Ar-Cmeta’), 115.1 (Ar-Cmeta), 91.6 (C-1), 69.9 (C-4), 69.5 (C-3), 68.9 (C-5), 68.4 (C-2), 61.7 (CH2), 
50.4 (C-6), 20.6 (6 C, CH3C=O) ppm; IR (ATR): ῦ = 3148, 2948, 1751, 1585, 1499, 1213, 1147, 1040, 845 
cm-1; ESI-MS m/z: calc. 1149.37960 for [C54H56O19N10+H]+; found 1149.37874 for [C54H56O19N10+H]+. 
 

2,3,4,2′,3′,4′-Hexa-O-acetyl-6,6′-dideoxy-6,6′-[5-[[4-[(1E)-2-(4-(prop-2-yn-1-

yloxy)phenyl)diazenyl]phenoxy]methyl]-1H-1,2,3-triazol-1-yl]-α,α-D-trehalose (15): 

Azobenzene trehalose conjugate 13 (77.4 mg, 67.0 µmol), K2CO3 (69.0 mg, 500 µmol) and KI (cat. 
amount) were suspended in dry DMF (1.00 mL) under nitrogen and propargyl bromide (80 % in toluene, 
20.0 µL, 200 µmol) was added. Stirred at 80 °C for 5 h and at room temperature for 16 h. 
Dichloromethane was added, and the org. phase was washed twice with water and brine (50 mL each), 
dried over MgSO4, filtrated and concentrated to dryness. The crude residue was purified by column 
chromatography (dichloromethane/ethyl acetate/methanol 8:2:0 → 59:40:1) to give 15 (64.1 mg, 52.3 
μmol, 78 %) as an orange foam. 

[α]20
D= +72.9 (c= 1.02 in CH2Cl2); 1H NMR (500 MHz, CDCl3) δ = 7.93 – 7.83 (m, 8 H, Ar-Hortho, Hortho’), 

7.42 (s, 2 H, triazole-H), 7.09 – 7.00 (m, 8 H, Ar-Hmeta, Ar-Hmeta’), 5.30 (m, 6 H, H-3, CH2), 4.86 (dd, 3J2,3 = 
10.3 Hz, 3J2,1 = 3.8 Hz, 2 H, H-2), 4.78 – 4.73 (m, 6 H, H-4, CH2CCH), 4.34 (dd, 2J6a,6b = 14.2 Hz, 3J6b,5 = 2.1 
Hz, 2 H, H-6a), 4.02 (d, 3J1,2 = 3.8 Hz, 2 H, H-1), 3.95 (ddd~td, 3J5,4 = 3J5,6b = 10.0 Hz, 3J5,6a = 2.0 Hz, 2 H, H-
5), 3.80 (dd, 2J6b,6a = 14.2 Hz, 3J6b,5 = 9.8 Hz, 2 H, H-6b), 2.54 (t, 4JCH,CH2 = 2.4 Hz, 2 H, CH2CCH), 2.06 (s, 6 
H, 2 CH3C=O), 2.04 (s, 6 H, 2 CH3C=O), 2.00 (s, 6 H, 2 CH3C=O) ppm; 13C NMR (126 MHz, CDCl3) δ = 169.7 
(CH3C=O), 169.6 (CH3C=O), 169.2 (CH3C=O), 159.8, 159.6 (Ar-Cpara, Ar-Cpara’), 147.2, 147.1 (Ar-Cipso, Ar-
Cipso’), 144.2 (triazole-Cq), 124.4, 124.3 (Ar-Cortho, Ar-Cortho’), 124.0 (triazole-CH), 115.3, 115.1 (Ar-Cmeta, 
Ar-Cmeta’), 91.5 (C-1), 78.0 (CH2CCH), 75.9 (CH2CCH), 69.9 (C-4), 69.5 (C-3), 68.9 (C-5), 68.4 (C-2), 61.9 
(CH2), 56.0 (CH2CCH), 50.3 (C-6), 20.6 (6 C, CH3C=O) ppm; IR (ATR): ῦ = 3282, 1751, 1497, 1368, 1208, 
1149, 1018, 838 cm-1; ESI-MS m/z: calc. 1225.41090 for [C60H60O19N10+H]+; found 1225.40862 for 
[C60H60O19N10+H]+. 
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Macrocycle 16: 

Precursor 15 (62.0 mg, 50.0 µmol), 2,3,4,2′,3′,4′-hexa-O-acetyl-6,6′-diazido-6,6′-dideoxy-α,α-D-
trehalose (10)[117] (33.0 mg, 50.0 µmol) and CuBr (5.00 mg, 34.9 µmol) were dissolved in dry DMF 
(10.0 mL) under nitrogen and PMDETA (10.00 µL, 47.0 µmol) was added. The mixture was stirred at 
room temperature for 3 d and then concentrated under reduced pressure. The crude residue was 
dissolved in ethyl acetate, washed with water (3 x 50 mL) and dried over MgSO4. After filtration and 
concentration under reduced pressure, the residue was purified by flash chromatography 
(dichloromethane/ethyl acetate/methanol 250:250:15) to give 16 (26.6 mg, 14.2 μmol, 28 %) as an 
orange foam. 

[α]20
D= +97.8 (c= 0.50 in CH2Cl2); 1H NMR (500 MHz, CDCl3) δ = 7.88 – 7.80 (m, 8 H, Ar-Hortho), 7.42 (s, 4 

H, triazole-H), 7.04 – 6.91 (m, 8 H, Ar-Hmeta), 5.39 (dd, 3J3,2= 10.1 Hz, 3J3,4=9.4 Hz, 4 H, H-3), 5.26 (s, 8 H, 
CH2), 4.95 (dd, 3J2,3 = 10.3 Hz, 3J2,1 = 3.8 Hz, 4 H, H-2), 4.85 (dd~t, 3J4,3 = 3J4,5 = 9.6 Hz, 4 H, H-4), 4.48 (d, 
3J1,2 = 3.8 Hz, 4 H, H-1), 4.42 (dd, 2J6a,6b = 13.7 Hz, 3J6a,5 = 1.7 Hz, 4 H, H-6a), 4.18 – 4.00 (m, 8 H, H-5, H-
6b), 2.09 (s, 12 H, 4 CH3C=O), 2.09 (s, 12 H, 4 CH3C=O), 2.01 (s, 12 H, 4 CH3C=O) ppm; 13C NMR (126 
MHz, CDCl3) δ = 169.7 (CH3C=O), 169.7 (8 C, CH3C=O), 169.4 (CH3C=O), 160.0 (Ar-Cpara), 147.0 (Ar-Cipso), 
144.1 (triazole-Cq), 124.5 (Ar-Cortho), 124.0 (triazole-CH), 115.2 (Ar-Cmeta), 91.6 (C-1), 69.9 (C-4), 69.5 (C-
3), 68.9 (C-5), 68.6 (C-2), 62.1 (CH2), 50.6 (C-6), 20.6 (12 C, CH3C=O) ppm; IR (ATR): ῦ = 3470, 2946, 
1752, 1598, 1498, 1370, 1215, 1040 cm-1; ESI-MS m/z: calc. 1869.603346 for [C84H92O34N16+H]+; found 
1869.60727 for [C84H92O34N16+H]+. 
 

Deprotected target macrocycle 9: 

To a solution of the macrocycle 16 (20.1 mg, 10.8 µmol) in a mixture of dichloromethane and methanol 
(1:4, 5.00 mL) NaOMe (5.4 M in methanol, 40.0 µL) was added and stirred at room temperature for 
16 h. The mixture was neutralized with Amberlite® IR120 H+, filtered and concentrated to dryness to 
give the corresponding macrocycles as a yellow amorphous solid (14.6 mg, 10.7 µmol, quant.). 

trans-9: 

[α]20
D= -11.5 (c= 0.09 in DMSO); 1H NMR (500 MHz, DMSO- d6) δ = 8.20 (s, 4 H, triazole-H), 7.78 – 7.71 

(m, 8 H, Ar-Hortho), 7.13 – 7.02 (m, 8 H, Ar-Hmeta), 5.51 (s, 4 H, OH), 5.35 – 5.20 (s, 8 H, OH) 5.22 (d, 
2JCH2,CH2 = 11.5 Hz, 4 H, CH2a), 5.17 (d, 2JCH2,CH2 = 11.5 Hz, 4 H, CH2b), 4.67 – 4.59 (m, 8 H, H-1, H-6a), 4.54 
(dd, 2J6b,6a = 14.2 Hz, 3J6b,5 = 6.9 Hz, 4 H, H-6b), 4.20 – 4.11 (m, 4 H, H-5), 3.60 (dd~t, 3J3,2 = 3J3,4= 9.2 Hz, 
4 H, H-3), 3.18 (dd, 3J2,3 = 9.5 Hz, 3J2,1 = 3.4 Hz, 4 H, H-2), 2.96 (dd~t, 3J4,3 = 3J4,5 = 9.3 Hz, 4 H, H-4) ppm; 
13C NMR (151 MHz, DMSO-d6) δ = 160.4 (Ar-Cpara), 146.4 (Ar-Cipso), 142.2 (triazole-Cq), 125.4 (triazole-
CH), 124.2 (Ar-Cortho), 115.1 (Ar-Cmeta), 93.3 (C-1), 72.7 (C-3), 71.2 (C-2), 71.1 (C-4), 69.6 (C-5), 61.7 (CH2), 
50.6 (C-6) ppm; IR (ATR): ῦ = 3302, 2921, 1562, 1408, 1243, 1150, 1039, 993 cm-1; ESI-MS m/z: calc. 
1365.47668 for [C60H68O22N16+H]+; found 1365.47764 for [C60H68O22N16+H]+. 
 

cis-9: 

[α]20
D= +68.3 (c= 0.09 in DMSO); 1H NMR (500 MHz, DMSO- d6) δ = 8.10 (s, 4 H, triazole-H), 6.94 – 6.90 

(m, 8 H, Ar-Hmeta), 6.87 – 6.72 (m, 8 H, Ar-Hortho), 5.59 (s, 4 H, OH), 5.44 (s, 4 H, OH), 5.24 (s, 4 H, OH), 
5.06 (s, 8 H, CH2), 4.60 (d, 2J6a,6b = 12.1 Hz, 4 H, H-6a), 4.51 (d, 3J1,2 = 3.5 Hz, 4 H, H-1), 4.46 (dd, 2J6b,6a = 
14.1 Hz, 3J6b,5 = 7.7 Hz, 4 H, H-6b), 4.19 – 4.11 (m, 4 H, H-5), 3.57 (dd~t, 3J3,2 = 3J3,4= 9.1 Hz, 4 H, H-3), 
3.13 (dd, 3J2,3 = 9.6 Hz, 3J2,1 = 3.4 Hz, 4 H, H-2), 2.95 (dd~t, 3J4,3 = 3J4,5 = 9.3 Hz, 4 H, H-4) ppm; 13C NMR 
(126 MHz, DMSO- d6) δ = 156.9 (Ar-Cpara), 146.7 (Ar-Cipso), 141.9 (triazole-Cq), 125.0 (triazole-CH), 122.0 
(Ar-Cortho), 114.6 (Ar-Cmeta), 93.6 (C-1), 72.4 (C-3), 71.6 (C-4), 71.0 (C-2), 69.6 (C-5), 61.0 (CH2), 50.6 (C-
6) ppm.  
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NMR spectra of synthesized compounds 

 

Figure 4.5: 1H NMR spectrum of 13 (600 MHz, CDCl3, 298 K).  
 

 

Figure 4.6: 13C NMR spectrum of 13 (151 MHz, CDCl3, 298 K). 
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Figure 4.7: 1H NMR spectrum of 15 (500 MHz, CDCl3, 298 K). 

 

 

Figure 4.8: 13C NMR spectrum of 15 (126 MHz, CDCl3, 298 K). 
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Figure 4.9: 1H NMR spectrum of 16 (500 MHz, CDCl3, 298 K). 

 

 

Figure 4.10: 13C NMR spectrum of 16 (126 MHz, CDCl3, 298 K). 
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Figure 4.11: 1H NMR spectrum of trans-9 (500 MHz, DMSO-d6, 298 K). 
 

 

 
Figure 4.12: 13C NMR spectrum of trans-9 (151 MHz, DMSO-d6, 298 K). 
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Figure 4.13: 1H NMR spectrum of cis-9 (500 MHz, DMSO-d6, 298 K).  

 

 

Figure 4.14: 13C NMR spectrum of cis-9 (126 MHz, DMSO-d6, 298 K). 
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Irradiation experiments 

 

The photostationary states (PSS) were reached after irradiating the respective sample for 5 min with 
365 nm or 5 min with 520 nm and the respective trans:cis ratios of are shown in Figure 4.15. 
 

 
Figure 4.15: NMR spectra of trans-9 after heating at 45 °C in the dark for 20 h (black), after irradiation 
with 365 nm for 5 min with a PSS of trans:cis 2:98 (red)and after irradiation with 520 nm (blue) for 5 
min with a PSS of trans:cis 90:10. 

The extinction coefficient ε and the coefficient of determination of the linear fitting for trans- and cis-
9 are shown along the plot of the absorbance at 365 nm or 450 nm against the concentration in Figure 
4.16.  
 
The switching cycle experiment for 9 is shown in Figure 4.17 with the plot of the value of the 
absorbance at λmax(E) against the number of times the sample was irradiated. 
 
The decay of the absorbance of the n-π* band λmax of cis-9 is shown alongside the coefficient of 
determination of the exponential fitting and the absorbance at infinite time in Figure 4.18. The 
linearization of the absorbance is shown with the coefficient of determination of the linear fitting, the 
rate constant and the ensuing half-life. 

 

 
Figure 4.16: Plot of the absorbance of 9 at λmax versus the concentration; the slope of the linear curve 
gives the value of the extinction coefficient ε. Measured at 298 K in DMSO in concentrations from 
8∙10-6 to 10-4 mol∙L-1. 
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Figure 4.17: Measured absorbance of 9 at 365 nm after alternating photoirradiation with 365 nm and 
520 nm. Measured at 298 K in DMSO in a concentration of 50 µM. 
 
 

 
Figure 4.18: Kinetics of the cis→trans thermal relaxation process, measured at 298 K in DMSO at a 
concentration of 50 µM, showing the exponential decay of the absorbance at 450 nm and the 
linearization with the corresponding coefficient of determination and the half-life for the cis-form of 9. 
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5. Sonogashira Coupling 

5.1 Introduction 
 

An advancement from the Castro-Stephens coupling,[122] where C-C bonds are formed using easily 

combustible copper(I) acetylene[123] and an aromatic halide was the reaction SONOGASHIRA et al. 

reported in 1975, the cross-coupling of iodobenzene with acetylene gas, using copper(I) iodine and a 

palladium(II) complex in catalytic amounts.[124] 

Similar reactions towards the synthesis of aromatic acetylenes were developed by CASSAR[125] and 

HECK[126] in the same year. But these syntheses require a larger amount of palladium species and high 

heating for the reaction to give satisfactory results, while the Sonogashira coupling proceeded at room 

temperature.  

One disadvantage of the copper-cocatalyzed Sonogashira coupling is the formation of homocoupled 

dialkyne as an unwanted side reaction in the presence of oxygen,[127] (known as Glaser coupling, cf. 

chapter 6), thus making strict oxygen exclusion necessary. To circumvent this problem, the copper-

free approach of CASSAR and HECK has been optimized over the years to develop a copper-free cross-

coupling reaction (Scheme 5.1), which is called the copper-free Sonogashira reaction despite the 

denomination as Heck-Cassar coupling being better suited.[128, 129] 

Scheme 5.1: Differences between the copper-cocatalyzed and copper-free Sonogashira reaction. 

The mechanism of the copper-cocatalyzed Sonogashira coupling is not fully elucidated yet, while the 

palladium cycle, consisting of oxidative addition, transmetallation and reductive elimination operates 

like other palladium-catalyzed cross-couplings, the copper cycle is not well understood.[128, 129] 

Meanwhile, the mechanism of the copper-free Sonogashira reaction has been proven only recently to 

operate through a tandem catalytic cycle of palladium-palladium transmetallation.[129] 

The Sonogashira coupling has found a wide application in macrocyclization reactions[130] for natural 

product synthesis and medical applications,[46, 131] and the synthesis of rigid shape-persistent 

macrocycles.[132, 133] 

Here, Sonogashira coupling was envisioned for the synthesis of glycomacrocycles comprising two 

different azobenzene moieties. The target macrocycles 17 and 18 were designed as symmetric 

structures with a two-fold rotation axis which can be achieved in only two steps, consisting of a 

Mitsunobu reaction and Sonogashira coupling for the cyclization step (Figure 5.1). The envisioned 

design with acetylene-linked azobenzene units promises interesting changes in molecular shape upon 

trans → cis isomerization of the azobenzene units due to an increased end-to-end distance change 

between both isomers.[134] In combination with an O-functionalized azobenzene, the contraction upon 

switching the macrocycle from all trans to all cis should be different for the two azobenzene moieties. 
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Different macrocycles can be achieved easily through variation of the diiodo azobenzene moiety for 

the ring closure. To test this, two different variations should be synthesized using the same synthetic 

protocol with 4,4’-diiodoazobenzene (19)[135] and 2,2’,6,6’‐tetrafluoro‐4,4’‐diiodoazobenzene (20)[136] 

for the macrocyclization. Ortho-fluorination causes a bathochromic shift in the absorption 

spectrum,[136] which could be used to selectively switch the obtained macrocycle between three states 

with the appropriate wavelengths, all trans as the thermodynamically stable conformation, all cis 

through irradiation with UV light and trans,cis through irradiation with green light. 

 

Figure 5.1: Retrosynthesis of the targeted macrocycles obtainable in two steps. 

 

5.2 Synthesis 
 

In a first reaction with propargyl mannoside 21[137] and 4,4’-diiodoazobenzene (19), the efficiency of 

the Sonogashira coupling[138] was tested and the bifunctionalized azobenzene glycoconjugate 22 could 

be isolated in a satisfying yield of 66 % (Scheme 5.2). A copper-free reaction procedure was chosen in 

order to prevent Glaser coupling as an unwanted side reaction.[139] 

 

Scheme 5.2: Synthesis of 22 in a Sonogashira cross-coupling reaction. 

 

On the other hand, the azobenzene glycoconjugate 23 was synthesized via Mitsunobu reaction and 

subsequent acetylation of propargyl mannoside 24[137] and 4,4’-dihydroxyazobenzene (5)[98] in a yield 

of 50 % over two steps. This reaction is discussed in greater detail in chapter 6.2. Both 4,4’-

diiodoazobenzene (19) and 2,2’,6,6’‐tetrafluoro‐4,4’‐diiodoazobenzene (20) were applied in the 

intermolecular Sonogashira coupling macrocyclization with 23 (Scheme 5.3). The reaction conditions 
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were optimized for the macrocyclization step. Hence, both reactants were added in equimolar 

amounts and the concentration was lowered from 25 mM to 5 mM to prevent oligomerization.  

In chapter 3.2, the macrocyclization of two building blocks could only be realized after isomerization 

of the precursor 7 from trans to cis, as the difference in distance between the active sites of trans-7 

and piperazine (3) was too large for the reaction to take place. As the Sonogashira coupling required 

heating, prior isomerization of one reaction component to their thermodynamically less stable cis-

isomer would be futile. Fortunately, pre-organization of the reactants was not necessary in this case, 

as the reaction proceeded smoothly with the trans-configured glycoazobenzene 23 to give the 

macrocycles 17 and 18 in yields of 39 % and 28 % respectively.  

Scheme 5.3: Macrocyclization of 23 with 19 and 20 to give 17 and 18. 

 

5.3 Photochromic properties 
 

With the two target macrocycles 17 and 18 in hand, their photochromic properties were investigated. 

UV/Vis absorption spectra show a large band at around 360 nm corresponding to the π → π* transition 

for both macrocycles (Figure 5.2). The n → π* transition is not well separated from this band and is 

seen as a weak shoulder with λmax = 450 nm, that is red shifted for the fluorinated 18. PSS was reached 

after isomerization with a 365 nm LED for 5 min and led to considerable weakening and hypsochromic 

shifts of the π → π* transition to λmax = 310 nm. The increased n → π* transitions at around 440 nm is 

slightly blue shifted as well. For 17, back switching could be realized with a 520 nm LED lamp as the 

n → π* transition was well enough resolved in this region to lead back to a spectrum similar to the 

initial trans-17. Because of the bathochromic shift of the n → π* band in trans-18, the best back-

switching ratio could be achieved through irradiation with a 450 nm LED. 

 

Figure 5.2: Absorption of the macrocycles in DMSO at 298 K in a concentration of 25 µM (a) 17; (b) 18; 
black line: trans-macrocycle, red line: PSS after irradiation with 365 nm for 5 min, blue line: PSS after 
irradiation with 520 nm (a) or 450 nm (b) for 5 min. 
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Figure 5.3: Aromatic region of the 1H NMR spectra of the different macrocycles (600 MHz, DMSO-d6, 
298 K): (a) 17; (b) 18; black line: trans-macrocycle, red line: PSS after irradiation with 365 nm for 5 min; 
blue line: PSS after irradiation with 520 nm (a) or 450 nm (b) for 5 min. 

 

The trans:cis ratio for the different PSS were quantified by 1H NMR to be more than 98 % all trans after 
16 h at 40 °C (Figure 5.3). The PSS at 365 nm contained 7 % all trans, 85 % all cis and 8 % of a mixture 
of trans,cis and cis,trans for macrocycle 17. Back switching to the PSS at 520 nm led to 87 % all trans, 
6 % all cis and 7 % trans,cis mixture. Due to overlapping signals and the need for low concentrations in 
the NMR in order to facilitate the isomerization, a distinction between trans,cis and cis,trans was not 
possible for both macrocycles. For the fluorinated 18, the PSS at 365 nm led to a ratio of 13 % all trans, 
73 % all cis and 14 % trans,cis mixture. The PSS at 450 nm gave a ratio of 79 % all trans, 5 % all cis and 
16 % trans,cis mixture. Thermal isomerization after reaching the PSS at 365 nm was monitored by 
1H NMR for the different species of both macrocycles (Figure 5.4). It could be shown that the 
concentration of the trans,cis- and cis,trans-isomers remained at the same low level after an initial 
short increase for 17. For the fluorinated 18, the trans,cis- and cis,trans-isomers increased slowly over 
the relaxation period before decreasing again. This indicates that the intermediate containing one 
azobenzene in trans- and one in cis-conformation is not very stable. Possibly, isomerization of one 
azobenzene unit in the cycle elicits the isomerization of the other, either due to the azobenzene 
moieties not being electronically decoupled or due to high ring strain in the mixed species. 

Half-life of the PSS at 365 nm was calculated using UV/Vis absorption measurement (see Figure 5.18 
in chapter 5.5) and with 18 h for 17 and 33 h for 18 accurately display the interception of all trans and 
all cis in the corresponding 1H NMR measurements. The longer half-life of all cis-18 is in agreement 
with the slower relaxation process associated with ortho-fluorinated azobenzene moieties.[136] 

Figure 5.4: Thermal relaxation after irradiation with 365 nm (600 MHz, DMSO-d6, 298 K), (a) 17; (b) 18; 
black: all trans-macrocycle, red: all cis, blue: trans,cis- and cis,trans-macrocycle. 
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CD measurements provided spectra which bands correspond to the π → π* and n → π* transitions of 
azobenzene in the UV/Vis spectra, showing that the azobenzene moieties exhibit chirality (Figure 5.5). 
For both macrocycles the π → π* transition (360 nm) gives an exciton couplet, while the n → π* 
transition gives a weak negative Cotton effect. Upon isomerization with 365 nm, the exciton coupling 
disappears and π → π* transition gives a positive Cotton effect while the n → π* transition gives a 
stronger negative Cotton effect. Back switching with 520 nm or 450 nm result in a near full restoration 
of the original all trans-spectra.  

Figure 5.5: CD spectra of the different macrocycles in DMSO at 298 K (a) 17; (b) 18; black line: trans-
macrocycle, red line: PSS after irradiation with 365 nm for 5 min, blue line: PSS after irradiation with 
520 nm for 5 min.  

 

The exciton coupling at the π → π* transition is only present in the spectra of the all trans-macrocycles, 
as the angle of the cis-isomers towards each other doesn’t permit the interaction. This can also be seen 
in the force field-minimized structures of 17,[101] where the azobenzene moieties are aligned parallelly 
in the all trans-structure, while turning away from each other in all cis, resembling a closed and open 
gate form (Figure 5.6). The strong Cotton effects in the range of 450 nm for both cis-isomers indicates 
helical chirality, which is expected for cis-azobenzene in cyclic structures.[86, 103, 140-142] Comparisons of 
calculations and experiments showed that the handedness of the helical chirality can be directly 
deduced form the CD spectra in that region, (P)-chirality shows a negative Cotton effect while (M)-
chirality shows a positive Cotton effect.[82, 86, 104] This suggests that both macrocycles 17 and 18 
isomerize in a unidirectional manner, giving only the (P)-chirality for both all cis-isomers. 

Figure 5.6: Force field-minimized structures (OPLS3 in chloroform) of trans- (left) and cis- (right) 

17.[101] 
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5.4 Conclusion 
 

In summary two different macrocycles, 17 and the tetra-ortho-fluoro 18 (Figure 5.7), were synthesized. 

Two different diiodo-azobenzene compounds could be utilized for the intermolecular Sonogashira 

coupling with a pre-existing dialkyne building block without the need for an alteration of the reaction 

conditions. Through this, selective modifications of one or both azobenzene moieties can be 

implemented easily to influence the trans/cis isomerization behavior of the created macrocycle, like 

required wavelengths or stability in the excited state. The carbohydrate moieties of the dialkyne 

building block can be easily exchanged (cf. chapter 6.3), creating the possibility of a great variation of 

macrocyclic structures. 

It could be shown from the investigation of the photochromic properties that the fluorination leads to 

a longer half-life and more stable mixed (trans,cis or cis,trans) species. As expected, the substitution 

has little to no effect on the shape of the macrocycle. 

 

5.5 Experimental section 
 

General methods and instrumentation 

For general methods and instrumentation and performance of the irradiation experiments refer to 4.5.  

Deviating from the this, cis → trans photoisomerization experiments were performed using either a 

LED emitting a 450 nm light from Nichia Corporation with a FWHM of 45 nm and intensity of 1 mW/cm2 

or a LED emitting a 520 nm light as stated above. 

To differentiate the two different azobenzene moieties, NMR signals of the azobenzene connected to 

the primary position of the carbohydrates are labeled with an apostrophe. 

 

Synthesis 

 

(E)-1,2-Bis(4-(3-(2,3,4,6-tetra-O-acetyl-β-D-mannopyranoside)prop-1-yn-1-yl)phenyl)diazene (22): 

2-Propynyl 2,3,4,6-tetra-O-acetyl-β-D-mannopyranoside[137] (21) (150 mg, 388 µmol), 4,4’-
diiodoazobenzene[135] (19) (82.0 mg, 189 µmol) were dissolved in dry DMF (3.75 mL) and triethylamine 
(3.75 mL) under a nitrogen atmosphere and nitrogen gas was bubbled through the solution for 30 min. 
Tetrakis(triphenylphosphine)palladium(0) (tip of spatula, 0.05 eq) was added and the mixture was 
stirred at room temperature for 5 min before heating to 60 °C for 4 h and then continuing with stirring 
at room temperature for 16 hours. Ethyl acetate was added, and the mixture was washed twice with 
2 N HCl, sat. NaHCO3 solution and water (each 50 mL) and dried over MgSO4. After filtration and 
concentration under reduced pressure, the residue was purified by flash chromatography 
(cyclohexane/ethyl acetate 1:1) to give 22 (118 mg, 124 μmol, 66 %) as a dark orange foam. 
 
[α]20

D= +90.0 (c= 0.90 in CH2Cl2); 1H NMR (600 MHz, DMSO-d6) δ = 7.96 – 7.90 (m, 4 H, Ar-Hortho), 7.75 

– 7.69 (m, 4 H, Ar-Hmeta), 5.21 – 5.13 (m, 8 H, H-1, H-2, H-3, H-4), 4.68 (d, 2JCH2a,CH2b = 16.3 Hz, 2 H, CH2a), 

4.61 (d, 2JCH2a,CH2b = 16.3 Hz, 2 H, CH2b), 4.18 (dd, 2J6a,6b = 12.3 Hz, 3J6a,5 = 4.6 Hz, 2 H, H-6a), 4.10 (dd, 
2J6a,6b = 12.3 Hz, 3J6b,5 = 2.4 Hz, 2 H, H-6b), 4.06 – 4.01 (m, 2 H, H-5), 2.14 (s, 6 H, 2 CH3C=O), 2.03 (s, 6 
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H, 2 CH3C=O), 2.02 (s, 6 H, 2 CH3C=O), 1.96 (s, 6 H, 2 CH3C=O) ppm; 13C NMR (151 MHz, DMSO-d6) δ = 

170.1 (CH3C=O), 169.7 (4 C, CH3C=O), 169.4 (CH3C=O), 151.4 (Ar-Cipso), 132.8 (Ar-Cmeta), 124.8 (Ar-Cpara), 

123.0 (Ar-Cortho), 95.8 (C-1), 87.6 (CH2C≡C), 85.8 (CH2C≡C), 68.6 (4 C, C-2 or C-3 or C-4), 68.4 (C-5), 65.2 

(C-2 or C-3 or C-4), 61.7 (C-6), 55.2 (CH2), 20.6 (CH3C=O), 20.5 (CH3C=O), 20.44 (s), 20.4 (CH3C=O) ppm; 

IR (ATR): ῦ = 2958, 1742, 1367, 1213, 1044, 852 cm-1; ESI-MS m/z: calc. 973.28491 for 

[C46H50O20N2+Na]+; found 973.28425 for [C46H50O20N2+Na]+. 

 

Macrocycle 17: 

Precursor 23 (43.3 mg, 50.0 µmol), 4,4’-diiodoazobenzene[135] (5) (21.7 mg, 50.0 µmol) were dissolved 
in dry DMF (5.00 mL) and triethylamine (5.00 mL) under a nitrogen atmosphere and nitrogen gas was 
bubbled through the solution for 30 min. Tetrakis(triphenylphosphine)palladium(0) (tip of spatula, 
0.05 eq) was added and the mixture was stirred at room temperature for 5 min before heating to 60 °C 
for 4 h. Ethyl acetate was added, and the mixture was washed twice with 2 N HCl, sat. NaHCO3 solution 
and water (each 125 mL) and dried over MgSO4. After filtration and concentration under reduced 
pressure, the residue was purified by flash chromatography (cyclohexane/ethyl acetate 1:1) to give 17 
(20.6 mg, 19.7 μmol, 39 %) as a dark orange foam. 

trans-17: 

[α]20
D= -133 (c= 0.37 in CH2Cl2); 1H NMR (500 MHz, DMSO-d6) δ = 7.58 – 7.48 (m, 4 H, Ar-Hortho’), 7.47 – 

7.35 (m, 4 H, Ar-Hortho), 7.35 – 7.24 (m, 4 H, Ar-Hmeta), 6.89 – 6.77 (m, 4 H, Ar-Hmeta’), 5.27 – 5.17 (m, 8 

H, H-1, H-2, H-3, H-4), 4.87 (d, 2JCH2a,CH2b = 16.8 Hz, 2 H, CH2a), 4.59 (d, 2JCH2a,CH2b = 16.9 Hz, 2 H, CH2b), 

4.42 – 4.32 (m, 2 H, H-5), 4.18 (dd, 2J6a,6b = 10.8 Hz, 3J6a,5 = 6.0 Hz, 2 H, H-6a), 4.08 (dd, 2J6a,6b = 10.8 Hz, 
3J6b,5 = 4.8 Hz, 2 H, H-6b), 2.16 (s, 6 H, 2 CH3C=O), 2.09 (s, 6 H, 2 CH3C=O), 2.00 (s, 6 H, 2 CH3C=O) ppm; 
13C NMR (151 MHz, DMSO-d6) δ = 169.8 (CH3C=O), 169.7 (CH3C=O), 169.6 (CH3C=O), 159.9 (Ar-Cpara’), 

150.8 (Ar-Cipso), 146.1 (Ar-Cipso’), 132.1 (Ar-Cmeta), 124.2 (Ar-Cpara), 124.0 (Ar-Cortho’), 122.6 (Ar-Cortho), 

114.4 (Ar-Cmeta’), 98.5 (1), 88.5 (CH2C≡C), 85.1 (CH2C≡C), 68.8 (5), 68.6 (C-2 or C-3 or C-4), 68.3 (6), 68.2 

(C-2 or C-3 or C-4), 67.7 (C-2 or C-3 or C-4), 57.5 (CH2), 20.6 (CH3C=O), 20.5 (CH3C=O), 20.4 (CH3C=O) 

ppm; IR (ATR): ῦ = 2922, 1747, 1368, 1218, 1067, 1044, 839 cm-1; ESI-MS m/z: calc. 1045.33494 for 

[C54H52O18N4+H]+; found 1045.33393 for [C54H52O18N4+H]+. 

cis-17: 

[α]20
D= -303 (c= 0.37 in CH2Cl2). 

 

 

Macrocycle 18: 

Precursor 23 (39.0 mg, 45.0 µmol), 2,2’,6,6’‐tetrafluoro‐4,4’‐diiodoazobenzene[136] (5) (23.0 mg, 
45.0 µmol) were dissolved in dry DMF (4.50 mL) and triethylamine (4.50 mL) under a nitrogen 
atmosphere and nitrogen gas was bubbled through the solution for 30 min. 
Tetrakis(triphenylphosphine)palladium(0) (tip of spatula, 0.05 eq) was added and the mixture was 
stirred at room temperature for 5 min before heating to 60 °C for 4 h. Ethyl acetate was added, and 
the mixture was washed twice with 2 N HCl, sat. NaHCO3 solution and water (each 100 mL) and dried 
over MgSO4. After filtration and concentration under reduced pressure, the residue was purified by 
flash chromatography (cyclohexane/ethyl acetate 1:1) to give 18 (13.9 mg, 12.4 μmol, 28 %) as a dark 
red foam. 
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trans-18: 

[α]20
D= -270 (c= 0.05 in CH2Cl2); 1H NMR (600 MHz, DMSO-d6) δ = 7.51 – 7.46 (m, 4 H, Ar-Hortho’), 7.16 – 

7.10 (m, 4 H, Ar-Hmeta), 6.83 – 6.76 (m, 4 H, Ar-Hmeta’), 5.24 (dd, 3J3,4 = 10.2 Hz, 3J3,2 = 3.3 Hz, 2 H, H-3), 
5.21 – 5.14 (m, 6 H, H-1, H-2, H-4), 4.88 (d, 2JCH2a,CH2b = 16.9 Hz, 2 H, CH2a), 4.56 (d, 2JCH2a,CH2b = 16.9 Hz, 
2 H, CH2b), 4.39 – 4.33 (m, 2 H, H-5), 4.16 (dd, 2J6a,6b = 10.8 Hz, 3J6a,5 = 5.7 Hz, 2 H, H-6a), 4.05 (dd, 2J6a,6b 
= 11.0 Hz, 3J6b,5 = 5.2 Hz, 2 H, H-6b), 2.15 (s, 6 H, 2 CH3C=O), 2.08 (s, 6 H, 2 CH3C=O), 1.99 (s, 6 H, 2 
CH3C=O) ppm; 13C NMR (151 MHz, DMSO-d6) δ = 170.0 (CH3C=O), 169.9 (CH3C=O), 169.8 (CH3C=O), 
159.7 (Ar-Cpara’), 154.6 (d, Ar-Cortho), 146.0 (Ar-Cipso’), 130.4 – 130.0 (m, Ar-Cipso), 125.6 (Ar-Cpara), 123.9 
(Ar-Cortho’), 116.6 – 115.7 (m, Ar-Cmeta), 114.2 (Ar-Cmeta’), 98.8 (C-1), 90.7 (CH2C≡C), 83.2 (CH2C≡C), 69.0 
(C-5), 68.6 (C-2), 68.4 (C-6), 68.3 (C-3), 67.9 (C-4), 57.4 (CH2), 20.7 (CH3C=O), 20.6 (CH3C=O), 20.5 
(CH3C=O) ppm; 19F NMR (471 MHz, DMSO-d6) δ = -118.8 (s) ppm; IR (ATR): ῦ = 2925, 1748, 1369, 1217, 
1045, 842 cm-1; ESI-MS m/z: calc. 1117.29725 for [C54H48O18N4F4+H]+; found 1117.29533 for 
[C54H48O18N4+H]+. 

cis-18: 

[α]20
D= -130 (c= 0.05 in CH2Cl2). 
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NMR spectra of synthesized compounds 

 

Figure 5.8: 1H NMR spectrum of trans-22 (600 MHz, DMSO-d6, 298 K).  

 

Figure 5.9: 13C NMR spectrum of trans-22 (151 MHz, DMSO-d6, 298 K). 



84  Sonogashira Coupling 
 

 

 

Figure 5.10: 1H NMR spectrum of trans-17 (500 MHz, DMSO-d6, 298 K).  

 

 

Figure 5.11: 13C NMR spectrum of trans-17 (151 MHz, DMSO-d6, 298 K). 
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Figure 5.12: 1H NMR spectrum of trans-18 (600 MHz, DMSO-d6, 298 K). 

 

 

Figure 5.13: 13C NMR spectrum of trans-18 (151 MHz, DMSO-d6, 298 K). 
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Irradiation experiments 

PSS was reached after irradiating the respective sample for 5 min with 365 nm or 5 min with 450 nm 
or 520 nm and the respective spectra are shown in Figure 5.14 and 5.15. 

 

 
Figure 5.14: NMR spectra of trans-17 after heating at 45 °C in the dark for 20 h (black), after irradiation 
with 365 nm for 6 min (red)and after irradiation with 520 nm (blue) for 5 min. 
 
 

 
Figure 5.15: NMR spectra of trans-18 after heating at 45 °C in the dark for 20 h (black), after irradiation 
with 365 nm for 5 min (red) and after irradiation with 450 nm (blue) for 5 min. 
 

The extinction coefficient ε and the coefficient of determination of the linear fitting for trans- and cis-

17 and 18 are shown along the plot of the absorbance against the concentration in Figure 5.16.  

The switching cycle experiments for 17 and 18 are shown in Figure 5.17 with the plot of the value of 
the absorbance at λmax(E) against the number of times the sample was irradiated. 
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a) 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
Figure 5.16: Plot of the absorbance at the λmax versus the concentration; the slope of the linear curve 
gives the value of the molar extinction coefficient ε. Measured at 298 K in DMSO in concentrations 
from 8∙10-6 to 10-4 mol∙L-1. (a) trans-17 at 355 nm and PSS 365 nm at 445 nm; (b) trans-18 at 350 nm 
and PSS 365 nm at 440 nm. 
 

 

 
 
 
 
 
 
 
 
 
 
Figure 5.17: Measured absorbance after alternating photoirradiation with 365 nm and 450 or 520 nm. 
Measured at 298 K in DMSO in a concentration of 25 µM. (a) 17; (b) 18. 
 
 
The decay of the absorbance of the n-π* band λmax of cis-17 and 18 are shown alongside the coefficient 
of determination of the exponential fitting and the absorbance at infinite time in Figure 5.18. The 
linearization of the absorbance is shown with the coefficient of determination of the linear fitting, the 
rate constant and the ensuing half-life time  
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Figure 5.18: Kinetics of the cis→trans thermal relaxation process, measured at 298 K in DMSO at a 

concentration of 25 µM, showing the exponential decay of the absorbance, the linearization with the 

corresponding coefficient of determination and the half-life time for the cis-form of the respective 

compounds. (a) 17; (b) 18. 
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6. Glaser Coupling 

6.1 Introduction 

 

GLASER first observed the oxidative homocoupling of copper(I) phenylacetylide in 1896 in the presence 

of air and a base.[143] However, the application of this reaction was limited as copper(I) acetylenes are 

hard to isolate and potentially explosive.[123] 60 years later, EGLINTON and GALBRAITH showed that the 

reaction could be modified to proceed with an excess of copper(II) acetate in methanol and pyridine 

without the need for preliminary isolation of the copper acetylene salt and they immediately applied 

their protocol to the synthesis of the first diyne macrocycles under high dilution.[144, 145]  

In 1962 HAY showed that the reaction could be performed with catalytic amounts of copper(I) salts if 

a bidentate nitrogen ligand is used in the presence of dioxygen.[146] The so formed complexes remain 

soluble in organic solvents and prevent the precipitation of the mostly insoluble copper(I) acetylides. 

The mechanism of the reaction was first believed to involve radical intermediates, but this was 

disproved by BOHLMANN et al. in 1962, who instead suggested the formation of a π complex between 

the copper ion and the coordinating alkyne.[147] Today, DFT calculations support an inner sphere 

mechanism for the reaction of dioxygen with copper(II) dimers as intermediates and the deprotonation 

of the Cu-coordinated alkyne as the rate-limiting step.[148] 

Until today, the so-called Glaser coupling finds applications in the synthesis of diyne macrocycles. The 

rigidity of the conjugated 1,3-diyne bond allows for the formation of so-called shape persistent 

macrocycles, preventing the collapse of the macrocyclic structure. Shape persistency means, that the 

lumen of a macrocycle is equal to the length of the molecular backbone divided by π.[133, 149] We wanted 

to take advantage of features associated with 1,3-diyne linking unit and hence have targeted 

macrocycles with an increased rigidity to promote the formation of cyclic molecules with a defined 

shape.  

On the other hand, our attempts to apply the Cadiot-Chodkiewicz coupling to macrocyclization, an 

advancement of the Glaser coupling permitting heterocoupling of bromo acetylenes with terminal 

alkynes,[150, 151] were unsuccessful. 

 

6.2 First macrocycle based on propargyl mannoside 

 

In order to employ the Glaser reaction for macrocyclization of photoswitchable glycomacrocycles, the 

precursor must contain terminal alkyne groups to form the 1,3-diyne linkage in addition to the 

azobenzene hinge. Our preliminary experiments on a protecting group-free O-arylation of the primary 

6-OH group of the carbohydrate ring led to the decision to introduce the azobenzene moiety at the 

carbohydrate 6-OH via a Mitsunobu reaction.  

It could be shown that using the Mitsunobu reaction on unprotected sugars leads to the exclusive 

formation of the glycosylated product as the anomeric OH is the most reactive nucleophile. However, 

if glycosylated, but otherwise unprotected carbohydrates are employed in the reaction, the 6-O aryl 
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derivative is formed as the sole product.[152] Even if the nucleophile is added in excess, the more 

hindered secondary alcohols were not substituted, making the use of protecting groups unnecessary. 

Therefore, propargyl mannoside 24 was chosen as an easily available building block, which was 

obtained in a simple three-step synthesis starting from D-mannose.[137] 

The application of the Mitsunobu reaction to 24 and 4,4’-dihydroxyazobenzene (5),[98] in the presence 

of triphenylphosphine and DIAD, leading to the disubstitution of the azobenzene, as expected. The 

crude material was then acetylated to facilitate the separation of the excess of unreacted mannoside 

24 from the product, leading to the macrocycle precursor 23 in 50 % yield over two steps (Scheme 6.1). 

In an alternative route, the corresponding tosylate 25, synthesized from 24 according to the 

literature,[137] reacted with the azobenzene 5 in a Williamson etherification. In this case, 23 could be 

obtained in a higher yield of 70 %, but the overall yield starting from 24 is lower at 43 %. Hence, as the 

Mitsunobu reaction requires only one step, it is the more favorable approach to 23. 

Scheme 6.1: Synthesis of precursor 23 via two alternative methods for 6-O-arylation. 

 

In the next step, the Glaser coupling was employed for the intramolecular macrocyclization reaction 

of 23. After testing copper(II) acetate under nitrogen without success, a system consisting of copper(I) 

bromide and PMDETA in pyridine in ambient conditions gave the best results for the macrocyclization 

of 23 to yield 26 (Table 6.1). Like for the intermolecular macrocyclization of thiourea-bridged 

macrocycle 8, the crucial precondition for the reaction to occur was the trans → cis isomerization of 

23 before adding the reagents for the Glaser coupling. The isomerization led to a closer proximity of 

the terminal alkyne groups, enabling the macrocyclization, as reactions without pre-orientation of 23 

led only to traces of the desired macrocycle 26. The macrocyclization was carried out at different 

concentrations to determine whether higher dilution would prevent intermolecular side reactions. A 

maximum yield was reached at a concentration of 2 mM (Entry 3). As the final step, 26 was deprotected 

under Zemplén conditions[100] in quantitative yield to obtain the target macrocycle 27. 

Table 6.1: Synthesis of macrocycle 27 with conditions and resulting yields for the macrocyclization. 

 
 
 
 
 
 
 
Entry Concentration (mM) Pre-irradiation (nm) Yield of 26 (%) 

1 5 - 5a 

2 1 365 26 
3 2 365 50 
4 5 365 42 
5 7 365 39 

a Yield determined by 1H NMR. 
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6.3 Further propargyl glycosides: towards a library of macrocycles 
 

After the successful two-step synthesis of the α-mannoside-based macrocycle 27, the preparation of a 

small library of macrocycles differing in their carbohydrate moiety was envisioned, in order to 

investigate the effect of alcohol epimerization and anomeric configurations on the properties of the 

respective macrocycles. 

Four further macrocycles were targeted by Glaser coupling: α- and β-glucoside-derived macrocycles 

28 and 29, the β-galactoside-based macrocycle 30 and macrocycle 31, derived from propargyl 2-amino-

2-deoxy-β-glucoside (Figure 6.1). 

 

Figure 6.1: Library of the targeted photoswitchable macrocycles. 

 

Following the route for the synthesis of the mannose-derived macrocycle 27, the analogous 
preparations started with the synthesis of both the respective propargyl glycosides and their 
regioselective 6-O-tosylations, in order to test both the Mitsunobu reaction and Williamson 
etherification pathways. Propargyl β-glucoside 32 and -galactoside 33 were synthesized analogous to 
the α-mannoside 24[153] in three steps starting from the free sugars (Scheme 6.2). In contrast, the 
thermodynamically stable α-glucoside 34 was synthesized via Fischer glycosylation with propargyl 
alcohol and sulfuric acid supported on silica gel as the catalyst.[154] A sequence of protection and 
deprotection with acetyl groups was needed to separate the anomeric mixture of α- and β-glucosides. 
The tosylation of the resulting propargyl glycosides was realized under typical conditions,[155] using an 
excess of tosyl chloride in pyridine to give 35, 36 and 37, respectively. Preparation of 2-propynyl 2-
(2,2,2-trifluoroacetamido)-2-deoxy-β-D-glucopyranoside (38) was realized through the glycosylation of 
oxazoline 40, which was obtained in three steps from D-glucosamine hydrochloride,[156] and 
subsequent deprotection in a very good yield of 93 % over two steps. Regioselective tosylation and 
acetylation in one pot gave the corresponding 39 in a 55 % yield. 

 



92  Glaser Coupling 
 

 

Scheme 6.2: Preparation of the propargyl glycosides 32, 33, 34 and 38 and the corresponding tosylates 
35, 36, 37 and 39. 

 

The unprotected propargyl glycosides 32, 33, 34 and 38, -analogues to 24-, in hand, the bis-
functionalization of azobenzene diol 5 was tested under Mitsunobu conditions. In parallel, the four 6-
O-tosyl activated propargyl glycosides 35, 36, 37 and 39, -analogues of the mannoside 25-, were 
reacted with 5 according to Williamson under cesium carbonate promotion (Table 6.2). The latter led 
to satisfying results for the glucosides 41 and 42 with yields of 70 % or higher. However, the reaction 
did not lead to the desired galactoside 43 and glucoside 44. 

Table 6.2: Bis-functionalization of azobenzene 5 via Mitsunobu reaction or Williamson etherification.  

 
 
 
 
 
 
 
 
 
Product Mitsunobu Reaction with Yield (%) Williamson etherification with Yield (%) 

41 34 22 37 70 
42 32 - 35 76 
43 33 - 36 - 
44 38 - 39 - 

The successful utilization of the Mitsunobu reaction for the preparation of the 6-O-azobenezene-
modified α-mannoside derivative 23, was not possible for any of the other sugars, with only 22 % yield 
for α-glucoside 41 and no formation of the β-anomers 42, 44 and 43. This led to the assumption that 
the anomeric configuration of glycosides could be a determining factor for the success of the 6-O-
arylation of glycosides under Mitsunobu conditions. While the glucoside precursors 41 and 42 could 
be obtained through Williamson etherification, a different approach towards the cyclic precursors 43 
and 44 was necessary. 
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α-Configured diacetone galactose 45[157] was reacted under Mitsunobu conditions to give the bis-
functionalized azobenzene 46 in a good yield of 46 %, while the reaction with the corresponding 
tosylate 47[158] lead to the desired product in poor yields of only 15 % (Scheme 6.3). However, this 
approach was discontinued, as the deprotection of the isopropylidene protecting groups was not 
possible without degradation of the compound. Galactosides 48 and 49 were synthesized following 
modified procedures for the synthesis of other 3,4-protected galactosides, starting from propargyl 
galactoside 33.[159, 160] However, successful preparation of the desired bis-functionalized azobenzene 
50 was not possible with either compound. 

Scheme 6.3: Reactions for the synthesis of the bis-functionalized azobenzene compounds 46 and 50. 

ADDP: azodicarbonyldipiperidine. 

 

Test reactions with propargyl mannoside 24 under Mitsunobu conditions showed, that the 6-O-

arylation with the more acidic p-nitrophenol (51) and with N-Boc-p-aminophenol (52) proceeded in 

higher yields compared to the bis-functionalization of 4,4-dihydroxyazobenzene (5), to give 53 and 54 

respectively. This allows for the synthesis of the desired precursors for macrocyclization via reductive 

or oxidative azocoupling (Table 6.3). 

 

Table 6.3: Different 6-O arylations with p-nitrophenol (51) and N-Boc-p-aminophenol (52). 

 

As before, reactions with β-configured compounds, glucosides 32 and 38, performed very poorly. 55 

could only be obtained in a yield of 15 %, while 56 was not formed at all. Due to these results the 

preparation of the amino glucoside-based macrocycle 31 was not pursued further, in order to 

concentrate on the synthetic route for the galactoside-derived macrocycle 30. Diacetone galactose 45 

 

Product Reagent Yield (%) 

53 24 88 
54 24 77 
55 32 15 
56 38 - 
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was reused, to utilize the advantage of its α-configuration in the synthesis of 57 (Scheme 6.4). But the 

unsatisfying yields for the subsequent deprotection to 58 and glycosylation to 59 were not satisfactory. 

 

Scheme 6.4: Synthesis of galactoside 59 through a sequence of Mitsunobu reaction, reprotection and 

glycosylation. 

 

Therefore, the Mitsunobu reaction of propargyl galactoside 33 with N-Boc protected aminophenol 52 

to 60 was optimized. Exchange of the reaction solvent showed that the yield was reciprocally 

dependent on their ability to solvate the polar reactant 33, with THF giving the best yield (30 %, Scheme 

6.5). Here it is assumed that the slow provision of reactant available for substitution, combined with 

the slow rate of the reaction is responsible for the positive effect on the yield. Boc-deprotection gave 

the free aniline 61 in quantitative yields. 

Scheme 6.5: The effect of different solvents on the synthesis of 60 via Mitsunobu reaction. 

 

With both 59 and 61 in hand, both reductive and oxidative azocoupling could be utilized for the 

synthesis of the galactoside-based macrocyclic precursor 43. However, repeated test reactions 

attempting to reduce the mannoside 53 to the macrocyclization precursor 62 with LiAlH4
[161] remained 

unsuccessful, so only the oxidative azocoupling was considered for the synthesis of 23. Sodium 

dithionite[162] was used to reduce the remaining 59 to the respective aminophenyl derivative 61 for the 

forthcoming oxidation. However, this reduction was unsuccessful as well (Scheme 6.6). 

 

 

 

 

 

 

 

 

Scheme 6.6: Failed attempts at reduction of 53 and 59. 
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Aminophenyl mannoside derivative 63 and galactoside 61 were tested under several oxidizing 

conditions (Table 6.4). In order to prevent an unwanted reaction on the terminal alkyne, oxidizing 

reactions using copper(I) reagents as catalyst have been omitted.[163, 164]  

At first reactions with organic oxidants, such as hypervalent iodine species[165, 166] and NCS,[167] were 

tested as they have been reported as highly selective and proceeding under mild reaction conditions 

and tolerating the terminal alkyne functional group. Also, the use of sodium hypochlorite has been 

described with the same advantages.[168] However, these reactions all led to complete decomposition 

of the starting materials before any significant amount of product formation could be detected via TLC 

reaction control (Entries 1-4).  

This led us to take a closer look at the classic oxidation reaction with manganese(IV) oxide, where a 

first attempt at room temperature, adapted from a procedure to generate cis-azobenzene derivatives 

from hydrazobenzene derivatives[169] lead to moderate yields (Entry 5). In order to improve the yield, 

various conditions from in the literature were tested. As most of the reported procedures emphasized 

the importance of anhydrous conditions, increasing measures were taken to ensure water-free 

reaction conditions. Surprisingly, this had a reverse effect and led to decreasing amounts of isolated 

product 23 or 43 (Entries 6 – 12). After further literature research, a procedure from 1964 was found 

in which it was stated that the yields for the synthesis of azobenzene from anilines improved with using 

less extensive measures of water separation than for other oxidation reactions.[170] Keeping this in 

mind, performing the reaction without anhydrous conditions and letting MnO2 equilibrate with the 

atmospheric moisture as described in the procedure, led to a satisfying yield of 52 % for the synthesis 

of 43 (Entry 13).  

 

Table 6.4: Different conditions for the oxidative azocoupling. 

a dry solvent, b drying tube, c Dean-Stark apparatus, d activated molecular sieves 3Å, e N2 atmosphere 

 

 

Entry Reactant Oxidizing Conditions Yield (%) 

1[165] 63 PIDA, DCM, rt, 5  - 
2[166] 63 PIDA, EtOH, -20 °C to 65 °C, 30 min - 
3[168] 63 NaOCl, HCl, H2O, EtOH, rt, 30 m - 
4[167] 61 NCS, DBU, DCM, -78 °C, 15 min - 
5[169] 63 MnO2, CHCl3, rt, 16 h 25 
6 63 MnO2, benzene, 110 °C 16 h a, b 17 
7 63 MnO2, toluene, 150 °C, 5 h a, b, c 14 
8 61 MnO2, toluene, 100 °C, 3 h a, b, d 14 
9 63 MnO2, benzene, rt, 4 d a, d, e 9 
10 63 MnO2, toluene, 120 °C, 6 h a, b, d traces 
11 63 MnO2, toluene, rt, 3 d a, b, d traces 
12 63 MnO2, toluene, benzene, 50 °C, 4 d a, d, e traces 
13[170] 61 MnO2, toluene, 110 °C, 16 h 52 
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With all the precursors 41, 42 and 43 in hand, the Glaser coupling for macrocyclization was performed 

under analogous conditions as those reported for the macrocyclization of the mannose derivative 23. 

Again, pre-irradiation of the precursors 41, 42 and 43 with a 365 nm LED before addition of the 

reagents CuBr and PMDETA was critical to allow for the intramolecular Glaser coupling to occur. 

Through isomerization of the azobenzene hinge from the trans- to the cis-form, the proximity of the 

terminal alkynes leads to the formation of the diyne bridge and therefore the macrocycles 64, 65 and 

66 respectively (Table 6.5).  

The reactions were carried out at different concentrations to optimize the yield. Both β-configured 

macrocycles 65 and 66 could be obtained in higher yields by increasing the concentration of the 

reaction mixture to 10 mM. For α-configured 64, the yield increased until a concentration of 7 mM, 

before decreasing again. Presumably, the obtained yields could be even higher, but the similarity in 

their polarity makes the unreacted precursor and the desired product difficult to separate. Further 

addition of copper(I) bromide and PMDETA did not lead to a full conversion of starting material. The 

formation of slower moving species could be observed by TLC, but the isolation of side products was 

not possible. Analysis of the crude material suggests the presence of multiple intermolecular reaction 

products. As the final step the acetyl groups were cleaved under Zemplén conditions[100] in quantitative 

yields to obtain the target macrocycles 28, 29 and 30 (Scheme 6.7). 

 

Table 6.5: Synthesis of 64, 65 and 66, with the yields corresponding to the different concentrations for 

the macrocyclization reactions. 

Scheme 6.7: Synthesis of the target macrocycles 28, 29 and 30. 

  

 
Product 1 mM 2 mM 5 mM 7 mM 10 mM 

64 21 % 33 % 44 % 48 % 39 % 
65 31 % 39 % 50 % 65 % 69 % 
66 18 % 21 % 43 % 55 % 58 % 
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6.4 Photochromic properties of the macrocycles 
 

After the successful synthesis of four glycoazobenzene macrocycles 28, 29 and 30 differing in their 
carbohydrate moiety and anomeric configuration, their photochromic properties were assessed using 
UV/Vis, NMR and CD spectroscopy. 

Irradiation of the fully relaxed samples (containing 100 % trans-isomer after relaxation for 16 h at 40 °C 
in the dark) with a 365 nm LED for 5 min led to isomerization to the corresponding cis-macrocycles 
with a minimum of 97 % cis-isomer in the photostationary state. The switching efficiency was 
quantified using 1H NMR by integration of characteristic signals (see chapter 6.7 and Figure 6.56-6.58 
in chapter 6.6 for spectra). Although the switching efficiency is nearly quantitative, slight overlap of 
the trans π → π* transition (λmax = 360 nm) with the cis π → π* transition (λmax = 315 nm) prevents 
complete cis-isomerization (Figure 6.3). Likewise, full back switching by irradiation, in contrast to 
thermal isomerization, is not possible due to an overlap of the forbidden n → π* transition for both 
isomers. Therefore, irradiation with a 520 nm LED lamp led to PSS with a maximum of 15 % remaining 
cis-isomer. Switching the samples back and forth with alternating irradiation wavelengths led to no 
signs of photobleaching in UV/Vis measurements after 20 cycles (Figure S20 in chapter 6.7 and Figure 
6.60 in chapter 6.6). 

 

Figure 6.3: Absorption spectra of the synthesized macrocycles in DMSO at 298 K (a) 27 at 100 µM; (b) 
28 at 50 µM; (c) 29 at 50 µM; (d) 30 at 50 µM; black line: trans-macrocycle, red line: PSS after irradiation 
with 365 nm for 5 min, blue line: PSS after irradiation with 520 nm for 5 min. 

 

The effect of the anomeric configuration on the shape of the macrocycles cannot be observed by 

UV/Vis spectroscopy. However, molecular modelling together with NMR studies allow to make 

assumptions about the shape. Force field-minimized geometries (OPL3 in water)[101] reveal different 

trapezoid-like structures for the α- and β-configured trans-macrocycles. More notable is the difference 

in the shape of the cis-isomers: the α-configured cis-macrocycles 27 and 28 form a triangle shape, while 
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the β-configured cis-macrocycles 29 and 30 look similar to a pentagon (Figure 6.3). Both trans- and cis-

macrocycles exhibit a C2 symmetry with a perpendicular bisector as the axis. 

Figure 6.3: Force field-minimized structures (OPL3 in water) of the different trans- and cis-isomers.[101] 

 

1H NMR provided further insights towards the shape of the cycles. Upon switching to the cis-isomer, 
the signals of the anomeric protons and CH2 protons of the dyine bridge are subject to a strong 
downfield shift. This indicates a deshielding effect due to an increased distance to the aromatic rings 
as a direct result of the shape change induced by the isomerization. To a lesser extent this can also be 
seen for the rest of the protons in the carbohydrate ring, while the H-6a and H-6b signals are shifted 
upfield, indicating greater shielding due to an closer proximity to the aromatic rings (Figure 6.4). 

Figure 6.4: Excerpt of the 1H NMR spectra of the different macrocycles (600 MHz, DMSO-d6, 298 K): (a) 
27; (b) 28; (c) 29; (d) 30; black line: trans-macrocycle, red line: PSS after irradiation with 365 nm for 
5 min; red highlight: H-1, blue highlight: diyne CH2a and CH2b, green highlight: H-6a and H-6b. 

Notably, there is a strong correlation between the CD spectra and the anomeric configuration of the 
macrocycles (Figure 6.5). The observed CD bands correspond to the π → π* and n → π* transitions of 
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the azobenzene units as seen in the UV/Vis spectra, showing a chirality transfer from the carbohydrate 
moieties to the photoswitch. The stark difference in the intensities of the CD bands show that this 
chiral transfer is more favorable for the β-configured macrocycles 29 and 30, leading to a more twisted 
conjugated π-electron system.[102, 142] Trans-27 and 28 show a weak negative Cotton effect at 440 nm 
and a stronger one at 360 nm. Isomerization to cis-27 and 28 led to an increase of the negative Cotton 
effect corresponding to the n → π* transition at 440 nm and a conversion to a positive Cotton effect 
for the π → π* transition at 360 nm. For the β-configured trans-29 and 30 the n → π* transition shows 
a strong positive Cotton effect. The π → π* transition is indiscernible for trans-29 but shows a weak 
negative Cotton effect for trans-30. After isomerization to cis-29 and 30, the intensities of the 
transitions increase significantly while keeping their respective signs. 

The strong Cotton effects in the range of 450 nm in all spectra indicate helical chirality (P or M), which 

is caused through the insertion of azobenzene moieties into a strained system.[86, 103, 140-142] It could be 

shown that due to the dominance of the n → π* transition at 450 nm, (P)-chirality shows a negative 

Cotton effect while M chirality shows a positive Cotton effect in that region of the CD spectrum.[82, 86, 

104] These findings suggest that the α-configured macrocycles 27 and 28 generate a (M)-helical 

conformation in trans and cis, while the β-configured 29 and 30 generate a (P)-helical conformation 

for both isomers.  

Figure 6.5: CD spectra of the different macrocycles in DMSO at 298 K (a) 27; (b) 28; (c) 29; (d) 30; black 

line: trans-macrocycle, red line: PSS after irradiation with 365 nm for 5 min, blue line: PSS after 

irradiation with 520 nm for 5 min. 

 

Compared to the β-configured ones, the α-configured macrocycles show a reduced chiral transfer 

visible in the CD spectra, lower specific rotation values and a higher half-life of the cis-isomer upon 

thermal relaxation (τ1/2= 55 h and 59 h respectively for 27 and 28, 18 h and 25 h respectively for 29 and 

30, at 25 °C in DMSO, see Figure 6.61 in chapter 6.6). This suggests that the ring strain of the α-

configured macrocycles mannoside 27 and glucoside 28 is lower than for the β macrocycles, 

presumably leading to less distortion in the conjugated π-electron system and thus a less pronounced 

helicity.[102] The stability of the cis-isomer is increased compared to the β configured macrocycles, 

which leads to longer relaxation times.[171]  
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After deprotection, the mannoside macrocycle 27 displayed poor solubility in almost all solvents 

except DMSO. However, upon trying to measure photochromic properties it could be shown that the 

solubility in water could be reversibly switched upon isomerization. This is a known effect for 

azobenzene, as the bent structure of the cis-isomers prevents intermolecular interactions which leads 

to improved aqueous solubility.[120] To test if this was the case for all macrocycles, samples with 

500 µg/mL of 27, 28, 29 and 30 were prepared in water and heated at 40 °C over night in the dark. 

Mannoside 27 and galactoside 30 were largely insoluble while the glucosides 28 and 29 were mostly 

soluble (Figure 6.6). Upon irradiation with 365 nm for 10 min, the suspension of mannoside 27 turned 

to a clear solution while galactoside 30 became more soluble but the sample remained turbid. Back 

isomerization with a 520 nm LED or by thermal relaxation again led to the precipitation of 27 and 30. 

For the sample containing 28, back switching with 520 nm led to the precipitation of fine needle-like 

crystals. 

Figure 6.6: Reversible solubility switching of the different macrocycles in water at a concentration of 

500 µg/mL: (a) trans-rich samples; (b) after irradiation with 365 nm for 10 min; (c) after irradiation with 

520 nm for 10 min; from left to right: α-mannoside 27, α-glucoside 28, β-glucoside 29, β-galactoside 30. 

 

With hopes to find that the solvatation and precipitation of the macrocycles in water led to the 

formation of defined aggregates, DLS measurements were carried out. However, the results were 

inconclusive, as the observed particle sizes were either too small or too large for accurate detection, 

or polydisperse.  

In order to test if the solubility of the trans-macrocycles would change over time, samples of 15 µL of 

10 M stock solutions in DMSO were diluted with 1985 µL water to give samples containing 0.5 % DMSO. 

As the previous measurements in DMSO showed that the absorbance for all macrocycles was in the 

same range, UV/Vis spectra were measured in order to quantify a change in solubilty (Table 6.6). The 

measurements showed that the solubility of the mannoside 27 was the lowest and decreased even 

more until 24 h after initial mixing, while the solubility of the glucosides remained constant until the 

experiment was stopped after 72 d. The solubility of galactoside 30, although considerably higher than 

of the mannoside 27, showed a slow but steady decrease over time. These findings suggest that the 

presence of all-equatorial secondary hydroxyls may be advantageous for solvation in water. 

 

Table 6.6: UV/Vis absorbance at 360 nm of the different macrocycles in 50 µM in DMSO or water 

containing 0.5 % DMSO. 

 Absorbance  Absorbance in water after the time of initial mixing: 
Macrocyle in DMSO 1 min 30 min 1 d 2 d 5 d 30 d 72 d 

27 1,28 0,56 0,55 0,15 0,12 0,08 0,05 0,04 
28 1,32 1,24 1,24 1,24 1,24 1,24 1,24 1,24 
29 1,29 1,18 1,18 1,17 1,17 1,17 1,17 1,17 
30 1,36 1,13 1,12 1,05 1,03 1,03 0,91 0,86 
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UV/Vis spectra still showed the same pattern in water with 0.5 % DMSO and in pure DMSO, albeit for 

27 and 28 with decreased intensity and a higher baseline due to their inclomplete solvatation. This was 

also the case for the CD spectra of the β-configured 29 and 30 (see Figure 6.62 in chapter 6.6). 

However, the CD spectra for the α-configured macrocycles 27 and 28 showed a very different pattern 

for the trans-spectra in water with 0.5 % DMSO, with a higher intensity of the n → π* transition (Figure 

6.7), in comparison to the measures in pure DMSO. Isomerization to the cis-macrocycle led to 

comparable patterns to the ones measured in DMSO, but with a strongly increased intensity, 

suggesting a stronger twist of the conjugated π-electron system. Suprisingly, upon back switching with 

520 nm, the CD spectrum for 27 did not look similar to the fully relaxed trans-spectrum, but showed 

an altogether new pattern, suggesting that the original state of the fully relaxed sample was not 

restored yet. The differences in the CD pattern of 27 and 28 upon changing the solvent (DMSO or water 

with 0.5 % DMSO) showed that the shape and therefore chiroptical response of the α-configured 

macrocycles is solvent-dependent. Interestingly, this is not the case for their β-configured counterparts 

29 and 30. 

 

Figure 6.7: CD spectra of the α-configured macrocycles in a concentration of 50 µM in DMSO and water 
with 0.5 % DMSO at 298 K (a) 27 in DMSO; (b) 27 in water; (c) 28 in DMSO; (d) 28 in water; black line: 
trans-macrocycle, red line: PSS after irradiation with 365 nm for 5 min, blue line: PSS after irradiation 
with 520 nm for 5 min. 

  



102  Glaser Coupling 
 

 

 

 

6.5 Conclusion 

 

In summary, the four macrocycles 27, 28, 29 and 30 could be synthesized using the Glaser coupling in 

the key macrocyclization step in good yields of higher than 48 % (Figure 6.8). While the mannoside 27 

was the easiest to synthesize in only two steps, the other macrocycles were more difficult to obtain, 

due to a presumed interference between the Mitsunobu reaction and the configuration of the utilized 

carbohydrate. Precursors of the glucosides 28 and 29 could be synthesized through Williamson 

etherification instead, while a synthesis optimization for the Mitsunobu reaction and subsequent 

oxidative azocoupling led to the precursor of the galactoside 30. 

The photochemical properties of all four macrocycles were tested and it could be shown that there is 

a strong correlation between the anomeric configuration and the shape, and thus the chirality of the 

macrocycles (Table 6.7). Additionally, the synthesized compounds show an interesting solvation 

behavior in water, which is unrelated to the anomeric configuration and shape of the molecule. 

 

 

Figure 6.8: Depiction of the synthesized macrocycles in their trans- and cis-conformation. 

 

Table 6.7: Selected properties of the different macrocycles. 

Compound [α]24
D  

transa 

[α]24
D  

PSS365nm
a 

τ1/2
a,b 

[h] 
Δε transa,c 

[M-1cm-1] 
Δε PSS365nm

a,c 
[M-1cm-1] 

27 -146 -576 55 -0.9 -8.1 
28 -408  -684 59 -3.6 -11 
29 +474 +1959 18 +6.9 +24 
30 +893 +1693 25 +16 +23 

a measured in DMSO, b at a concentration of 50 mM, c at 450 nm. 

  



Glaser Coupling  103 
 

 

 

 

6.6 Experimental section 

 

For general methods and instrumentation refer to 4.4. 

 

Synthesis 

 

2-Propynyl 2-(2,2,2-trifluoroacetamido)-2-deoxy-β-D-glucopyranoside (38): 

2-trifluoromethyl-(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyranose)-[1,2,d]-2-oxazoline (40)[156] 
(2.37 g, 6.18 mmol) and an equal volume of activated 3 Å molecular sieve were suspended in dry 
dichloromethane (63.0 mL) under nitrogen and propargyl alcohol (540 µL, 9.13 mmol) was added. The 
mixture was stirred for 15 min at room temperature before TMSOTf (110 µL, 608 µmol) was added 
dropwise and stirring was continued for 1 h. NEt3 (400 µL) was added to quench the reaction mixture 
before filtration and concentration under reduced pressure. The crude mixture was purified by flash 
chromatography (cyclohexane/ethyl acetate 3:2). The acetylated product was dissolved in MeOH 
(20.0 mL), NaOMe (5.4 M, 100 µL) was added and stirred at room temperature for 16 h The mixture 
was neutralized with Amberlite® IR120 H+, filtered and concentrated to dryness. The residue was 
purified by recrystallization from dichloromethane/methanol 9:1 to give 38 (1.37 g, 4.37 mmol, 71 % 
over two steps) as a white powder. 

Mp: 213 °C; [α]20
D= -50.1 (c= 1.09 in MeOH); 1H NMR (500 MHz, DMSO-d6) δ = 9.23 (d, 3JNH,2 = 8.3 Hz, 1 

H, NH), 5.21 (d, 3JOH,3 = 5.5 Hz, 1 H, OH-3), 5.16 – 5.09 (m, 1 H, OH-4), 4.59 (t, 3JOH,6 = 6.1 Hz, 1 H, OH-6), 
4.53 (d, 3J1,2 = 8.1 Hz, 1 H, H-1), 4.34 (dd, 2JCH2,CH2 = 15.9 Hz, 4JCH2,CH = 2.4 Hz, 1 H, CH2C≡CHa), 4.25 (dd, 
2JCH2,CH2 = 15.9 Hz, 4JCH2,CH = 2.4 Hz, 1 H, CH2C≡CHb), 3.69 (dd, 2J6a,6b = 11.6 Hz, 3J6a,5 = 6.6 Hz, 1 H, H-6a), 
3.54. – 3.45 (m, 3 H, H-2, H-3, H-6b), 3.44 (t, 4JCH2,CH = 2.4 Hz, 1 H, CH2C≡CH), 3.14 – 3.05 (m, 2 H, H-4, 
H-5) ppm; 13C NMR (126 MHz, DMSO-d6) δ = 156.2 (q, 2J = 35.9 Hz, CF3C=O), 115.9 (q, 1J = 289 Hz, 
CF3C=O), 98.1 (C-1), 79.4 (CH2C≡CH), 77.3 (CH2C≡CH), 77.1 (C-5), 72.9 (C-3), 70.3 (C-4), 60.8 (C-6), 55.9 
(C-2), 55.0 (CH2C≡CH) ppm; IR (ATR): ῦ = 3567, 3459, 3263, 1706, 1570, 1190, 1157, 1079, 1056, 887 
cm-1; ESI-MS m/z: calc. 336.06654 for [C11H14O6NF3+Na]+; found 336.06613 for [C11H14O6NF3+Na]+. 

 

2-Propynyl 2-(2,2,2-trifluoroacetamido)-2-deoxy-3,4-di-O-acetyl-6-tosyl-β-D-glucopyranoside (39): 

Glucopyranoside 38 (429 mg, 137 mmol) was dissolved in dry pyridine (4.00 mL) and cooled to 0 °C, 
tosyl chloride (522 mg, 2.74 mmol) was added portion wise and the mixture was stirred for 30 min at 
0 °C before stirring at room temperature for 3 h. Ac2O (1.25 mL) was added and stirred at room 
temperature for 16 h. 2 N HCl (15 mL) was added and the mixture was extracted with DCM (3 x 50 mL), 
dried over MgSO4, filtered and evaporated under reduced pressure and repeatedly co-evaporated with 
toluene. The crude residue was purified by flash chromatography (cyclohexane/ethyl acetate 7:3) to 
give 39 (417 mg, 756 µmol, 55 %) as a white solid. 

Mp: 146 °C; [α]20
D= -27.9 (c= 1.01 in CH2Cl2); 1H NMR (600 MHz, CDCl3) δ = 7.84 – 7.71 (m, 2 H, Ar-Hortho), 

7.46 – 7.31 (m, 2 H, Ar-Hmeta), 6.69 (d, 3JNH,2 = 9.1 Hz, 1 H, NH), 5.31 (dd, 3J3,2 = 10.6 Hz, 3J3,4 = 9.4 Hz, 1 
H, H-3), 4.96 (dd~t, 3J4,3 = 3J4,5 = 9.6 Hz, 1 H, H-4), 4.82 (d, 3J1,2 = 8.4 Hz, 1 H, H-1), 4.32 (dd, 2JCH2,CH2 = 
16.0 Hz, 4JCH2,CH = 2.4 Hz, 1 H, CH2C≡CHa), 4.27 (dd, 2JCH2,CH2 = 16.0 Hz, 4JCH2,CH = 2.3 Hz, 1 H, CH2C≡CHb), 
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4.15 (dd, 2J6a,6b = 11.2 Hz, 3J6a,5 = 2.9 Hz, 1 H, H-6a), 4.11 (dd, 2J6b,6a = 11.2 Hz, 3J6a,5 = 5.7 Hz, 1 H, H-6b), 
4.01 – 3.93 (m, 1 H, H-2), 3.83 (ddd, 3J5,4 = 9.8 Hz, 3J5,6b = 5.7 Hz, 3J5,6a = 2.9 Hz, 1 H, H-5), 2.46 (s, 4 H, 
CH2C≡CH, Ar-CH3), 2.03 (s, 3 H, CH3C=O), 2.02 (s, 3 H, CH3C=O) ppm; 13C NMR (151 MHz, CDCl3) δ = 
171.1 (CH3C=O), 169.4 (CH3C=O), 157.4 (q, 2J = 37.6 Hz, CF3C=O), 145.3 (Ar-Cpara), 132.4 (Ar-Cipso), 130.0 
(Ar-Cmeta), 128.1 (Ar-Cortho), 115.5 (q, 1J = 288 Hz, CF3C=O), 97.5 (C-1), 77.9 (CH2C≡CH), 75.8 (CH2C≡CH), 
71.9 (C-5), 71.5 (C-3), 68.4 (C-4), 67.6 (C-6), 56.1 (CH2C≡CH), 54.3 (C-2), 21.7 (Ar-CH3), 20.6 (CH3C=O), 
20.4 (CH3C=O) ppm; IR (ATR): ῦ = 3312, 3259, 1750, 1710, 1559, 1344, 1180, 1162, 969, 810, 697 cm-1; 
ESI-MS m/z: calc. 574.09652 for [C22H24O10NF3S+Na]+; found 574.09623 for [C22H24O10NF3S+Na]+. 

 

Williamson Etherification general procedure: 

A suspension of the corresponding tosylated glycoside (1.00 g, 2.00 mmol), 4,4’-
dihydroxyazobenzene[98] (5) (160 mg, 747 μmol) and Cs2CO3 (750 mg, 2.30 mmol) in dry DMF (80.0 mL) 
under nitrogen was stirred at 70 °C for 16 h then concentrated under reduced pressure and co-
evaporated with toluene repeatedly. The crude mixture was dissolved in dry pyridine (20.0 mL) and 
acetic anhydride (10.0 mL, 106 mmol) was added. The mixture was stirred at room temperature for 
16 h, then concentrated and co-evaporated with toluene under reduced pressure. The crude residue 
was dissolved in ethyl acetate (100 mL), washed with water three times (100 mL each) and dried over 
MgSO4, filtered and concentrated to dryness before purification by flash chromatography 
(cyclohexane/ethyl acetate 3:2 -> 1:1) to give the precursors as an orange foam. 

 

β-Glucoside precursor 42: 

Prepared from 35[155] to give 485 mg (560 μmol, 75 %) of 42. 

[α]20
D= -43.0 (c= 1.02 in CH2Cl2); 1H NMR (600 MHz, CDCl3) δ = 7.90 – 7.82 (m, 4 H, Ar-Hortho), 7.02 – 6.94 

(m, 4 H, Ar-Hmeta), 5.31 (dd~t, 3J3,2 = 3J3,4 = 9.5 Hz, 2 H, H-3), 5.20 (dd~t, 3J4,2 = 3J4,3 = 9.5 Hz, 2 H, H-4), 

5.06 (dd, 3J2,3 = 9.5 Hz, 3J2,1 = 8.0 Hz, 2 H, H-2), 4.84 (d, 3J1,2 = 8.0 Hz, 2 H, H-1), 4.37 (dd, 4JCH2, CH = 2.3 Hz, 
2JCH2, CH2 = 1.0 Hz, 4 H, CH2C≡C), 4.19 – 4.11 (m, 4 H, H-6), 3.93 (ddd, 2J5,4 = 9.8 Hz, 3J5,6a = 5.2 Hz, 3J5,6b = 

3.3 Hz, 2 H, H-5), 2.47 (t, 4JCH,CH2 = 2.4 Hz, 2 H, CH2C≡CH), 2.08 (s, 6 H,2 CH3C=O), 2.03 (s, 12 H, 4 CH3C=O) 

ppm; 13C NMR (151 MHz, CDCl3) δ = 170.3 (CH3C=O), 169.6 (CH3C=O), 169.5 (CH3C=O), 160.43(Ar-Cpara), 

147.4 (Ar-Cipso), 124.4 (Ar-Cortho), 114.9 (Ar-Cmeta), 98.2 (C-1), 78.2 (CH2C≡CH), 75.5 (CH2C≡CH), 72.8 (C-

3), 72.6 (C-5), 71.1 (C-2), 69.2 (C-4), 67.3 (C-6), 56.0 (CH2C≡CH), 20.7 (6 C, CH3C=O) ppm; IR (ATR): ῦ = 

3282, 2937, 1749, 1597, 1499, 1367, 1211, 1035, 841 cm-1; ESI-MS m/z: calc. 867.28184 for 

[C42H46O18N2+H]+; found 867.28033 for [C42H46O18N2+H]+. 

 

α-Glucoside precursor 41: 

Prepared from 37[154, 155] to give 454 mg (523 μmol, 70 %) of 41. 

[α]20
D= +158 (c= 1.46 in CH2Cl2); 1H NMR (500 MHz, CDCl3) δ = 7.88 – 7.83 (m, 4 H, Ar-Hortho), 7.02 – 6.97 

(m, 4 H, Ar-Hmeta), 5.59 – 5.53 (m, 2 H, H-3), 5.34 (d, 3J1,2 = 3.8 Hz, 2 H, H-1), 5.26 – 5.20 (m, 2 H, H-4), 

4.97 (dd, 3J2,3 = 10.3, 3J2,1 = 3.8 Hz, 2 H, H-2), 4.33 (d, 4JCH2,CH = 2.4 Hz, 4 H, CH2C≡CH), 4.25 (ddd, 3J5,4 = 

10.3 Hz, 3J5,6b = 5.2 Hz, 3J5,6a = 2.8 Hz, 2 H, H-5), 4.14 (dd, 3J6a,6b = 10.5 Hz, 3J6a,5 = 2.7 Hz, 2 H, H-6a), 4.10 

(dd, 3J6b,6a = 10.6 Hz, 3J6b,5 = 5.2 Hz, 2 H, H-6b), 2.45 (t, 4JCH,CH2 = 2.4 Hz, 2 H, CH2C≡CH), 2.10 (s, 6 H, 2 

CH3C=O), 2.04 (s, 6 H, 2 CH3C=O), 2.03 (s, 6 H, 2 CH3C=O) ppm; 13C NMR (126 MHz, CDCl3) δ = 170.2 

(CH3C=O), 170.1 (CH3C=O), 169.7 (CH3C=O), 160.3 (Ar-Cpara), 147.4 (Ar-Cipso), 124.4 (Ar-Cortho), 114.9 (Ar-

Cmeta), 94.4 (C-1), 78.2 (CH2C≡CH), 75.3 (CH2C≡CH), 70.5 (C-2), 70.0 (C-3), 69.2 (C-4), 68.3 (C-5), 66.9 (C-

6), 55.3 (CH2C≡CH), 20.7 (6 C, CH3C=O) ppm; IR (ATR): ῦ = 3283, 2938, 1746, 1598, 1500, 1367, 1213, 
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1029, 841 cm-1; ESI-MS m/z: calc. 867.28184 for [C42H46O18N2+H]+; found 867.28101 for 

[C42H46O18N2+H]+. 

 

1,2:1’,2’:3,4:3’,4’-Tetra-O-isopropylidene-6,6’-[(diazene-1,2-diylbis(4,1-phenylene))bis(oxy)]bis(α-D-

galactopyranose) (46): 

Mitsunobu Reaction: 

A solution of 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose (45) (500 mg, 1.92 mmol), 4,4’-
dihydroxyazobenzene[98] (5) (225 mg, 1.05 mmol) and triphenylphosphine (1.36 g, 5.25 mmol) in dry 
tetrahydrofurane (13.0 mL) under nitrogen was cooled to 0 °C and azodicarbonyldipiperidine[172] 
(1.34 g, 5.22 mmol) was added portion wise. The mixture was allowed to warm to room temperature 
and stirred for 7 d then concentrated under reduced pressure after filtration. The crude residue was 
purified by flash chromatography (cyclohexane/ethyl acetate 7:3) to give 46 (308 mg, 442 μmol, 46 %) 
as an orange foam. 
 

Williamson etherification: 

A solution of 1,2:3,4-di-O-isopropylidene-6-O-tosyl-α-D-galactopyranose (47)[158] (161 mg, 388µmol), 
4,4’-dihydroxyazobenzene[98] (5) (40.0 mg, 187 μmol) and Cs2CO3 (151 mg, 463 µmol) in dry DMF (15.0 
mL) under nitrogen was stirred at 90 °C for 3 h then concentrated under reduced pressure and co-
evaporated with toluene repeatedly. The crude mixture was purified by flash chromatography 
(cyclohexane/ethyl acetate 8:2) to give 46 (19.5 mg, 27.9 µmol, 15 %) as an orange foam. 

1H NMR (500 MHz, DMSO-d6) δ = 7.91 – 7.73 (m, 4 H, Ar-Hortho), 7.18 – 7.06 (m, 4 H, Ar-Hmeta), 5.51 (d, 
3J1,2 = 5.0 Hz, 2 H, H-1), 4.66 (dd, 3J3,2 = 7.9 Hz, 3J3,4 = 2.4 Hz, 2 H, H-3), 4.46 – 4.36 (m, 4 H, H-2, H-4), 

4.34 – 4.26 (m, 2 H, H-6a), 4.13 – 4.05 (m, 4 H, H-5, H-6b), ), 1.39 (s, 12 H, 4 CH3), 1.32 (s, 6 H, 2 CH3), 
1.29 (s, 6 H, 2 CH3) ppm; 13C NMR (126 MHz, DMSO-d6) δ = 160.8 (Ar-Cpara), 146.8 (Ar-Cipso), 124.6 (Ar-

Cortho), 115.7 (Ar-Cmeta), 109.1 ((CH3)2C), 108.4 ((CH3)2C), 96.1 (C-1), 70.8 (C-3 or C-4), 70.5 (C-3 or C-4), 

70.2 (C-2), 67.6 (C-6), 66.3 (C-5), 26.4 (CH3), 26.2 (CH3), 25.3 (CH3), 24.8 (CH3) ppm; IR (ATR): ῦ = 2986, 

1598, 1499, 1381, 1251, 1210, 1067, 1000, 841 cm-1; ESI-MS m/z: calc. 699.31235 for [C36H46O12N2+H]+; 

found 699.31198 for [C36H46O12N2+H]+. 

 

2-Propynyl 3,4-O-isopropylidene-β- D-galactopyranoside (48): 

2-Propynyl β-D-galactopyranoside (33) (218 mg, 1.00 mmol) was suspended in acetone dimethyl acetal 
(10.0 mL) under nitrogen and D(+)-camphor-10-sulfonic acid (10.0 mg, 43.0 µmol) was added. The 
mixture was stirred at room temperature for 2 d before triethylamine (60.0 µL) was added and stirred 
additionally for 15 min at room temperature. The mixture was concentrated and co-evaporated with 
toluene under reduced pressure before dissolving in methanol/water (11:1, 6.00 mL) and heating to 
reflux for 6 h. After concentration under reduced pressure and co-evaporated with toluene repeatedly 
the crude mixture was purified by flash chromatography (ethyl acetate) to give 48 (187 mg, 723 µmol, 
72 %) as a white foam. 

1H NMR (500 MHz, DMSO-d6) δ = 5.37 (d, 3JOH,2 = 5.2 Hz, 1 H, OH-2), 4.81 (t, 3JOH,6 = 5.8 Hz, 1 H, OH-6), 

4.38 (dd, 2JCH2,CH2 = 15.8 Hz, 4JCH2,CH = 2.5 Hz, 1 H, CH2C≡CHa), 4.29 (dd, 2JCH2,CH2 = 15.6 Hz, 4JCH2,CH = 2.6 

Hz, 1 H, CH2C≡CHb), 4.27 (d, 3J1,2 = 8.0 Hz, 1 H, H-1), 4.11 (dd, 3J4,3 = 5.6 Hz, 3J4,5 = 2.0 Hz, 1 H, H-4), 3.95 

(dd, 3J3,2 = 6.9 Hz, 3J3,4 = 5.6 Hz, 1 H, H-3), 3.74 (ddd~td, 3J5,6a = 3J5,6b = 6.3 Hz, 3J5,4 = 2.0 Hz, 1 H, H-5) 3.58 

– 3.54 (m, 2 H, H-6), 3.46 (t, 4JCH2,CH = 2.4 Hz, 1 H, CH2C≡CH), 3.24 – 3.19 (m, 1 H, H-2), 1.38 (s, 3 H, CH3), 

1.25 (s, 3 H, CH3) ppm; 13C NMR (126 MHz, DMSO-d6) δ = 108.5 ((CH3)2C), 100.2 (C-1), 79.7 (CH2C≡CH), 
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79.2 (C-3), 77.3 (CH2C≡CH), 73.28 (C-5), 73.1 (C-4), 72.1 (C-2), 60.4 (C-6), 54.6 (CH2C≡CH), 28.0 (CH3), 

26.2 (CH3) ppm; ESI-MS m/z: calc. 281.10011 for [C12H18O6+Na]+; found 281.09959 for [C12H18O6+Na]+. 

 

2-Propynyl 2-O-acetyl-3,4-O-isopropylidene-6-O-tosyl-β-D-galactopyranoside (49): 

Galactoside 48 (100 mg, 387 µmol) was dissolved in dry pyridine (1.00 mL) and cooled to 0 °C. Tosyl 
chloride (90.0 mg, 472 µmol) was added portion wise and the mixture was stirred at 0 °C for 10 min 
before continuing stirring at room temperature for 2 h. Acetic anhydride (500 µL) was added and the 
mixture was stirred at room temperature for 16 hours. After addition of dichloromethane and water 
the aqueous phase was extracted with dichloromethane and the combined organic phase was washed 
with sat. NaHCO3 solution and brine (20 mL each) and dried over MgSO4, filtered and concentrated to 
dryness before purification by flash chromatography (cyclohexane/ethyl acetate 7:3) to give 49 (117 
mg, 259 µmol, 67 %) as a white foam. 

1H NMR (500 MHz, DMSO-d6) δ = 7.84 – 7.80 (m, 2 H, Ar-Hortho), 7.53 – 7.48 (m, 2 H, Ar-Hmeta), 4.69 (dd, 
3J2,1 = 8.2 Hz, 3J2,3 = 7.6 Hz, 1 H, H-2), 4.58 (d, 3J1,2 = 8.3 Hz, 1 H, H-1), 4.31 (dd, 2J6a,6b = 10.5 Hz, 3J6a,5 = 

3.3 Hz, 1 H, H-6a), 4.27 (dd, 2JCH2,CH2 = 13.8 Hz, 4JCH2,CH = 2.2 Hz, 1 H, CH2C≡CHa), 4.25 – 4.23 (m, 1 H, H-

3), 4.21 (ddd, 3J5,6b = 8.2 Hz, 3J5,6a = 3.2 Hz, 3J5,4 = 2.3 Hz, 1 H, H-5), 4.17 (dd, 3J4,3 = 5.0 Hz, 3J4,5 = 1.7 Hz, 

1 H, H-4), 4.15 (dd, 2JCH2,CH2 = 16.0 Hz, 4JCH2,CH = 2.4 Hz, 1 H, CH2C≡CHb), 4.06 (dd, 2J6b,6a = 10.4 Hz, 3J6b,5 = 

8.3 Hz, 1 H, H-6b), 3.52 (t, 4JCH2,CH = 2.4 Hz, 1 H, CH2C≡CH), 2.44 (s, 3 H, Ar-CH3), 2.04 (s, 3 H, CH3C=O), 

1.37 (s, 3 H, CH3), 1.21 (s, 3 H, CH3) ppm; 13C NMR (126 MHz, DMSO-d6) δ = 169.1 (CH3C=O), 145.06 (Ar-

Cipso), 132.01 (Ar-Cpara), 130.15 (Ar-Cmeta), 127.54 (Ar-Cortho), 109.59 ((CH3)2C), 97.15 (C-1), 79.08 

(CH2C≡CH), 77.66 (CH2C≡CH), 75.93 (C-3), 72.82 (C-4), 71.92 (C-2), 69.74 (C-5), 69.01 (C-6), 55.10 

(CH2C≡CH), 27.36 (CH3), 26.09 (CH3), 21.02 (Ar-CH3), 20.58 (CH3C=O) ppm; IR (ATR): ῦ = 3271, 2922, 

1737, 1598, 1450, 1351, 1245, 1173, 1077, 978, 839 cm-1; ESI-MS m/z: calc. 477.11897 for 

[C21H26O9S+Na]+; found 477.11864 for [C21H26O9S+Na]+. 

 

2-Propynyl 6-O-(p-nitrophenyl)-α-D-manopyranoside (53): 

A suspension of 2-propynyl α-D-mannopyranoside (24)[137] (50 mg, 229 µmol), 4-nitrophenol (51) 
(64.0 mg, 460 µmol) and triphenylphosphine (249 mg, 950 µmol) in dry tetrahydrofurane (2.30 mL) 
under nitrogen was cooled to 0 °C and diisopropyl azodicarboxylate (110 µL, 522 µmol) was added 
dropwise. The mixture was allowed to warm to room temperature and stirred for 8 d then 
concentrated under reduced pressure. The crude residue was purified by flash chromatography 
(dichloromethane/methanol 9:1) to give 53 (68.5 mg, 202 µmol, 88 %) as an off-white solid. 

1H NMR (500 MHz, MeOH-d4) δ = 8.29 – 8.19 (m, 2 H, Ar-Hmeta), 7.21 – 7.13 (m, 2 H, Ar-Hortho), 5.01 (d, 
3J1,2 = 1.6 Hz, 1 H, H-1), 4.45 (dd, 2J6a,6b = 10.7 Hz, 3J6a,5 = 1.8 Hz, 1 H, H-6a), 4.35 (dd, 2J6b,6a = 10.7 Hz, 
3J6b,5 = 5.9 Hz, 1 H, H-6b), 4.30 (dd, 4JCH,CH2 = 2.4 Hz, 2JCH2,CH2 = 1.5 Hz, 2 H, CH2C≡CH), 3.89 (ddd, 3J5,4 = 
8.7 Hz, 3J5,6b = 6.6 Hz, 3J5,6a = 1.5 Hz, 1 H, H-5), 3.87 (dd, 3J2,3 = 3.4 Hz, 3J2,1 = 1.7 Hz, 1 H, H-2), 3.82 (dd~t, 
3J4,3 = 3J4,5 = 9.6 Hz, 1 H, H-4), 3.75 (dd, 3J3,4 = 9.2 Hz, 3J3,2 = 3.4 Hz, 1 H, H-3), 2.89 (t, 4JCH,CH2 = 2.4 Hz, 1 H, 
CH2C≡CH) ppm; IR (ATR): ῦ = 3536, 3478, 3370, 3262, 2922, 1591, 1337, 1052, 1002 cm-1; ESI-MS m/z: 
calc. 362.08464 for [C15H17O8N+Na]+; found 362.08394 for [C15H17O8N+Na]+. 

 

2-Propynyl 6-O-[p-((tert-butoxycarbonyl)amino)phenyl]-α-D-mannopyranoside (54): 

A suspension of 2-propynyl α-D-mannopyranoside (24)[137] (438 mg, 2.01 mmol), 4-[(tert-
butoxycarbonyl)amino]phenyl (52)[173] (844 mg, 4.03 mmol) and triphenylphosphine (2.18 g, 
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8.32 mmol) in dry tetrahydrofurane (20.0 mL) under nitrogen was cooled to 0 °C and diisopropyl 
azodicarboxylate (960 µL, 4.56 mmol) was added dropwise. The mixture was allowed to warm to room 
temperature and stirred for 7 d then concentrated under reduced pressure. The crude residue was 
purified by flash chromatography (dichloromethane/methanol 95:5) to give 54 (629 mg, 1.54 mmol, 
77 %) as a white foam.  

1H NMR (500 MHz, DMSO-d6) δ = 9.13 (s, 1 H, NH), 7.41 – 7.28 (m, 2 H, Ar-Hortho), 6.96 – 6.73 (m, 2 H, 
Ar-Hmeta), 5.00 (d, 3JOH,4 = 5.6 Hz, 1 H, OH-4), 4.96 (d, 3JOH,2 = 4.3 Hz, 1 H, OH-2), 4.81 (d, 3J1,2 = 1.5 Hz, 1 
H, H-1), 4.73 (d, 3JOH,3 = 4.3 Hz, 1 H, OH-3), 4.25 (dd, 4JCH2,CH = 15.9 Hz, 2JCH2,CH2 = 2.4 Hz, 1 H, CH2C≡CHa), 
4.18 – 4.15 (m, 1 H, H-6a), 4.15 (dd, 4JCH2,CH = 15.9 Hz, 2JCH2,CH2 = 2.4 Hz, 1 H, CH2C≡CHb), 4.00 (dd, 2J6b,6a 
= 10.6 Hz, 3J6b,5 = 6.0 Hz, 1 H, H-6b), 3.66 – 3.62 (m, 1 H, H-2), 3.61 – 3.56 (m, 1 H, H-5), 3.56 – 3.51 (m, 
1 H, H-4), 3.50 – 3.48 (m, 1 H, H-3), 3.47 (t, 4JCH,CH2 = 2.4 Hz, 1 H, CH2C≡CH), 1.47 (s, 9 H, COOC(CH3)3) 
ppm; 13C NMR (126 MHz, CDCl3) δ = 153.7 (Ar-Cipso), 152.8 (Ar-Cpara), 132.5 ((COOC(CH3)3), 119.5 (Ar-
Cortho), 114.5 (Ar-Cmeta), 98.2 (C-1), 79.5 (CH2C≡CH), 78.5 ((COOC(CH3)3), 77.3 (CH2C≡CH), 71.9 (C-5), 70.8 
(C-3), 69.9 (C-2), 67.7 (C-6), 66.4 (C-4), 53.1 (CH2C≡CH), 28.1 ((COOC(CH3)3) ppm; IR (ATR): ῦ = 3290, 
2931, 1693, 1514, 1228, 1157, 1041, 828 cm-1; ESI-MS m/z: calc. 432.16289 for [C20H27O8N+Na]+; found 
432.16300 for [C20H27O8N+Na]+. 

 

2-Propynyl 2,3,4-tri-O-acetyl-6-O-(p-aminophenyl)-β-D-galactopyranoside (63): 

Mannopyranoside 54 (625 mg, 1.53 mmol) was dissolved in dry pyridine (6.00 mL) and acetic anhydride 
(3.00 mL, 31.8 mmol) was added. The mixture was stirred at room temperature for 16 h, then 
concentrated under reduced pressure and co-evaporated with toluene repeatedly. The residue was 
dissolved in dichloromethane (5.00 mL) and trifluoroacetic acid (500 µL) was added dropwise and 
stirred at room temperature for 16 h. The mixture was diluted with dichloromethane, washed with sat. 
NaHCO3 solution and brine (50 mL each) and dried over MgSO4, filtered and concentrated to dryness 
to give 63 (658 mg, 1.52 mmol, 99 %) as a white foam. 

1H NMR (500 MHz, DMSO-d6) δ = 6.69 – 6.60 (m, 2 H, Ar-Hortho), 6.54 – 6.43 (m, 2 H, Ar-Hmeta), 5.25 (t, 
3J4,3 = 3J4,5 = 9.8 Hz, 1 H, H-4), 5.15 – 5.09 (m, 2 H, H-2, H-3), 5.04 – 5.00 (m, 1 H, H-1), 4.64 (s, 2 H, NH2), 
4.36 (dd, 2JCH2,CH2 = 16.0 Hz, 4JCH2,CH = 2.4 Hz, 1 H, CH2C≡CHa), 4.27 (dd, 2JCH2,CH2 = 16.0 Hz, 4JCH2,CH = 2.4 
Hz, 1 H, CH2C≡CHb), 3.99 (ddd, 3J5,4 = 9.9 Hz, 3J5,6b = 4.8 Hz, 3J5,6a = 3.0 Hz, 1 H, H-5), 3.94 (dd, 2J6a,6b = 
10.8 Hz, 3J6a,5 = 2.9 Hz, 1 H, H-6a), 3.88 (dd, 2J6b,6a = 10.8 Hz, 3J6a,5 = 5.0 Hz, 1 H, H-6b), 3.56 (t, 4JCH,CH2 = 
2.4 Hz, 1 H, CH2C≡CH), 2.13 (s, 3 H, CH3C=O), 2.01 (s, 3 H, CH3C=O), 1.95 (s, 3 H, CH3C=O) ppm; 13C NMR 
(151 MHz, DMSO-d6) δ = 169.7 (2 CH3C=O), 169.3 (CH3C=O), 149.4 (Ar-Cipso), 142.9 (Ar-Cpara), 115.9 (Ar-
Cortho), 114.8 (Ar-Cmeta), 95.3 (C-1), 78.8 (CH2C≡CH), 78.2 (CH2C≡CH), 68.9 (C-5), 68.8 (C-3), 68.6 (C-2), 
67.5 (C-6), 65.7 (C-4), 54.3 (CH2C≡CH), 20.6 (CH3C=O), 20.5 (CH3C=O), 20.4 (CH3C=O) ppm; IR (ATR): ῦ = 
3370, 3274, 2925, 1742, 1510, 1215, 1073, 1043, 825 cm-1; ESI-MS m/z: calc. 436.16021 for 
[C21H25O9N+H]+; found 436.16005 for [C21H25O9N+H]+. 

 

2-Propynyl 6-O-[p-((tert-butoxycarbonyl)amino)phenyl]-β-D-glucopyranoside (55): 

A suspension of 2-propynyl β-D-glucopyranoside (32)[137] (438 mg, 2.01 mmol), 4-[(tert-
butoxycarbonyl)amino]phenyl (52)[173] (844 mg, 4.03 mmol) and triphenylphosphine (2.18 g, 
8.32 mmol) in dry tetrahydrofurane (20.0 mL) under nitrogen was cooled to 0 °C and diisopropyl 
azodicarboxylate (960 µL, 4.56 mmol) was added dropwise. The mixture was allowed to warm to room 
temperature and stirred for 7 d then concentrated under reduced pressure. The crude residue was 
purified by flash chromatography (dichloromethane/methanol 19:1) to give 55 (123 mg, 300 µmol, 
15 %) as a white foam.  
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1H NMR (500 MHz, MeOH-d4) δ = 7.38 – 7.22 (m, 2 H, Ar-Hortho), 6.98 – 6.87 (m, 2 H, Ar-Hmeta), 4.53 (d, 
3J1,2 = 7.8 Hz, 1 H, H-1), 4.42 (dd, 4JCH2,CH = 15.7 Hz, 2JCH2,CH2 = 2.5 Hz, 1 H, CH2C≡CHa), 4.38 (dd, 4JCH2,CH = 
15.7 Hz, 2JCH2,CH2 = 2.4 Hz, 1 H, CH2C≡CHb), 4.30 (dd, 2J6a,6b = 10.7 Hz, 3J6a,5 = 1.9 Hz, 1 H, H-6a), 4.15 (dd, 
2J6b,6a = 10.8 Hz, 3J6b,5 = 5.6 Hz, 1 H, H-6b), 3.59 (ddd, , 3J5,4 = 9.3 Hz, 3J5,6b = 5.6 Hz, 3J5,6a = 1.9 Hz, 1 H, H-
5), 3.47 (dd~t, 3J4,5 = 3J4,3 = 9.2 Hz, 1 H, H-4), 3.43 (dd~t, 3J3,4 = 3J3,2 = 8.8 Hz, 1 H, H-3), 3.27 (dd, 3J2,3 = 8.8 
Hz, 3J2,1 = 7.9 Hz 1 H, H-2), 2.89 (t, 4JCH,CH2 = 2.4 Hz, 1 H, CH2C≡CH), 1.54 (s, 9 H, COOC(CH3)3) ppm; ESI-
MS m/z: calc. 432.16289 for [C20H27O8N+Na]+; found 432.16281 for [C20H27O8N+Na]+. 

 

1,2:3,4-Di-O-isopropylidene-6-O-(p-nitrophenyl)-α-D-galactopyranose (57): 

A solution of 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose (45) (2.00 g, 7.70 mmol), 4-nitrophenol 
(51) (2.14 g, 15.4 mmol) and triphenylphosphine (8.05 g, 31.1 mmol) in dry tetrahydrofurane (120 mL) 
under nitrogen was cooled to 0 °C and diisopropyl azodicarboxylate (6.00 mL, 28.5 mmol) was added 
dropwise. The mixture was allowed to warm to room temperature and stirred for 1 d then 
concentrated under reduced pressure. The crude residue was suspended in cyclohexane and warmed 
to 40 °C before filtering the phosphine oxide off. After concentration of the remaining solution under 
reduced pressure it was purified by flash chromatography (toluene/ethyl acetate 9:1) to give 57 
(1.49 g, 3.90 mmol, 51 %) as a white foam. Analytical and spectroscopic data were found to be in 
agreement with reported literature.[174] 

 

1,2,3,4-Tetra-O-acetyl-6-O-(p-nitrophenyl)-D-galactopyranose (58): 

Galactopyranose 57 (690 mg, 1.81 mmol) was dissolved in water/TFA (9:1, 10.0 mL) and stirred at room 
temperature for 6 hours before concentrating under reduced pressure and repeated co-evaporation 
with toluene. The crude substance was dissolved in dry pyridine (6.00 mL), Ac2O (3.00 mL) was added 
and stirred at room temperature for 16 hours before concentrating the mixture under reduced 
pressure and repeated co-evaporation with toluene. The crude residue was purified by flash 
chromatography (toluene/ethyl acetate 9:1) to give 58 (329 mg, 701 µmol, 39 %) as a white solid. 

1H NMR (600 MHz, CDCl3) δ = 8.21 – 8.16 (m, 2 H, Ar-Hmeta), 6.96 – 6.90 (m, 2 H, Ar-Hortho), 6.42 (d, 3J1,2 
= 3.3 Hz, 1 H, H-1α), 5.76 (d, 3J1,2 = 8.3 Hz, 1 H, H-1β), 5.71 – 5.67 (m, 1 H, H-4α), 5.62 (d, 3J4,3 = 3.3 Hz, 
1 H, H-4β), 5.44 – 5.35 (m, 3 H, H-2α, H-2β, H-3α), 5.15 (dd, 3J3,2 = 10.4 Hz, 3J3,4 = 3.4 Hz, 1 H, H-3β), 4.53 
(dd~t, 3J5,6a = 3J5,6b = 6.4 Hz, 2 H, H-5α), 4.26 – 4.19 (m, 2 H, H-5β, H-6aβ), 4.15 (dd, 2J6a,6b = 9.4 Hz, 3J6a,5 
= 6.0 Hz, 1 H, H-6aα), 4.07 – 3.98 (m, 2 H, H-6bα, H-6bβ), 2.18 (s, 3 H, CH3C=O), 2.14 (s, 6 H, CH3C=O), 
2.12 (s, 3 H, CH3C=O), 2.07 (s, 3 H, CH3C=O), 2.04 (s, 3 H, CH3C=O), 2.03 (s, 3 H, CH3C=O), 2.02 (s, 3 H, 
CH3C=O) ppm; 13C NMR (151 MHz, CDCl3) δ = 170.2 (CH3C=O), 170.0 (3 CH3C=O), 169.9 (CH3C=O), 169.4 
(CH3C=O), 169.0 (CH3C=O), 168.9 (CH3C=O), 162.7 (Ar-Cipso), 142.2 (Ar-Cpara), 126.0 (Ar-Cmeta), 114.6 (Ar-
Cortho), 92.2 (C-1β), 89.7 (C-1α), 72.0 (C-5β), 70.8 (C-3β), 69.2 (C-5α), 67.7 (C-2β), 67.6 (C-4α), 67.3 (C-
2α), 67.0 (C-4β), 66.4 (C-3α), 66.0 (C-6α), 65.7 (C-6β), 20.9 (s), 20.7 (3 CH3C=O), 20.6 (4 CH3C=O) ppm; 
IR (ATR): ῦ = 1744, 1592, 1341, 1206, 1065, 1039, 1012, 847 cm-1; ESI-MS m/z: calc. 492.11125 for 
[C20H23O12N+Na]+; found 492.11051 for [C20H23O12N+Na]+. 

 

2-Propynyl 2,3,4-tri-O-acetyl-6-O-(p-nitrophenyl)-β-D-galactopyranoside (59): 

Galactopyranose 59 (150 mg, 319 µmol) was dissolved in dry dichloromethane (2.50 mL) under 
nitrogen and cooled to 0 °C and propargyl alcohol (25.0 µL, 423 µmol) and BF3∙Et2O (60.0 µL) were 
added. Stirred at room temperature for 2.5 h before adding K2CO3 (50.0 mg) and stirring for an 
additional 30 min. The crude mixture was filtered, diluted with ethyl acetate and washed three times 
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with water (25 mL each) before drying over MgSO4 and concentrating under reduced pressure. The 
crude residue was purified by flash chromatography (toluene/ethyl acetate 9:1 and cyclohexane/ethyl 
acetate 7:3) to give 336 (48.3, 104 µmol, 33 %) as a white solid. 

1H NMR (600 MHz, CDCl3) δ = 8.27 – 8.15 (m, 2 H, Ar-Hmeta), 7.01 – 6.89 (m, 2 H, Ar-Hortho), 5.58 (d, 3J4,3 
= 3.3 Hz, 1 H, H-4), 5.27 (dd, 3J2,3 = 10.4 Hz, 3J2,1 = 8.0 Hz, 1 H, H-2), 5.13 (dd, 3J3,2 = 10.4 Hz, 3J3,4 = 3.4 
Hz, 1 H, H-3), 4.81 (d, 3J1,2 = 8.0 Hz, 1 H, H-1), 4.39 (d, 4JCH2,CH = 2.2 Hz, 2 H, CH2C≡CH), 4.22 (dd, 2J6a,6b = 
9.2 Hz, 3J6a,5 = 6.0 Hz, 1 H, H-6a), 4.13 (dd~t, 3J5,6a = 3J5,6b = 6.2 Hz, 1 H, H-5), 4.08 (dd, 2J6b,6a = 9.2 Hz, 
3J6a,5 = 6.5 Hz, 1 H, H-6b), 2.48 (t, 4JCH,CH2 = 2.1 Hz, 1 H, CH2C≡CH), 2.13 (s, 3 H, CH3C=O), 2.09 (s, 3 H, 
CH3C=O), 2.01 (s, 3 H, CH3C=O) ppm; 13C NMR (151 MHz, CDCl3) δ = 170.16 (CH3C=O), 170.13 (CH3C=O), 
169.60 (CH3C=O), 162.92 (Ar-Cipso), 142.13 (Ar-Cpara), 125.98 (Ar-Cmeta), 114.63 (Ar-Cortho), 98.80 (C-1), 
78.09 (CH2C≡CH), 75.54 (CH2C≡CH), 71.49 (C-5), 70.83 (C-3), 68.44 (C-2), 67.26 (C-4), 66.17 (C-6), 56.05 
(CH2C≡CH), 20.81 (CH3C=O), 20.65 (CH3C=O), 20.60 (CH3C=O) ppm; IR (ATR): ῦ = 3274, 2929, 1743, 
1592, 1341, 1213, 1075, 1056, 846 cm-1; ESI-MS m/z: calc. 488.11633 for [C21H23O11N+Na]+; found 
488.11641 for [C21H23O11N+Na]+. 

 

2-Propynyl 2,3,4-tri-O-acetyl-6-O-[p-((tert-butoxycarbonyl)amino)phenyl]-β-D-galactopyranoside (60): 

A suspension of 2-propynyl β-D-galactopyranoside (33)[153] (500 mg, 2.29 mmol), 4-[(tert-
butoxycarbonyl)amino]phenyl (52)[173] (963 mg, 4.60 mmol) and triphenylphosphine (2.49 g, 
9.50 mmol) in dry tetrahydrofurane (30.0 mL) under nitrogen was cooled to 0 °C and diisopropyl 
azodicarboxylate (1.10 mL, 5.22 mmol) was added dropwise. The mixture was allowed to warm to 
room temperature and stirred for 7 d then concentrated under reduced pressure. The crude residue 
was purified by flash chromatography (dichloromethane/methanol 9:1) to give a mixture of the 
unprotected product and excess 33. The crude mixture was dissolved in dry pyridine (2.00 mL) and 
acetic anhydride (1.00 mL, 10.6 mmol) was added. The mixture was stirred at room temperature for 
16 h, then concentrated under reduced pressure and co-evaporated with toluene repeatedly. The 
crude residue was purified by flash chromatography (cyclohexane/ethyl acetate 4:1 -> 3:1) to give 60 
(374 mg, 698 μmol, 30 % over two steps) as a white foam. 

[α]20
D= -16.3 (c= 0.02 in CH2Cl2); 1H NMR (600 MHz, CDCl3) δ = 7.26 – 7.23 (m, 2 H, Ar-Hortho), 6.83 – 6.79 

(m, 2 H, Ar-Hmeta), 6.34 (s, 1 H, NH), 5.58 – 5.55 (m, 1 H, H-4), 5.25 (dd, 3J2,3 = 10.4 Hz, 3J2,1 = 8.0 Hz, 1 H, 
H-2), 5.11 (dd, 3J3,2 = 10.4 Hz, 3J3,4 = 3.4 Hz, 1 H, H-3), 4.78 (d, 3J1,2 = 8.0 Hz, 1 H, H-1), 4.39 (dd~t, 4JCH2,CH 
= 2JCH2,CH2 = 2.0 Hz, 2 H, CH2C≡CH), 4.10 (dd, 2J6a,6b = 9.2 Hz, 3J6a,5 = 5.9 Hz, 1 H, H-6a), 4.08 – 4.04 (m, 1 
H, H-5), 3.95 (dd, 2J6b,6a = 9.2 Hz, 3J6b,5 = 6.7 Hz, 1 H, H-6b), 2.47 (t, 4JCH,CH2 = 2.4 Hz, 1 H, CH2C≡CH), 2.10 
(s, 3 H, CH3C=O), 2.08 (s, 3 H, CH3C=O), 2.00 (s, 3 H, CH3C=O), 1.50 (s, 9 H, COOC(CH3)3) ppm; 13C NMR 
(151 MHz, CDCl3) δ = 170.2 (CH3C=O), 170.1 (CH3C=O), 169.7 (CH3C=O), 154.1 (Ar-Cipso), 153,1 (Ar-Cpara), 
132.2 ((COOC(CH3)3), 120.4 (Ar-Cortho), 115.3 (Ar-Cmeta), 98.7 (C-1), 80.4 (COOC(CH3)3), 78.3 (CH2C≡CH), 
75.4 (CH2C≡CH), 71.7 (C-5), 71.0 (C-3), 68.6 (C-2), 67.3 (C-4), 66.0 (C-6), 56.0 (CH2C≡CH), 28.4 
((COOC(CH3)3), 20.8 (CH3C=O), 20.7 (CH3C=O), 20.6 (CH3C=O) ppm; IR (ATR): ῦ = 3287, 2980, 1747, 1514, 
1367, 1215, 1157, 1051 cm-1; ESI-MS m/z: calc. 536.21264 for [C26H33O11N+H]+; found 536.21212 for 
[C26H33O11N+H]+. 
 

2-Propynyl 2,3,4-tri-O-acetyl-6-O-(p-aminophenyl)-β-D-galactopyranoside (61): 

To a solution of 2-propynyl 2,3,4-tri-O-acetyl-6-O-[p-((tert-butoxycarbonyl)amino)phenyl]-β-D-
galactopyranoside (60) (320 mg, 597 µmol) in dichloromethane (5.00 mL) trifluoroacetic acid (300 µL) 
was added dropwise and stirred at room temperature for 16 h. The mixture was diluted with ethyl 
acetate (100 mL), washed with sat. NaHCO3 solution and brine (100 mL each) and dried over MgSO4, 
filtered and concentrated to dryness to give 61 (257 mg, 589 µmol, 99 %) as a white foam. 
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[α]20
D= -57.5 (c= 1.10 in CH2Cl2); 1H NMR (500 MHz, DMSO-d6) δ = 6.68 – 6.58 (m, 2 H, Ar-Hortho), 6.53 – 

6.43 (m, 2 H, Ar-Hmeta), 5.36 (dd, 3J4,3 = 3.6 Hz, 3J4,5 = 0.9 Hz, 1 H, H-4), 5.23 (dd, 3J3,2 = 10.4 Hz, 3J3,4 = 3.6 

Hz, 1 H, H-3), 4.95 (dd, 3J2,3 = 10.4 Hz, 3J2,1 = 8.0 Hz, 1 H, H-2), 4.84 (d, 3J1,2 = 8.0 Hz, 1 H, H-1), 4.64 (s, 2 

H, NH2), 4.36 (dd, 2JCH2,CH2 = 16.0 Hz, 4JCH2,CH = 2.5 Hz, 1 H, CH2C≡CHa), 4.32 – 4.24 (m, 2 H, H-5, 

CH2C≡CHb), 3.92 (dd, 2J6a,6b = 10.0 Hz, 3J6a,5 = 6.3 Hz, 1 H, H-6a), 3.81 (dd, 2J6b,6a = 10.0 Hz, 3J6a,5 = 6.5 Hz, 

1 H, H-6b), 3.53 (t, 4JCH,CH2 = 2.4 Hz, 1 H, CH2C≡CH), 2.09 (s, 3 H, CH3C=O), 2.03 (s, 3 H, CH3C=O), 1.92 (s, 

3 H, CH3C=O) ppm; 13C NMR (126 MHz, DMSO-d6) δ = 169.8 (CH3C=O), 169.4 (CH3C=O), 169.1 (CH3C=O), 

149.2 (Ar-Cipso), 142.9 (Ar-Cpara), 115.7 (Ar-Cortho), 114.7 (Ar-Cmeta), 98.2 (C-1), 79.2 (CH2C≡CH), 77.7 

(CH2C≡CH), 70.5 (C-5), 70.3 (C-3), 68.5 (C-2), 67.3 (C-4), 66.3 (C-6), 55.6 (CH2C≡CH), 20.5 (CH3C=O), 20.3 

(2 C, CH3C=O) ppm; IR (ATR): ῦ = 3272, 1741, 1511, 1214, 1043 827 cm-1; ESI-MS m/z: calc. 436.16021 

for [C21H25O9N+H]+; found 436.15956 for [C21H25O9N+H]+. 

 

β-Galactoside precursor 43:  

To a solution of 2-propynyl 2,3,4-tri-O-acetyl-6-O-(p-aminophenyl)-β-D-galactopyranoside (61) 
(80.0 mg, 184 µmol) in toluene (1.80 mL) MnO2 (128 mg, 1.48 mmol) was added and stirred at 110 °C 
for 16 h. The suspension was filtered over a Celite pad and concentrated under reduced pressure. The 
crude residue was purified by flash chromatography (cyclohexane/ethyl acetate 2:1) to give 43 
(41.9 mg, 48.3 μmol, 52 %) as an orange foam. 
 
[α]20

D= -94.5 (c= 0.87 in CH2Cl2); 1H NMR (500 MHz, CDCl3) δ = 7.87 – 7.83 (m, 4 H, Ar-Hortho), 6.99 – 6.96 

(m, 4 H, Ar-Hmeta), 5.60 (dd, 3J4,3 = 3.4, 3J4,5 = 0.9 Hz, 2 H, H-4), 5.27 (dd, 3J2,3 = 10.5, 3J2,1 = 8.0 Hz, 2 H, 

H-2), 5.14 (dd, 3J3,2 = 10.4, 3J3,4 = 3.4 Hz, 2 H, H-3), 4.81 (d, 3J1,2 = 8.0, 2 H, H-1), 4.41 (dd, 4JCH2,CH = 2.3 Hz, 
2JCH2,CH2 = 0.9 Hz, 4 H, CH2C≡CH), 4.22 (dd, 3J6a,6b = 9.1 Hz, 3J6a,5 = 5.8 Hz, 2 H, H-6a), 4.15 – 4.11 (m, 2 H, 

H-5), 4.07 (dd, 3J6b,6a = 9.1 Hz, 3J6b,5 = 6.6 Hz, 2 H, H-6b), 2.48 (t, 4JCH,CH2 = 2.4 Hz, 2 H, CH2C≡CH), 2.12 (s, 

6 H, 2 CH3C=O), 2.09 (s, 6 H, 2 CH3C=O), 2.01 (s, 6 H, 2 CH3C=O) ppm; 13C NMR (126 MHz, CDCl3) δ = 

170.2 (CH3C=O), 170.1 (CH3C=O), 169.6 (CH3C=O), 160.1 (Ar-Cpara), 147.5 (Ar-Cipso), 124.4 (Ar-Cortho), 

114.9 (Ar-Cmeta), 98.8 (C-1), 78.2 (CH2C≡CH), 75.4 (CH2C≡CH), 71.7 (C-5), 71.0 (C-3), 68.6 (C-2), 67.3 (C-

4), 65.8 (C-6), 56.0 (CH2C≡CH), 20.8 (CH3C=O), 20.7 (CH3C=O), 20.6 (CH3C=O) ppm; IR (ATR): ῦ = 3283, 

1750, 1599, 1501 1369, 1223, 1079, 764 cm-1; ESI-MS m/z: calc. 867.28184 for [C42H46O18N2+H]+; found 

867.28052 for [C42H46O18N2+H]+. 

 
Macrocyclyzation general procedure: 

A solution of the precursor (25.0 mg, 28.8 μmol) in dry pyridine (1 – 10 mM) was stirred at room 
temperature and irradiated with a LED lamp emitting 365 nm light from a distance of 15 cm for 20 min. 
After irradiation, the solution was shielded from light and CuBr (62.0 mg, 432 µmol) and N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine (90.0 μL, 432 μmol) were added. The mixture was stirred at room 
temperature for 2 d then concentrated to dryness and coevaporated with toluene. The crude residue 
was dissolved in ethyl acetate, washed four times with water (50 mL each) and dried over MgSO4. After 
filtration and concentration under reduced pressure, the residue was purified by flash chromatography 
(cyclohexane/ethyl acetate 3:2) to give the corresponding macrocycles as an orange foam. 
 
α-Glucoside macrocycle 64: 

Made from 41 to give 12.0 mg (13.8 μmol, 48 %) of 64. 

[α]20
D=-200 (c= 1.03 in CH2Cl2); 1H NMR (500 MHz, CDCl3) δ = 7.99 – 7.93 (m, 4 H, Ar-Hortho), 7.10 – 7.06 

(m, 4 H, Ar-Hmeta), 5.38 (dd, 3J3,2 = 10.1 Hz, 3J3,4 = 9.4 Hz, 2 H, H-3), 4.92 – 4.84 (m, 4 H, H-1, H-4), 4.79 

(dd, 3J2,3 = 10.2 Hz, 3J2,1 = 3.8 Hz, 2 H, H-2), 4.38 – 4.30 (m, 4 H, H-6), 4.25 – 4.19 (m, 2 H, H-5), 3.50 (d, 
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2JCH2,CH2 = 3.1 Hz, 4 H, CH2C≡C), 2.13 (s, 6 H, 2 CH3C=O), 2.01 (s, 6 H, 2 CH3C=O), 2.00 (s, 6 H, 2 CH3C=O); 
13C NMR (151 MHz, CDCl3) δ = 170.2 (CH3C=O), 170.1 (CH3C=O), 169.9 (CH3C=O), 158.1 (Ar-Cpara), 147.6 

(Ar-Cipso), 124.5 (Ar-Cortho), 117.3 (Ar-Cmeta), 94.1 (C-1), 72.7 (CH2C≡C), 70.2 (4 C, C-2, CH2C≡C), 69.9 (C-

4), 69.7 (C-3), 66.8 (C-6), 65.2 (C-5), 55.0 (CH2C≡C), 20.8 (CH3C=O), 20.7 (4 C, CH3C=O); IR (ATR): ῦ = 

1744, 1207, 1019, 846 cm-1; ESI-MS m/z: calc. 865.26619 for [C42H44O18N2+H]+; found 865.26495 for 

[C42H46O18N2+H]+. 

 

β-Glucoside macrocycle 65: 

Prepared from 42 (20.0 mg, 23.1 μmol) to give 13.7 mg (15.8 μmol, 68 %) of 65. 

[α]20
D=+458 (c= 0.25 in CH2Cl2); 1H NMR (600 MHz, CDCl3) δ = 7.90 – 7.84 (m, 4 H, Ar-Hmeta), 7.14 – 7.08 

(m, 4 H, Ar-Hortho), 5.16 (dd~t, 3J3,2 = 3J3,4 = 9.5 Hz, 2 H, H-3), 4.96 (dd~t, 3J4,3 = 3J4,5 = 9.7 Hz, 2 H, H-4), 

4.86 (dd, 3J2,3 = 9.6 Hz, 3J2,1 = 8.1 Hz, 2 H, H-2), 4.46 (dd, 2J6a,6b = 13.3 Hz, 3J6a,5 = 7.8 Hz, 2 H, H-6a), 4.29 

– 4.23 (m, 4 H, H-1, H-6b), 3.83 – 3.74 (m, 4 H, H-5, CH2C≡Ca), 3.57 (d, 2JCH2,CH2 = 14.9 Hz, 2 H, CH2C≡Cb), 

2.10 (s, 6 H, 2 CH3C=O), 2.00 (s, 6 H, 2 CH3C=O), 1.99 (s, 6 H, 2 CH3C=O); 13C NMR (151 MHz, CDCl3) δ = 

170.2 (CH3C=O), 169.7 (CH3C=O), 169.3 (CH3C=O), 160.6 (Ar-Cpara), 147.8 (Ar-Cipso), 124.2 (Ar-Cortho), 

117.3 (Ar-Cmeta), 98.4 (C-1), 74.3 (C-5), 73.3 (CH2C≡C), 72.7 (C-3), 70.8 (C-2), 70.3 (CH2C≡C), 69.1 (C-4), 

67.3 (C-6), 55.5 (CH2C≡C), 20.7 (4 C, CH3C=O), 20.6 (CH3C=O); IR (ATR): ῦ = 2944, 1749, 1596, 1497, 

1367, 1212, 1036, 841 cm-1; ESI-MS m/z: calc. 865.26619 for [C42H44O18N2+H]+; found 865.26508 for 

[C42H46O18N2+H]+. 

 

β-Galactoside macrocycle 66: 

Prepared from 43 (26.6 mg, 30.7 µmol) to give 15.5 mg (17.9 μmol, 58 %) of 66. 

[α]20
D=.+697 (c= 0.90 in CH2Cl2); 1H NMR (500 MHz, CDCl3) δ = 7.88 – 7.83 (m, 4 H, Ar-Hortho), 7.13 – 7.09 

(m, 4 H, Ar-Hpara), 5.40 (d, 3J4,3 = 3.5 Hz, 2 H, H-4), 5.12 (dd, 3J2,3 = 10.3 Hz, 3J2,1 = 8.0 Hz, 2 H, H-2), 4.95 

(dd, 3J3,2 = 10.3 Hz, 3J3,4 = 3.5 Hz, 2 H, H-3), 4.48 (dd, 2J6a,6b = 13.1 Hz, 3J6a,5 = 8.5 Hz, 2 H, H-6a), 4.26 – 

4.14 (m, 4 H, H-1, H-6b), 3.99 – 3.93 (m, 2 H, H-5), 3.86 (d, 2JCH2, CH2 = 15.3 Hz, 2 H, CH2C≡Ca), 3.65 (d, 
2JCH2, CH2 = 15.3 Hz, 2 H, CH2C≡Cb), 2.20 (s, 6 H, 2 CH3C=O), 2.01 (s, 6 H, 2 CH3C=O), 1.98 (s, 6 H, 2 CH3C=O); 
13C NMR (126 MHz, CDCl3) δ = 170.4 (CH3C=O), 170.1 (CH3C=O), 169.4 (CH3C=O), 160.2 (Ar-Cpara), 148.1 

(Ar-Cipso), 124.2 (Ar-Cortho), 117.7 (Ar-Cmeta), 98.97 (C-1), 73.5 (C-5), 73.4 (CH2C≡C), 71.0 (C-3), 70.5 

(CH2C≡C), 68.4 (C-2), 68.1 (C-4), 68.0 (C-6), 55.8 (CH2C≡C), 20.8 (CH3C=O), 20.7 (CH3C=O), 20.6 

(CH3C=O); IR (ATR): ῦ = 1746, 1596, 1496, 1368, 1212, 1149, 1055 cm-1; ESI-MS m/z: calc. 865.26619 

for [C42H44O18N2+H]+; found 865.26532 for [C42H46O18N2+H]+. 

 

Deprotection general procedure: 

To a solution of the protected macrocycle (43.0 – 64.0 mg) in a mixture of dichloromethane and 
methanol (1:1, 4.00 mL) NaOMe (5.4M in methanol, 50 µL) was added and stirred at room temperature 
for 16 h. If the product precipitated, the suspension was irradiated with a LED lamp emitting 365 nm 
light until everything was solubilized. The mixture was neutralized with Amberlite® IR120 H+, filtered 
and concentrated to dryness to give the corresponding macrocycles as yellow amorphous solids in 
quantitative yields. 
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α-Glucoside macrocycle 28 from 64: 

trans-28: 

[α]24
D= -408 (c= 0.08 in DMSO); 1H NMR (500 MHz, DMSO-d6) δ = 7.92 – 7.83 (m, 4 H, Ar-Hortho), 7.17 – 

7.11 (m, 4 H, Ar-Hmeta), 5.36 (bs, 2 H, OH), 5.12 (bs, 2 H, OH), 4.96 (bs, 2 H, OH), 4.76 (dd, 2J6a,6b = 12.7 

Hz, 3J6a,5 = 2.1 Hz, 2 H, H-6a), 4.48 (d, 3J1,2 = 3.7 Hz, 2 H, H-1), 4.14 (dd, 2J6b,6a = 12.9 Hz, 3J6b,5 = 10.3 Hz, 

2 H, H-6b), 3.82 (ddd~td, 3J5,6b = 3J5,4 = 10.3 Hz, 3J5,6a = 2.3 Hz, 2 H, H-5), 3.67 (d, 2JCH2,CH2 = 15.3 Hz, 2 H, 

CH2C≡Ca), 3.29 (dd~t, 3J3,4 = 3J3,2 = 8.5 Hz, 2 H, H-3), 3.24 – 3.14 (m, 4 H, H-2, CH2C≡Cb), 3.01 (dd~t, 3J4,3 

= 3J4,5 = 9.0 Hz, 2 H, H-4) ppm; 13C NMR (126 MHz, DMSO-d6) δ = 158.4 (Ar-Cpara), 146.4 (Ar-Cipso), 123.8 

(Ar-Cortho), 117.5 (Ar-Cmeta), 97.8 (C-1), 74.5 (CH2C≡C), 73.1 (C-3), 71.6 (C-4), 71.3 (C-2), 68.5 (CH2C≡C), 

67.9 (C-6), 65.7 (C-5), 53.8 (CH2C≡C) ppm; IR (ATR): ῦ = 3366, 2920, 1594, 1495, 1145, 1032, 846 cm-1; 

ESI-MS m/z: calc. 613.20280 for [C30H32O12N2+H]+; found 613.20215 for [C30H32O12N2+H]+. 

cis-28: 

[α]24
D= -684 (c= 0.08 in DMSO); 1H NMR (600 MHz, DMSO-d6) δ = 6.92 – 6.84 (m, 4 H, Ar-Hmeta), 6.86 – 

6.74 (m, 4 H, Ar-Hortho), 5.35 (bs, 2 H, OH), 5.10 (bs, 2 H, OH), 4.99 (bs, 2 H, OH), 4.75 (d, 3J1,2 = 3.6 Hz, 2 
H, H-1), 4.39 – 4.27 (m, 4 H, H-6a, CH2C≡Ca), 4.15 (d, 2JCH2,CH2 = 16.7 Hz, 2 H, CH2C≡Cb), 4.05 (dd, 2J6b,6a 
= 11.5 Hz, , 3J6b,5 = 7.7 Hz, 2 H, H-6b), 3.76 (dd~t, 3J5,6 = 3J5,4 = 8.9 Hz, 2 H, H-5), 3.47 – 3.38 (m, 2 H, H-3), 
3.25 (dd, 3J2,3 = 9.6 Hz, 3J2,1 = 3.5 Hz, 2 H, H-2), 3.11 (dd~t, 3J4,5 = 3J4,3 = 9.4 Hz, 2 H, H-4) ppm; 13C NMR 
(151 MHz, DMSO-d6) δ = 157.2 (Ar-Cpara), 146.7 (Ar-Cipso), 122.3 (Ar-Cortho), 114.4 (Ar-Cmeta), 99.3 (C-1), 
76.5 (CH2C≡C), 73.0 (C-3), 71.6 (C-2), 70.7 (2 C, C-4, C-5), 69.5 (CH2C≡C), 67.6 (C-6), 55.4 (CH2C≡C) ppm. 

 

β-Glucoside macrocycle 29 made from 65: 

trans-29: 

[α]24
D= +474 (c= 0.08 in DMSO); 1H NMR (500 MHz, DMSO-d6) δ = 7.81 – 7.70 (m, 4 H, Ar-Hortho), 7.27 – 

7.12 (m, 4 H, Ar-Hmeta), 5.30 (bs, 2 H, OH), 5.19 (bs, 4 H, OH), 4.54 (dd, 2J6a,6b = 13.1 Hz, 3J6a,5 = 7.8 Hz, 2 

H, H-6a), 4.46 (dd, 2J6b,6a = 13.1 Hz, 3J6b,5 = 2.2 Hz, 2 H, H-6b), 3.92 (d, 3J1,2 = 7.8 Hz, 2 H, H-1), 3.85 (d, 
2JCH2,CH2 = 15.1 Hz, 2 H, CH2C≡Ca), 3.46 (d, 2JCH2,CH2 = 15.2 Hz, 2 H, CH2C≡Cb), 3.44 – 3.40 (m, 2 H, H-5), 

3.14 – 3.05 (m, 4 H, H-3, H-4), 3.49 (dd~t, 3J2,3 = 3J2,1 = 8.2 Hz, 2 H, H-2) ppm; 13C NMR (126 MHz, DMSO-

d6) δ = 161.7 (Ar-Cpara), 146.4 (Ar-Cipso), 123.3 (Ar-Cortho), 117.2 (Ar-Cmeta), 100.9 (C-1), 76.6 (C-5), 76.4 

(C-3), 75.0 (CH2C≡C), 72.8 (C-2), 70.1 (C-4), 68.6 (CH2C≡C), 67.8 (C-6), 54.2 (CH2C≡C) ppm; IR (ATR): ῦ = 

3369, 1586, 1498, 1225, 1073, 1046, 1028, 841 cm-1; ESI-MS m/z: calc. 613.20280 for [C30H32O12N2+H]+; 

found 613.20209 for [C30H32O12N2+H]+. 

cis-29:  

[α]24
D= +1959 (c= 0.08 in DMSO); 1H NMR (600 MHz, DMSO-d6) δ = 6.95 – 6.85 (m, 4 H, Ar-Hmeta), 6.85 

– 6.73 (m, 4 H, Ar-Hortho), 5.35 – 5.13 (m, 6 H, OH), 4.36 (d, 2JCH2,CH2 = 16.7 Hz, 2 H, CH2C≡Ca), 4.31 – 4.23 
(m, 6 H, H-1, H-6a, CH2C≡Cb), 4.08 (dd, 2J6b,6a = 11.3 Hz, , 3J6b,5 = 7.7 Hz, 2 H, H-6b), 3.53 – 3.41 (m, 2 H, 
H-5), 3.19 (dd~t, 3J3,4 = 3J3,2 = 8.8 Hz, 2 H, H-3), 3.13 (dd~t, 3J4,5 = 3J4,3 = 9.2 Hz, 2 H, H-4), 2.97 (dd~t, 3J2,3 
= 3J2,1 = 8.3 Hz, 2 H, H-2) ppm; 13C NMR (151 MHz, DMSO-d6) δ = 157.7 (Ar-Cpara), 147.0 (Ar-Cipso), 121.8 
(Ar-Cortho), 114.8 (Ar-Cmeta), 102.6 (C-1), 76.4 (C-3), 76.3 (CH2C≡C), 75.2 (C-5), 73.2 (C-2), 70.2 (C-4), 69.4 
(CH2C≡C), 67.7 (C-6), 56.4 (CH2C≡C) ppm. 
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β-Galactoside macrocycle 30 from 66: 

trans-30: 

[α]24
D= +893 (c= 0.08 in DMSO); 1H NMR (600 MHz, DMSO-d6) δ = 7.80 – 7.74 (m, 4 H, Ar-Hortho), 7.19 – 

7.13 (m, 4 H, Ar-Hmeta), 5.02 (bs, 2 H, OH), 4.93 (bs, 2 H, OH), 4.74 (bs, 2 H, OH), 4.70 (dd, 2J6a,6b = 13.0 

Hz, 3J6a,5 = 9.5 Hz, 2 H, H-6a), 4.23 (dd, 2J6b,6a = 12.9 Hz, 3J6b,5 = 1.8 Hz, 2 H, H-6b), 3.84 (d, 2JCH2,CH2 = 15.4 

Hz, 2 H, CH2C≡Ca), 3.81 (d, 3J1,2 = 7.6 Hz, 2 H, H-1), 3.69 (d, 3J5,6a = 8.8 Hz, 2 H, H-5), 3.65 (d, 3J4,3 = 3.0 Hz, 

2 H, H-4), 3.40 (d, 2JCH2,CH2 = 15.4 Hz, H-2, CH2C≡Cb), 3.25 (dd, 3J3,2 = 9.4 Hz, 3J3,4 = 3.2 Hz, 2 H, H-3) 3.21 

– 3.15 (m, 2 H, H-2) ppm; 13C NMR (151 MHz, DMSO-d6) δ = 161.6 (Ar-Cpara), 146.6 (Ar-Cipso), 123.5 (Ar-

Cortho), 117.5 (Ar-Cmeta), 101.5 (C-1), 75.4 (C-5), 75.1 (CH2C≡C), 73.1 (C-3), 70.0 (C-2), 68.8 (2 C, C-6, 

CH2C≡C), 68.7 (C-4), 54.3 (CH2C≡C) ppm; IR (ATR): ῦ = 3389, 1598, 1496, 1209, 1080, 1034, 843 cm-1; 

ESI-MS m/z: calc. 613.20280 for [C30H32O12N2+H]+; found 613.20215 for [C30H32O12N2+H]+. 

cis-30: 

[α]24
D= +1693 (c= 0.08 in DMSO); 1H NMR (600 MHz, DMSO-d6) δ = 6.91 – 6.85 (m, 4 H, Ar-Hmeta), 6.84 

– 6.73 (m, 4 H, Ar-Hortho), 5.06 (bs, 2 H, OH), 4.94 (bs, 2 H, OH), 4.74 (bs, 2 H, OH), 4.34 (d, 2JCH2,CH2 = 16.6 
Hz, 2 H, CH2C≡Ca), 4.28 – 4.16 (m, 6 H, H-1, H-6a, CH2C≡Cb), 4.12 (dd, 2J6b,6a = 11.3 Hz, , 3J6b,5 = 2.6 Hz, 2 
H, H-6b), 3.76 (dd, 3J5,6a = 8.7 Hz, 3J5,6b = 2.1 Hz, 2 H, H-5), 3.68 (dd, 3J4,3 = 2.8 Hz, 2 H, H-4), 3.36 – 3.34 
(m, 2 H, H-3), 3.31 – 3.22 (m, 2 H, H-2) ppm; 13C NMR (151 MHz, DMSO-d6) δ = 157.7 (Ar-Cpara), 146.8 
(Ar-Cipso), 122.0 (Ar-Cortho), 114.8 (Ar-Cmeta), 102.8 (C-1), 76.3 (CH2C≡C), 73.9 (C-5), 73.0 (C-3), 70.3 (C-2), 
69.5 (CH2C≡C), 68.8 (C-4), 68.0 (C-6), 56.1 (CH2C≡C) ppm.  



114  Glaser Coupling 
 

 

NMR spectra of synthesized compounds

 
Figure 6.9: 1H NMR spectrum of 38 (500 MHz, DMSO-d6, 298 K).  
 
 

 
Figure 6.10: 13C NMR spectrum of 38 (126 MHz, DMSO-d6, 298 K). 
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Figure 6.11: 1H NMR spectrum of 39 (600 MHz, CDCl3, 298 K).  

 

Figure 6.12: 13C NMR spectrum of 39 (151 MHz, CDCl3, 298 K). 
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Figure 6.13: 1H NMR spectrum of trans-41 (500 MHz, CDCl3, 298 K).  
 

Figure 6.14: 13C NMR spectrum of trans-41 (126 MHz, CDCl3, 298 K). 
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Figure 6.15: 1H NMR spectrum of trans-42 (600 MHz, CDCl3, 298 K).  
 

 
Figure 6.16: 13C NMR spectrum of trans-42 (151 MHz, CDCl3, 298 K). 
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Figure 6.17: 1H NMR spectrum of trans-46 (500 MHz, DMSO-d6, 298 K). 
 

 

 

Figure 6.18: 13C NMR spectrum of trans-46 (126 MHz, DMSO-d6, 298 K). 
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Figure 6.19: 1H NMR spectrum of 48 (500 MHz, DMSO-d6, 298 K).  
 

 

Figure 6.20: 13C NMR spectrum of 48 (126 MHz, DMSO-d6, 298 K). 
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Figure 6.21: 1H NMR spectrum of 49 (500 MHz, DMSO-d6, 298 K). 
 
 
 

 
Figure 6.22: 13C NMR spectrum of 49 (126 MHz, DMSO-d6, 298 K). 
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Figure 6.23: 1H NMR spectrum of 53 (500 MHz, MeOH-d4, 298 K).  
 

  
Figure 6.24: 1H NMR spectrum of 54 (500 MHz, DMSO-d6, 298 K). 
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Figure 6.25: 13C NMR spectrum of 54 (126 MHz, DMSO-d6, 298 K). 
 

 

Figure 6.26: 1H NMR spectrum of 55 (500 MHz, MeOH-d4, 298 K). 
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Figure 6.27: 1H NMR spectrum of 58 (600 MHz, CDCl3, 298 K).  
 
 
 
 

 
Figure 6.28: 13C NMR spectrum of 58 (151 MHz, CDCl3, 298 K). 
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Figure 6.29: 1H NMR spectrum of 59 (600 MHz, CDCl3, 298 K).  
 
 
 

 
Figure 6.30: 13C NMR spectrum of 59 (151 MHz, CDCl3, 298 K). 
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Figure 6.31: 1H NMR spectrum of 60 (600 MHz, CDCl3, 298 K).  
 

 
Figure 6.32: 13C NMR spectrum of 60 (151 MHz, CDCl3, 298 K). 
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Figure 6.33: 1H NMR spectrum of 61 (500 MHz, DMSO-d6, 298 K).  
 

 
Figure 6.34: 13C NMR spectrum of 61 (126 MHz, DMSO-d6, 298 K). 
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Figure 6.35: 1H NMR spectrum of 63 (500 MHz, DMSO-d6, 298 K). 
 

 

Figure 6.36: 13C NMR spectrum of 63 (126 MHz, DMSO-d6, 298 K). 
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Figure 6.37: 1H NMR spectrum of trans-43 (500 MHz, CDCl3, 298 K). 
 

 
Figure 6.38: 13C NMR spectrum of trans-43 (126 MHz, CDCl3, 298 K). 
 



Glaser Coupling  129 
 

 

 
Figure 6.39: 1H NMR spectrum of trans-64 (500 MHz, CDCl3, 298 K).  
 
 

 
Figure 6.40: 13C NMR spectrum of trans-64 (151 MHz, CDCl3, 298 K). 
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Figure 6.41: 1H NMR spectrum of trans-65 (600 MHz, CDCl3, 298 K).  
 

 
Figure 6.42: 13C NMR spectrum of trans-65 (151 MHz, CDCl3, 298 K). 
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Figure 6.43: 1H NMR spectrum of trans-66 (500 MHz, CDCl3, 298 K).  
 
 

 
Figure 6.44: 13C NMR spectrum of trans-66 (126 MHz, CDCl3, 298 K). 
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Figure 6.45: 1H NMR spectrum of trans-28 (500 MHz, DMSO-d6, 298 K).  
 

 
Figure 6.46: 13C NMR spectrum of trans-28 (126 MHz, DMSO-d6, 298 K). 
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Figure 6.47: 1H NMR spectrum of cis-28 (600 MHz, DMSO-d6, 298 K). 
 

 
Figure 6.48: 13C NMR spectrum of cis-28 (151 MHz, DMSO-d6, 298 K). 
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Figure 6.49: 1H NMR spectrum of trans-29 (500 MHz, DMSO-d6, 298 K).  
 

 
Figure 6.50: 13C NMR spectrum of trans-29 (126 MHz, DMSO-d6, 298 K). 
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Figure 6.51: 1H NMR spectrum of cis-29 (600 MHz, DMSO-d6, 298 K). 
 

 
Figure 6.52: 13C NMR spectrum of cis-29 (151 MHz, DMSO-d6, 298 K). 
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Figure 6.53: 1H NMR spectrum of trans-30 (600 MHz, DMSO-d6, 298 K).  
 

 
Figure 6.54: 13C NMR spectrum of trans-30 (151 MHz, DMSO-d6, 298 K). 
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Figure 6.55: 1H NMR spectrum of cis-30 (600 MHz, DMSO-d6, 298 K). 
 

 
Figure 6.56: 13C NMR spectrum of cis-30 (151 MHz, DMSO-d6, 298 K). 
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Irradiation experiments 

PSS was reached after irradiating the respective sample for 5 min with 365 nm or 5 min with 520 nm 
and the respective trans:cis ratios of are shown in Figure 6.56, 6.57 and 6.58. 

 
Figure 6.56: NMR spectra of trans-29 after heating at 45 °C in the dark for 20 h (black), after irradiation 
with 365 nm for 5 min with a PSS of trans:cis 3:97 (red)and after irradiation with 520 nm (blue) for 
5 min with a PSS of trans:cis 85:15. 

 
Figure 6.57: NMR spectra of trans-28 after heating at 45 °C in the dark for 20 h (black), after irradiation 
with 365 nm for 5 min (red) with a PSS of trans:cis 3:97 and after irradiation with 520 nm (blue) for 
5 min with a PSS of trans:cis 87:13. 

 
Figure 6.58: NMR spectra of trans-30 after heating at 45 °C in the dark for 20 h (black), after irradiation 
with 365 nm for 4 min (red) with a PSS of trans:cis 3:97 and after irradiation with 520 nm (blue) for 
8 min with a PSS of trans:cis 87:13. 
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The extinction coefficient ε and the coefficient of determination of the linear fitting for trans- and cis-

28, -29 and -30 are shown along the plot of the absorbance against the concentration in Figure 6.59.  

The switching cycle experiments for 28, 29 and 30 are shown in Figure 6.60 with the plot of the value 
of the absorbance at λmax(E) against the number of times the sample was irradiated. 
 
a) 
 
 
  
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.59: Plot of the absorbance at the λmax versus the concentration; the slope of the linear curve 
gives the value of the molar extinction coefficient ε. Measured at 298 K in DMSO in concentrations 
from 8∙10-6 to 10-4 mol∙L-1. (a) trans-29 at 365 nm and PSS 365 nm at 450 nm; (b) trans-28 at 365 nm 
and PSS 365 nm at 450 nm; (c) trans-30 at 365 nm and PSS 365 nm at 450 nm. 
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Figure 6.60: Measured absorbance after alternating photoirradiation with 365 nm and 520 nm. 
Measured at 298 K in DMSO in a concentration of 50 µM. (a) 29; (b) 28; (c) 30. 
 
 

The decay of the absorbance of the n-π* band λmax of cis-27, 28, 29 and 30 are shown alongside the 
coefficient of determination of the exponential fitting and the absorbance at infinite time in Figure 
6.61. The linearization of the absorbance is shown with the coefficient of determination of the linear 
fitting, the rate constant and the ensuing half-life time  
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Figure 6.61: Kinetics of the cis→trans thermal relaxation process, measured at 298 K in DMSO at a 
concentration of 50 µM, showing the exponential decay of the absorbance at 450 nm and the 
linearization with the corresponding coefficient of determination and the half-life time for the cis-
form of the respective compounds. (a) 29; (b) 28; (c) 30; (d) 27. 
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CD measurements in water 
 
 
To measure the CD spectra of the partially soluble macrocycles 27, 28, 29 and 30 in water, 10 µL of a 
10 mM stock solution in DMSO of the respective compound was added to 1990 µL water and mixed 
vigorously right before measuring the first spectrum. 
 

Figure 6.62: CD spectra of the macrocycles in water with 0.5 % DMSO at 298 K (a) 27; (b) 29; (c) 28; (d) 
30; black line: trans-macrocycle, red line: PSS after irradiation with 365 nm for 5 min, blue line: PSS 
after irradiation with 520 nm for 5 min. 
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6.7 Publication: A two-step approach to a glycoazobenzene macrocycle with 

remarkable photoswitchable features 

 

 

J. Hain, G. Despras, Chemm. Commun. 2018, 54, 8563-8566. 

DOI: 10.1039/c8cc03724h 

Reproduced with permission from The Royal Society of Chemistry. 
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7. Summary 
 

Eight novel shape-switchable glycoazobenzene macrocycles (Figure 7.1), comprising carbohydrates 

and azobenzene moieties were prepared, using different chemistries for macrocyclization, thiourea 

bridging, CuAAC-click reaction, Sonogashira coupling and Glaser coupling. 

The macrocycles prepared via the first three reactions were all synthesized using intermolecular 

cyclizations of two building blocks, while the Glaser coupling macrocyclizations were performed in an 

intramolecularly. For both the intermolecular thiourea bridging with piperazine, and the 

intramolecular Glaser coupling, isomerization from trans- to cis-isomer of the precursor molecules was 

crucial to facilitate the cyclization by decreasing the distance between the reactive sites. In the 

cyclizations enabled by click reaction and Sonogashira coupling, the interatomic distances between the 

functional groups of both reaction partners were similar enough to allow for the reaction to take place.  

Starting from readily available building blocks, the longest reaction sequence to achieve the desired 

macrocycle consisted of only five steps. However, a specific approach employing a particular ligation 

chemistry was not necessarily suited for a wide range of macrocycles with varied carbohydrate 

moieties and hence the modularity of our approaches was found somewhat limited.  

Whereas the Sonogashira coupling led to 17 and 18 under the same reaction conditions, variation of 

the carbohydrate unit led to complications in the synthesis towards the precursors of the Glaser 

coupled macrocycles. The 6-O arylation of different carbohydrates with dihydroxy azobenzene 

proceeded with varying success, hence reaction conditions had to be adapted for each reaction 

 

Figure 7.1: Collection of the new synthesized glycoazobenzene macrocycles and their macrocyclization 

chemistry. 
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The photochromic properties of all synthesized macrocycles were investigated. UV/Vis and CD spectra 

were measured in DMSO and in water for unprotected macrocycles. The UV/Vis spectra all presented 

the typical pattern for azobenzene-containing compounds, while measurements in water with 0.5 % 

DMSO revealed that most cycles were not fully solubilized in this solvent mixture. The diyne bridged 

macrocycles with non-all-equatorial hydroxyl groups 27 and 30 showed especially poor solubility in the 

trans-state. Isomerization to the cis-isomer remarkably improved the solubilization in water for every 

macrocycle. 

Strong bands in the CD spectra corresponding to the absorption in the UV/Vis attest that all 

macrocycles transfer chirality onto the azobenzene moiety with a defined preferential conformation. 

The macrocycles 9, 17 and 18 which contain two azobenzene moieties present an exciton coupling in 

their trans-form but not in cis, indicating that the π-π coupling between the two azobenzene moieties 

does not occur any longer upon switching into the more bent structure. The oftentimes large 

difference between the CD spectra measured in DMSO and water show that the shape of the 

macrocyclic structures is not only dependent on the trans- and cis-isomerization, but also on the 

solvent through a possible conformational change. 
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8. Other Publications 

8.1 Introduction  
 

During this dissertation the following projects were realized in different collaborations. 

In chapter 8.2, in collaboration with P. Rollin (Université d’Orléans) and W. Klaffke (Haus der Technik 

e. V.), we reviewed the Mitsunobu reaction for the modification of sugar hemiacetals. While the 

Mitsunobu reaction finds widespread applications in the substitution of the carbohydrate hydroxy 

groups, the reaction at the anomeric position is less known. Additionally, collection of the available 

reactions showed that the modification at the anomeric position often takes place regioselectively, 

making the use of protecting groups redundant. 

In chapters 8.3 – 8.5, together with K. Ruppersberg (Leibniz-Institut für die Pädagogik der 

Naturwissenschaften und Mathematik an der Universität Kiel), the Wöhlk reaction was evaluated. A 

classical detection reaction for lactose in urine, this experiment is still taught in schools and 

pharmaceutical classes. In the experiment aqueous solutions containing lactose turn a brightly red 

color after addition of ammonia and potassium hydroxide and subsequent heating. However, the 

cause for this red color was unknown and assertions found in old schoolbooks that claim the color to 

be pyrrole red could be refuted. Still, while experiments have been performed with different substrates 

to shed light on this unusual reaction that was almost forgotten, the elucidation of the structure of the 

chromophore was not yet possible. 
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8.2 J. Hain, P. Rollin, W. Klaffke, Th. K. Lindhorst, Anomeric modification of 

carbohydrates using the Mitsunobu reaction, Beilstein J. Org. Chem. 2018, 

14, 1619-1636. 
 

This work is made available under the terms of the Creative Commons Attribution 4.0 International 

license (CC BY 4.0), creativecommons.org/licenses/by/4.0/. 
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8.3 K. Ruppersberg, J. Hain, Wie kann der Lactosegehalt von Milchprodukten im 
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