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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 tiber 100 Jahren haben Makrozyklen in der Chemie viel Aufmerksamkeit auf
sich gezogen. Sie definieren einen besonderen chemischen Raum, wo sich die Molekilstrukturen
zwischen kleinen Substanzen und Makromolekiilen 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 Aktivitat von groRem Interesse fir die Synthese von Makrozyklen, sondern auch
durch ihre gute Verfligbarkeit aus natirlichen Quellen und wegen ihrer komplexen, aber definierten
Stereochemie und Multifunktionalitat, die eine grofRe strukturelle Vielfalt und breite Modulation der
Eigenschaften der davon abgeleiteten Makrozyklen ermdglicht.

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-lsomer in das verdrehte cis-lsomer reversibel U(berfihrt werden koénnen. Im
Makrozyklus kann dadurch die Energie der Lichteinwirkung in molekulare Bewegung transformiert
werden. Die zeitliche und rdaumliche Kontrolle von Form und Funktion durch Bestrahlung macht
Azobenzolkonjugate zu idealen Bausteinen fiir den Einbau in makrozyklische Strukturen.

Wahrend Azobenzol-Glykokonjugate, in denen die Eigenschaften von Kohlenhydraten mit denen der
photoisomerisierbaren Azobenzoleinheiten verbunden sind, bereits friiher 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 maoglichst modular aus leicht verfligbaren Bausteinen in
wenigen Schritten erhalten werden konnten. Vier verschiedene Reaktionen wurden erfolgreich als
Schlisselschritt fir die Makrozyklisierung in der Synthese eingesetzt, die Thiourea-Verbriickung, die
Click-Reaktion, die Sonogashira-Kupplung und die Glaser-Kupplung.

Die ausfiihrliche Untersuchung der photochromen Eigenschaften der neuen Makrozyklen zeigte, dass
die Isomerisierung der Azobenzoleinheiten die Makrozyklenstruktur signifikant und definiert
verandern und mit der Schaltbarkeit von Molekileigenschaften einhergeht, wie der Léslichkeit und
den chiroptischen und physikochemischen Eigenschaften.
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g gram
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lit. literature

m meta

m (NMR) multiplett

M molarity
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second
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triplet

time-dependent density functional theory
trifluoroacetic acid

tetrahydrofuran
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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 18911 as non-reducing products derived from the digestion of starch by
bacteria. It took 60 years until the three major components, respectively a-, - and y-cyclodextrin had
been isolated and fully characterized as cyclic structures containing only a-1,4 linked glucose units.?
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.[> 3]

Their ability to include guest molecules stems from the macrocyclic structure of the cyclodextrins. The
a-1,4 linked glucose units (six units for a-, seven for B- and eight for y-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).5%

&

4

Figure 1.1: Illustration of an inclusion complex formed between B-cyclodextrin and p-xylene in water.
Based on a depiction by SzesTLL.B!

The ease of their enzymatic preparation led to widespread industrial use of cyclodextrins, including
pharmaceutical, cosmetical as well as food and flavor applications.

Before the structure of cyclodextrins was fully elucidated, RuzickA was able to correctly characterize
the structure of 17-membered ring civetone!® and 15-membered ring muscone in 1926, 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.!”! 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.®!
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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 1967.1° 1% 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.”1113]

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.'**®! 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.**?! |n
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.???

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.?3%°]

Although the first azo dyes were discovered and synthesized already some 70 years prior,?® the
photochemical trans - cis isomerization of azobenzene was first described by HARTLEY in 1937.127) 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).

©/ huyor A

Scheme 1.1: Photoisomerization between trans- and cis-azobenzene.

hv4 N\\N
) @
N -



Introduction 3

The thermodynamically favored trans-isomer adopts a planar structure and shows absorption bands
corresponding to a strong m - m* transition and a not fully resolved, weak and symmetry-forbidden
n > 1* 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 n > n*
transition and a stronger band for the n - nt* 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.?® 2°! 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.”

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 it
- 1t* or n © nt* transition through introduction of different substituents.?* 332 Electron-rich groups
in ortho position of the azo bond shift the n - n* transition to higher wavelengths, allowing for
switching with lower energy red light, which is favorable in a biological context.!3" 33 A red shift of the
n = 1t* transition leads to more stable cis-isomers resulting in longer half-lives, meanwhile red shifting
of the m = m* transitions leads to considerably shorter half-lives.?* 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."!

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.® 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 Ato 5.5 A
for the carbon atoms in para position to the azo bond.3”

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,®” 3® a topic which has been awarded with the Nobel
Prize for SAUVAGE, STODDART and FERINGA in 2016.3%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)“? 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. 3!

The combination of azobenzene and cyclodextrin in a supramolecular context has already attracted
great interest.** 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.!*> %¢! This behavior is utilized in the design of (pseudo-)
rotaxanes and catenanes for molecular machines, 7 %8/ 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).14%!
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Scheme 1.2: A photoswitchable shuttle using an azobenzene-containing axle and a-cyclodextrin
ing [49]
ring.

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.®™® 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. The reversible inclusion and dissociation of an azobenzene moiety into the
cyclodextrin cavity can also be utilized for the synthesis of synthetic ion channels.? 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. 3!

MANABE et al. extensively investigated photoresponsive crown ethers in the 1980s, predominantly by
incorporating azobenzene moieties into the backbone of crown ethers. 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.’* >/ 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).®® 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.

@D e oA Con b e EOD?

&Kxi = zg O == io®oﬂ

‘E@oﬂoﬂ Tio QO\) @ Q @
oS

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®” or directly into the polymer
backbone.® 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.!?®>*2 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.!®® 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 a-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).1%
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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 20" century the synthesis of larger carbocycles was still deemed an
impossible task.[®! 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 %.!”!

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,'® 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.©® &7

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.[¢® %8

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.® Various positively or negatively charged ions, as well as neutral organic guest
molecules can act as template structures.”” For example, the synthesis of crown ethers is facilitated
by the very same cations that are able to form complexes with them.!”’ 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.”*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.’* 7! 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).7%! 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.

CeH13S SCeH13

o0y

CeH13S g Jss SCeH13
GJI :7’2 I S}
§778  87%g
N N,
N N

DMF,0°C, 16 h Br\/©/

60-70 %
hv
S__s s. S CeH13S__s 5‘S SCeH13 N=N
) —
o= Jo=
CeHis8” S 87 VsCgHys S s
DMF, 0°C, 16 h S s s S
Br Br 55 - 65 % I;ifr
CeHigs™ S ST sCeH13

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






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.l’”! 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.!”®

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.”” # However, even though azobenzene-containing macrocycles are quite
common,” 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).8% 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,!®%! the
glycomacrolactones displayed a distinct helical chirality with a preferred orientation.
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Scheme 1.6: Gchoazobenzene macrocycles prepared in the group of Xi.[8% 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.®”? Based on this work, in 1950 EDMAN further developed the reaction
conditions to require less heating under weak basic conditions®® and subsequently used it for
sequence analysis of peptides starting at the N-terminus, the so-called Edman degradation.®

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.°°! 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,® cyclic peptides®®” and glycomacrocycles, notably in the
preparation of the trehalose-based cyclodextrin analogues by the group of GARCIA-FERNANDEZ.[93-%°]

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.!°®

HN—. OH
S N—1 OH
oH HO, NN S
SN H OH " ™ 1
HO
HO de \’\\/\N/&S 5 . o OH
o HO OH

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.®”! The azido-functionalized glucosyl donor was subsequently used
with 4,4’-dihydroxyazobenzene (5)°® 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 %.5°%
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In the next step, 7 and piperazine (3) were reacted to yield 8.°* 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® gave the target macrocycle 1 in
guantitative yield.

- Oo
Ho@—N’
N3 5 R
BF5*Et,0, MeCN ACO o)
AcO o} rt, 15 min AcO o
oac | )\ N AcO
AD G cel N @\ OAc
o] OA
X > ‘
NH
R

trans-6 R = N3, 52 %

CS,, PPhy

CHClj 11,48 h
AcO :

SCN
HN OAc
N R @H AcQ trans-T R = NCS, 79 %
NCS
S
RO N\\,/\\ /& OR 3 Ohe 365 nm
RO N Ng ° o] i 20 mi
NH o) rt, 3d AcO pyridine, rt, min
-
o 0 OAc

OR
rRo’| © o)
/©/N\ < ;
o} N K
N=N

8R=Ac, 48 %
NaOMe cis-T
MeOH
rt, 16 h

1R =H, quant.

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)!°" 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 C; symmetry axis (Figure 3.2). These
changes can also be seen in the *H NMR, where especially the H-6 and the piperazine protons of both
1 and 2 undergo asignificant change in their chemical shift, for macrocycle 1 from 3.8 ppmand 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.

HN
HO s N
OH HO ) Y =Yg [ QH
HN NH
HO S N A OH OH
HO NN
NH HO

o

trans-1

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 m > n*
transition (Amax = 360 nm) (Figure 3.3a). The forbidden n - m* transition is considerably weaker and
not well separated from the m = nt* transition, with a Amax 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
5in chapter 3.5) and leading to the typical decrease in intensity and a hypsochromic shift of the m - nt*
transition to 310 nm, while the n = nt* transition only slightly increased in absorbance. Due to the
overlapping of the respective n = m* 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-ds, 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 m - n* and n - nt*
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 m-electron
system,1% |eading to helical chirality in the macrocycle, which azobenzene moieties are known to
cause upon clamping in a strained system.[8486:103-1051 |n pMSO and water (0.5 % DMSO), the CD spectra
of trans-1 show a very weak negative band for the m - nt* transition and a strong positive one for the
n - 1t* 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.

a ) 15 b) 15
trans-1 trans-1
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@ @
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Figure 3.3: UV/Vis and CD spectra of 1 at 298 K at a concentration of 50 uM (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!'®® 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]

a) % b) 1 trans-1
20 cis-(M)-1
cis-(P)-1
—~ 10
- VAN
40 e 0
%’ 2 10 360 410 460 510 560 260 10 0 410 60 510 560
< -10
trans-1
-20
—— PS5 365 nm
-30 -10
A[nm] A[nm]

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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3.5 Publication: Photocontrol over Molecular Shape: Synthesis and
Photochemical Evaluation of Glycoazobenzene Macrocycles

365 nm
_
—
435 nm/ A
" [a]p = +461 3 [a]p =-623
,08_2 2 2
o
E w'/\ /‘\ 104
2
T ° 0
g )~ /
- W04 104
e
O -n-'\/
% T T T T T T ) B - . - T T T Y
2% 20 %0 400 @ %0 550 2% w0 %0 0 450 %0 %0
Wavelength (nm) Waveienglh (nm)

G. Despras, J. Hain, S.-O. Jaeschke, Chem. Eur. J. 2017, 23, 10838 — 10847.
DOI: 10.1002/chem.201701232

Reprinted with permissions from John Wiley and Sons, License Number: 4711090202584, License
Date: Nov 16, 2019



Thiourea Bridging

17

\9 xChemPubSoc

oo Europe DOI:

I Macrocycles

10.1002/chem.201701232

CHEMISTRY

A European Journal

Full Paper
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Abstract: Reversible shape switching due to external stimuli
is an attractive property for the control of molecular fea-
tures. Hence, we aimed at macrocycles to investigate photo-
switching of molecular shape. We prepared the first carbohy-
drate-based macrocycles comprising a photoresponsive azo-
benzene hinge. These macrocycles were readily obtained by
cyclization of isothiocyanate-armed bis-azobenzene glyco-
sides with piperazine. The unprotected macrocycles exhibit
favorable photochromic properties in water and DMSO. No-
tably, the efficient frans—cis isomerization results in a re-

markable shape transformation of the molecule. Additionally,
the structure is characterized by restricted conformational
freedom of the backbone, resulting in a single main confor-
mer in each geometrical state (trans or ¢is). Measurement of
optical rotation values and circular dichroism spectra re-
vealed a tremendous change in chirality upon photoisomeri-
zation, with a strong helical induction in the cis state. These
findings highlight the applicability of the new macrocycles
as chiroptical molecular switches.

S

Introduction

Among bioactive natural products, macrocycles have often
captivated chemists as they display unique physicochemical
properties and also because their synthesis remains a challeng-
ing task."! Besides naturally occurring macrocycles, unnatural
counterparts have aroused great interest since their functional
features can be tuned by organic chemistry” In this regard,
carbohydrates are valuable building blocks™ as they are readily
available, chiral and biocompatible, and they offer broad syn-
thetic possibilities due to their polyfunctional nature, defined
stereochemistry, and structural diversity. Such versatility ena-
bles the fine-tuning of the physicochemical properties {polarity
and solubility, size and shape, ligand properties, etc.) of macro-
cycles derived thereof. Importantly, the cyclic nature of sugar
units (pyranose or furanose) imparts conformational restriction
to a carbohydrate-based macrocyclic backbone. Hence, numer-
ous cyclic glycoarchitectures have been designed with various
shapes and functionalities, such as cyclic neoglycoconjugates,”
cyclo-glycopeptides,”” cyclic oligomers of sugar amino acids,”
cyclodextrin  surrogates,™ glycophanes,” or sugar-derived
crown ethers.”” These compounds have been used as bicactive
analogues of natural oligosaccharides,

49 artificial receptors
(for chiral recognition,®™#*'% hydrophobic guest mole-
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cules,
catalysts®™®' or multivalent scaffolds.

We envisioned the design of carbohydrate-based macrocy-
cles that can be reversibly switched between two defined
structural shapes by external stimuli. As the shape of a func-
tional molecule can be correlated with its properties,"® switch-
ing the molecular shape of a carbohydrate-based macrocycle is
expected to induce a change of its physicochemical properties,
chirality, supramolecular features, and of the spatial arrange-
ment of attached functionalities. To achieve such shape switch-
ing we planned to incorporate a photoresponsive hinge into
the cycle, like an azobenzene derivative {Figure 1).

Indeed, light is a bioorthogonal noninvasive stimulus which
can be employed with high spatiotemperal resclution, Azo-
benzene is the most attractive photoswitch for our purpose, as
it displays excellent photochemical properties (robust, reversi-
ble and efficient photoswitching) and mediates a significant al-
teration of geometry and polarity upon trans/cis isomerization
by light of the appropriate wavelength."”! Azobenzene glyco-
sides, in particular, exhibit efficient trans—cis photoisomeriza-
tion and good thermostability of the cis form."® Several stud-

hv 1
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Figure 1. Reversible shape switching of glycoazobenzene macrocycles upon
photoirradiation or heating.
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ies reported in the literature describe the use of azobenzene 1 2
derivatives for the design of functional macrocycles."® These L U/
structures found applications in supramoclecular chemistry (in- P
clusion complexes,”™ self-assembly,”" interlocked systems””) Ny ics W N;—=(NCS

or were used as chiroptical switches”™ and for the construction
of molecular machines.””

Two types of glycoazobenzene macrocycles were targeted,
both consisting of symmetrical azobenzene bis-glycoside units
which are cyclized with piperazine through thiourea bridges (1

and 2, Figure 2). We report the synthesis of this new type of
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Figure 2, Structures of the targeted glycoazobenzene macrocycles,

photoswitchable macrocycles, their photochromic properties
and the investigation of the overall conformational change re-
sulting from irradiation. Moreover, we report on a remarkable
photoswitching of the chiroptical properties of 1 and 2, under-
pinning the potential of glycoazobenzene macrocycles to
modulate molecular function by controlled shape changes.

Results and Discussion
Synthesis of the glycoazobenzene macrocycles

Retrosynthetic analysis of the target glycoazobenzene macro-
cycles leads both molecules back to piperazine, 4,4"-dihydrox-
yazobenzene, and glycosyl donors 3 and 4, bearing azido
groups at the 6- and 6&-position, respectively, which can be
transformed into isothiocyanates at a later stage of the synthe-
sis (Scheme 1).

The photoswitchable azobenzene moiety is directly attached
to the anomeric position of the sugar units because the glyco-

OH
HO
0
K/ Ho/g/é\
OH
D-maltose

N
OAc
g /AZ/ o
Acgco AcO g ACO ACO

D-glucose D-maltose

Scheme 1. Retrosynthesis of the glycoazobenzene macrocycles 1 and 2. The
positions used for building the glycosidic linkages are highlighted in red,
the ones used for cyclizing are highlighted in blue.

sidic linkage was assumed to confer stiffness to the macrocycle
skeleton. On the other hand, the cyclization was accomplished
through the primary positions of the carbohydrate rings, in
order to achieve a good balance between rigidity and flexibili-
ty. The size and properties of the macrocycles were modulated
by using different carbohydrate building blocks according to
the same structural design, p-glucose in the case of 1 and the
disaccharide p-maltose for 2.

Whereas the glucosyl donor 3 was prepared following a pro-
cedure reported by Miiller et al.,"®" the synthesis of the malto-
syl donor 4 required discrimination of the 6'-position. For this,
p-maltose was first protected by forming the 1,6-anhydro de-
rivative 5°2% (Scheme 2). The primary alcohol at the non-re-
ducing end was then regioselectively silylated and the remain-
ing free secondary alcohol groups were acetylated in a one-
pot fashion to afford 6 in 68% vyield. After a silyl cleavage step,
the free 6™-alcohol on compound 7 was converted into a pri-
mary azide by a Mitsunobu reaction using diphenylphosphoryl
azide™ to give 8 in 80% vyield. The 1,6-anhydro ring was clean-
ly opened by acetolysis,””! then the resulting anomeric acetyl
group was selectively cleaved in the presence of hydrazine
acetate.™ Finally, the reducing sugar was treated with 2,2,2-tri-
fluro-N-phenylacetimidoyl chloride, in the presence of caesium
carbonate, to obtain the glycosyl trifluorcacetimidate™ 4 in
a good overall yield (74% over three steps).

The imidate derivatives 3 and 4 were reacted with 4,4'-dihy-
droxyazobenzene,” in the presence of boron triflucride ether-
ate, to afford the bis-glycosyl azobenzene derivatives 9"*7 and

OTBDMS —05
b [¢) OAc
0
AcO
AcO— AcO 5
AcO
6
Ny
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ogc e AC,SCM OAc
/XS;!OA(W NPh
AcO AcO
4 J\CF3
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Scheme 2. Preparation of the 6-azido-6-deoxy-maltosyl donor 4. Reagents and conditions: a) (i) dimethyl imidazolium chloride (3 equiv), triethylamine

(9 equiv), water, 0°C to RT; (i} Ac,0 (13 equiv), pyridine, RT: (i) NaOMe, MeOH, RT: 94 % over three steps; b} TBDMSCI (2 equiv), pyridine, RT, 5 h, then Ac,0
(12 equiv), DMAP (0.2 equiv), RT, 15 h, 68% over two steps; ¢) TBAF (3 equiv}, AcOH (15 equiv), THF, 0%, 3 h, 839%; d) PPh; (1.5 equiv), DIAD (2.5 equiv), diphe-
nylphosphoryl azide (1.5 equiv), THF, —=5°C to RT, 22 h, 809%; e) () Ac,0/AcOH (7:3), conc. H,S0, (cat.), RT, 3 h 30; (i)} N,H,.AcOH (1.1 equiv), DMF, 55°C, 1 h;

(i) CIC(NPRICF, (1.5 equiv), Cs,CO, (1.5 equiv), CH,Cl,,

Chem. Eur. J. 2017, 23, 1083810847 www.chemeurj.org
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RT, 1 h 30, 74% over three steps.
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10 in moderate yields (Scheme 3). The primary azido functions
were further converted into isothiocyanates (NCS) by an effi-
cient aza-Wittig reaction®®" that provided 11 and 12 in 88 and
81% vyield, respectively. The isothiocyanate group was selected
because it readily and cleanly reacts with amines under mild
conditions. For instance, it has been successfully used by
Garcia-Ferndndez etal. for cyclizing trehalan building
blocks.®*"*"! piperazine was chosen as the ring-closing moiety
because it is a reactive diamine and also known as a rigid
spacer molecule.®? The key macrocyclization step was carried
out in pyridine under dilution conditions,'¥ using a slight
excess of piperazine and shielding the glassware from ambient
light during the course of the reaction. Modulations of the ex-
perimental conditions are summarized in Table 1. We reasoned
that the rigidity of the linear azobenzene glycoside precursor
would prevent macrocyclization. Therefore, the linear trans-
configured glycoazobenzene precursor molecules 11 and 12
were first irradiated to give the bent cis isomers, in order to
bring the two distal NCS functions in closer proximity, before
adding the piperazine spacer. Such pre-organization of func-
tionalities™ led to the desired macrocyclic products in fair
yields. The cyclic structure of 13 and 14 was confirmed by ana-
lytical data. The measured molecular masses and the integrals
of the '"H NMR signals corresponding to the piperazine cycle

Table 1. Conditions for macrocyclization.”

Entry Substrate Temp. Time Product, yield™
1 114 RT 3d 13, 48%
2 14 RT 3d 13, trace
3 12¢ RT 3d 14,61%
4 124 RT 3d 14, trace
5 12¢ RT 16 h 14, 65%
6 12 0°C to RT 20 h 14, 70%

[a] Macrocyclizations were carried out in the dark with 1.05 equiv of pi-
perazine in pyridine (c=0.015 molL™"). [b] Isolated yields. [c] The sub-
strate was irradiated at 365 nm for 20 min before adding piperazine.
[d] Without pre-irradiation.
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are consistent with the presence of a single piperazine unit. In-
frared spectroscopy showed the disappearance of the band at
around 2100 cm™', which is characteristic of isothiocyanato
groups,®¥ and the appearance of new bands corresponding to
the thiourea moiety (Supporting Information Figure $33).
"H NMR (Figures $15 and S$19) spectra®® indicate that the iso-
lated products are symmetrical and HSQC spectra (Figure 3a,b,
Figures S17 and S21) clearly show only two resonances corre-
sponding to the four H-6 protons involved in the thiourea
bridges. This is supported by the observation, on the 'H NMR
spectra, of a single signal matching with the two thiourea NH
protons. Importantly, these NH protons strongly correlate
through space with the piperazine protons, as it can be seen

. eI Tl
a i\ c Piperazine |
N Heb 0N\
i
J
—.L. i
C-6 i =
L
!
370 360 350 340 3% 3.5&(“.“) 345
\/\ Piperazine
_1 = stﬁ ;%
C- '! - @
; NH == Jrereome 3
l 6.0
420 410 400 350 380 30 3850 410 405 400 395 39 38 380
2(6pm)

Figure 3. NMR proofs of the macrocyclization. (a) Expansion of the HSQC
spectrum of 13 ([D]DMSO, 300 K) showing a single set of resonances for
the H-6 protons; (b) expansion of the HSQC spectrum of 14 (CDCl;, 300 K}
showing a single set of resonances for the H-6" protons; (c) expansion of the
NOESY spectrum of 13 {[D]DMSO, 300 K, mixing time =300 ms) showing

a crosspeak between the thiourea protons and the protons of the pipera-
zine; (d} expansion of the NOESY spectrum of 14 (CDCl;, 300 K, mixing

time =700 ms) showing a crosspeak between the thiourea protons and the
protons of the piperazine.
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on the NOESY spectra of 13 and 14 (Figure 3¢,d, Fig-
ures S18 and S22).

In sharp contrast, when the reaction was per-
formed under identical conditions but with no pre-
liminary photoisomerization, only traces of the tar-
geted macrocycles were detected by TLC analysis. As
shown in Table 1 (entry 5), decreasing the reaction
time did not affect the yield. In addition, we checked
whether increasing the life-time of the c¢is linear scaf-
fold, by cooling the mixture after irradiation, would
improve the cyclization yield (entry 6, Table 1). Al-
though the yield increased to 70%, this improve-
ment was not really significant, suggesting that the
percentage of conversion to 14 rather depends on
the cis/trans ratio in the photostationary state (PSS)
after irradiation.

In a final step, compounds 13 and 14 were deacetylated
under Zemplén conditions®” to yield macrocycles 1 and 2
cleanly. As expected, the two compounds have different solu-
bility in water: 1 is poorly soluble while 2 is fairly soluble. How-
ever, it is possible to prepare dilute aqueous solutions (ca.
107107 molL™") of macrocycle 1 by using a concentrated
stock solution in DMSO. The trans isomers of 1 and 2 were
easily characterized by NMR spectroscopy. Each compound dis-
plays a single set of resonances for the two glucosides and the
two maltosides units, respectively (Supporting Information Fig-
ures S23 and $26). Several data suggest that the trans form of
1 and 2 exhibit conformational restriction. First, the 'H NMR
spectra of 1 (in [Dg]DMSO) and 2 (in D,0O) show a large differ-
ence of the chemical shifts of the two H-6 involved in the thio-

CHEMISTRY

A European Journal

Full Paper

12 (ppm)
1(cpm)

B T T R P LT
PRAWMN =D CRNO W -

7.65 7.50
12 (pom)

Figure 4. Expansion of the NOESY spectra showing the cross peaks between the NH of
the thiourea and the H-6 forming the bridging moiety. (a) trans-1 ([DJJDMSO, 300 K,
mixing time =500 ms}: the intensity ratio between the two cross peaks is 0.41. (b) trans-2
(H,0/D,0, 300 K, mixing time =500 ms, water suppression): the intensity ratio between
the two crosspeaks is 0.39.

urea bridges, with a Ad of 0.58 ppm for 1 and of 1.17 ppm for
2 (Supporting Information Figures S37 and S43). Second, NOE
cross peaks of the NH portion of the thiourea bridge, correlat-
ing with each of those H-6, have strongly different intensities,
thereby indicating that the rotational freedom around the (C-
6)—N or the N—C(S) bond is restricted (Figure 4).

Photoswitching properties and investigation of the confor-
mational change

We next investigated the photoswitching ability of the unpro-
tected macrocycles 1 and 2 by UV/visible absorption and NMR
spectroscopy (Figure 5, Table 2). The absorption curves of the
trans isomers show a large band with a maximum at around
350 nm, corresponding to the w—st* transition of the azoben-
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Figure 5. (a) Absorption spectra of 1 (5.107° molL ™" in water (0.5% DMSQ)) at 298 K. Black line: trans isomers; red lines: PSS after irradiating the trans form for
2 min at 365 nm; blue line: PSS after irradiating the cis form for 2 min at 435 nm; b) Absorption spectra of 2 (5.107° molL™" in water) at 298 K. Black line:
trans isomers; red line: PSS after irradiating the trans form for 2 min at 365 nm; blue line: PSS after irradiating the cis form for 2 min at 435 nm; (c) Partial

"H NMR spectra of 1 ([DgJDMSO, 300 K). Black line: trans isomers; red line: PSS after irradiating the trans form for 5 min at 365 nm; blue line: PSS after irradiat-
ing the cis form for 5 min at 435 nm; (d} Partial 'H NMR spectra of 2 (D,0, 300 K). Black line: trans isomers; red line: PSS after irradiating the trans form for

5 min at 365 nm; blue line: PSS after irradiating the cis form for 5 min at 435 nm.
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Table 2. Photochromic parameters of the photoswitchable macrocycles 1 and 2.
Compound A (tranis) A (PSS 365 nm) e (trans)™ £ (PSS 365 nm)"®! PSS 365 nm PSS 435 nm T,
[nm] [nm] [Lmol 'em™"] [Lmol "em™"] trans:cis ratio” trans cis ratio" [h]

1 350 310 439 20256 2105 2:98 53:47 6.2
2 347 313 437 16764 247 4:96 63:37 17.2
[a] Molar extinction coefficient at 350 nm for 1, 347 nm for 2, [b] Molar extinction coefficient at 439 nm for 1, 437 nm for 2, [c] Ratio measured by integrat-
ing the signals of trans and cis azobenzene moieties in the 'H NMR spectra, PSS= photostationary state. [d] Half-life of the cis isomer determined by
"H NMR at 300 K; the trans/cis ratio was measured as described in [c].

zene moiety. It is noteworthy that this band also exhibits
a shoulder, from 400 to 500 nm, corresponding to an overlap
between the m—m* and n—n* bands. Upon irradiation at
365 nm for a few minutes, the trans isomers of 1 and 2 readily
switch to their cis form with respective cis:trans ratio of 98:2
and 96:4 in the PSS. Also, the absorption spectra in the cis
state show a hypsochromic shift of the m—m* band at around
310 nm and the n—x* was observed at around 440 nm. As
shown in Table 2, the absorption wavelength and the molar ex-
tinction coefficients are in agreement with those previously re-
ported for azobenzene glycosides."™ In contrast, the back
photoisomerization, by irradiating the cis forms at 435 nm,
leads to a PSS with, respectively 53 and 63% of recovered
trans-1 and trans-2. This can be explained by the fact that the
respective n—m* transitions of the trans and cis isomers over-
lap and the intensity of the n—a* band of the trans form is
high enough for allowing trans—cis isomerization by irradia-
tion with blue light.

However, it is possible to fully relax the cis isomer by heat-
ing the sample in the dark (ca. 16 h at 45°C). We also exam-
ined the robustness of 1 and 2 towards alternating photoirra-
diation at 365 and 435 nm where no photobleaching was ob-
served within ten irradiation cycles {Figure 6).

The thermal relaxation of cis-1 and c¢is-2 was monitored by
'H NMR (Table 2). At 300 K, the half-life of cis-1 (in [DJDMSOQ) is
about 6 h compared to 17 h for ¢is-2 (in D,0). Such a difference
is not surprising, given that 1 is probably more strained due to

:

Absorbance

0.5

00— . T . .

Switching cycles

Figure 6. Measured absorbance after alternating photoirradiation at 365 nm
for 2 min and at 435 nm for 2 min, over 10 cycles. Solid lines, blue points:
absorbance at 350 nm for 1 (1.1¢ *molL ' in water (0.5% DMSQ)); dotted
lines, red points: absorbance at 347 nm for 2 (5.10™° molL™" in water).
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its smaller size, hence leading to a less thermally stable cis
macrocycle. As expected, the shape of our macrocycles greatly
changes upon photoswitching, as confirmed by the significant
shift of some characteristic signals in the sugar region
(Figure 7). In the case of 1, the resonances of H-1, H-6a and
the protons of the piperazine spacer are shifted downfield
whereas the H-6b signal is shifted upfield. The shape switching
of macrocycle 2 is evident as shown by the swapping of the
two anomeric protons resonances, and the two H-6' and the
piperazine protons are shifted in a similar fashicn as described
for cis-1. It is also notable that the free primary C-6 alcohol un-

trans-1
B WY duﬂg_
i /’ H~Ga Cl plperazme H-Gb
cis-1 ,f |‘
V\/ J :
1 Ju Ui
49 4.7 4.5 4.3 4.1 37 35 33 3.1
f1 (ppm)
trans-2

| Jﬂ B J’UM |

H-1 \\‘.,’ H-1' CH, piperazine ya

\‘LJ” & 7

-

JJ: cis-2 ||‘ J
W"L " U

53 51 49 47 45 43 41 39 37 35 33 31
f1(ppm)

Figure 7. Evidence for large amplitude shape switching of 1 and 2 upon
photoisomerization. 'H NMR spectra of macrocycles 1 (5.10 *molL '
[DIDMSO, 600 MHz, 300 K} and 2 (5.10 > molL "in D,0, 600 MHz, 300 K}
before and after photoirradiation at 365 nm for 5 min.
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dergoes a significant environmental modification, according to a
the upfield shift of the signal of H-6b. As observed for trans- 35 — frans1
1 and frans-2, their ¢is counterparts are also conformationally 30—: s
restricted. In this case, the two H-6 of the closing bridge have 54
even larger difference of chemical shift [Ad of 1.08 and fg'
1.44 ppm for cis-1 and cis-2, respectively, see Supporting Infor- 0l
mation, Figure 537 and 543) and the NOESY spectra also —E 5. /\
showed different intensities of the cross-peaks between the T ol
NH moieties and those H-6 (Figures 540 and 546). g 51
We performed stochastic dynamics with MacroModel™ 10
(OPLS3 force field in implicit water at 300 K, see Supporting In- e
formation), in order to generate plausible structures of the z::
trans and cis isomers of each macrocycle (Figure 8). The calcu- a0l : : : : : .
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Figure 8. Low-energy conformers of trans and cis forms of 1 and 2 calculat- % 5— )i/ ///
ed with Macromodel 11.1 (OPLS3 force field in implicit water), 10 f
13 \\ f
-20—_ \/f
lations yielded difference in energy between trans and cis iso- 25
mers of 91.59 and 39.83 kImol ', respectively for 1 and 2. In =0 280 200 350 400 s 500 g0

comparison with 2, the larger energy gap between trans- and
cis-1 is consistent with a stronger ring strain due to the smaller
size of macrocycle 1. Also, the interglycosidic linkage of the
maltoside units composing 2 may allow for more rotational
freedom, thereby lowering the energy difference between the
trans and cis isomers. The low-energy conformers depict the
large amplitude shape change occuring by isomerization of
the azobenzene hinge with each macrocycle exhibiting cavities
that strongly vary in size and shape upon light-irradiation or
heating.

Chiroptical properties

The influence of shape switching on the chirality of macrocy-
cles 1 and 2 was also investigated. We first measured the spe-
cific rotation of the trans isomers and observed high values,
+439° and +461° for 1 and 2, respectively. These values dra-
matically change after irradiation at 365 nm to +683° for cis-
1 and —623° for cis-2. We also measured circular dichroism
(CD) spectra before and after irradiation (Figure 9).

Both trans and cis macrocycles show two bands, at around
350 and 440 nm, matching with the azobenzene moiety (see
Figure 5 and Table 2) and a third one at around 245 nm, that
can be attributed to the thiourea function.”¥ The CD spectra
of trans-1 and trans-2 show comparable patterns, with signifi-
cant positive and negative Cotton effects at around 440 nm
(n—* transition) and 350 nm (T —* transition), respectively.
As observed in specific rotation measurements, photoswitch-
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Wavelength (nm)

Figure 9. Chiroptical properties of 1 and 2. (a) Circular dichroism spectra of
1(5.70 *molL " in water (0.5% DMSO)}, light path length=10 mm, 293 K}
before (black line, trans} and after (red line, PSS} 10 min irradiation at

365 nm; specific rotation of 1 (¢ 0.044, 9:1 water/DMSQ, light path

length =10 cm, 293 K) before (irans) and after 10 min irradiation at 365 nm;
(b) Circular dichroism spectra of 2 (5.10 * molL ' in water, light path

length =10 mm, 293 K) before (black line, trans} and after (red line, PSS}

10 min irradiation at 365 nm; specific rotation of 2 (¢ 0.054, water, light path
length =10 cm, 293 K) before (trans) and after 10 min irradiation at 365 nm.

ing induces a drastic alteration of the CD signals, producing
strong bands at around 435 nm (n—mt* transition) and 320 nm
(m—m* transition). Interestingly, a negative band at 319 nm
(Ae=—19m'cm™") and a positive band at 437 nm (Ae=+
24m 'cm™") were observed for cis-1 whereas the opposite pat-
tern was seen in the spectrum of ¢is-2 (Ae= +30m 'cm ™' at
320 nm, —25m 'cm ' at 434 nm).

These data provide valuable clues about the structure and
the chiroptical properties of our macrocycles. First, the specific
rotation values show that the chirality is strongly influenced by
the trans—-cis isomerization, especially in the case of 2, where
the sign of the optical rotation switches from plus to minus. In
addition, the CD spectra prove that a transfer of chirality
occurs from the optically active carbohydrate units to the achi-
ral azobenzene part/**<? On the one hand NMR data
(Figure 4, Supporting Information Figures S23 and 526} prove
that each trans isomer exists in the form of one predominant
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conformer; on the other hand, the corresponding CD spectra
(Figure 9) indicate that the trans macrocycles exhibit a well-de-
fined chirality. More strikingly, the CD signature of the azoben-
zene moiety after photoswitching is typical of a helical twist,
for which a left-handed (M) or right-handed (P) conformations
are possible.”**® The observed strong Cotton effect indicates
that only one of these single conformers of the cis-macrocycle
predominates in solution. Moreover, a comparison of the spec-
tra of cis-1 and cis-2 reveals that they display opposite handed-
ness. This result is important because it also suggests that the
trans—«cis isomerization of the photoresponsive hinge may
occur following an unidirectional motion, as it has been dem-
onstrated by Haberhauer etal. in the case of azobenzenes
clamped with small cyclo-peptide scaffolds./*>1

Conclusion

In this report, we have described the synthesis and characteri-
zation of the first photoswitchable macrocycles based on car-
bohydrate units. These compounds were prepared from inex-
pensive naturally occurring sugars by an efficient photo-assist-
ed macrocyclization reaction. The stable trans macrocycles
readily isomerize into their c¢is form upon irradiation with UV-
light, and yield a high cis:trans ratio in the photostationary
state. The isomerization process is fully reversible by thermal
relaxation, whereas the trans derivative is only partially recov-
ered by irradiation with blue light. NMR spectroscopy proved
that photoswitching induces a significant structural change,
with a restricted conformational freedom in both trans and cis
states. Significantly, the measurements of specific rotation and
circular dichroism spectra revealed intriguing chiroptical prop-
erties. Indeed, the important shape modification triggered by
photoirradiation results in a remarkable chiroptical switching,
notably with the induction of a single helical conformer in the
cis state. Based on this last observation, we postulated that the
trans—cis isomerization of the azobenzene hinge may take
place following an unidirectional motion.

The data reported in this paper demonstrate that macrocy-
cles 1 and 2 fulfill the essential criteria initially defined: a rever-
sible shape switching between two well-defined structural
forms. This allows for the photocontrol of functional features
such as the uptake of guest molecules into the cavity, for in-
stance. Efforts will be made for installing functional groups on
the carbohydrate units, thereby making the macrocycles ame-
nable for the preparation of photoswitchable catalysts or mul-
tivalent scaffolds. Further NMR and modeling investigations
are under way in our group in order to accurately solve the
structure of 1 and 2. Also, we need to calculate the theoretical
CD spectra for supporting the assumption that a sole cis-helical
conformation exists in solution and to determine the handed-
ness of each respective helix. Overall, this study demonstrates
the great potential of these new functional macrocycles for
a range of applications, including the design of water-soluble
chiroptical switches.
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Experimental Section
General methods

Moisture-sensitive reactions were carried out in flame-dried glass-
ware 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, vanillin (3.0 g vanillin and 0.5 mL
H,SO, in 100 mL EtOH) or ninhydrin, 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) or by automated flash chromatography using a puriFlash
450 device from the Interchim company. Acetonitrile was dried
over calcium hydride and methanol was dried over magnesium
under a nitrogen atmosphere. Melting points (mp) were deter-
mined on a Biichi M-56 apparatus. Optical rotations were mea-
sured with a PerkinElmer 241 polarimeter with a sodium b-line
(589 nm) and a cuvette of 10 cm path length, in the solvents indi-
cated. Circular dichroism spectroscopy was performed on a Jasco
J-720 CD spectrometer (Jasco, Tokyo, Japan) with a bandwidth of
1nm and a cuvette of 10 mm path length. Proton ("H) nuclear
magnetic resonance spectra and carbon ("*C) nuclear magnetic res-
onance spectra were recorded on a Bruker DRX-500 and AV-600
spectrometer. Chemical shifts are referenced to internal tetrame-
thylsilane (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 sig-
nals was achieved by using 2D NMR techniques ('"H-'H COSY and
'H-"3C HSQC. All NMR spectra of the E-isomers of the azobenzene
derivatives were recorded after they were kept for 20 h in the dark
at 45°C. Infrared (IR) spectra were measured with a PerkinElmer FT-
IR Paragon 1000 (ATR) spectrometer and were reported in cm™.
ESI mass spectra were recorded on a LCQ Classic from Thermo Fin-
nigan and HRMS MALDI-TOF spectra on a ThermoScientific LTQ Or-
bitrap XL. Trans—cis photoisomerization experiments were per-
formed using a LED emitting a 365 nm light from Nichia Corpora-
tion with a FWHW of 10nm and an optical power output of
1100 mW. Cis—trans photoisomerization experiments were per-
formed using a LED emitting a 435 nm light from Roithner Corpo-
ration with a FWHW of 14 nm and an optical power output of
350 mW. UV/Vis absorption spectra were measured on PerkinElmer
Lambda-241.

Synthetic procedures for the preparation of compounds 4, 6-8, 9
and 10 are given in the Supporting information, as well as detailed
description of the photoswitching experiments (UV/Vis, NMR, CD,
optical rotation), the determination of the photochromic properties
and the molecular modeling.

(E)-p,p’-Di-(2,3,4-tri-O-acetyl-6-deoxy-6-isothiocyanato-f-p-gluco-
pyranosyloxy)azobenzene (11). To a solution of 9 (0.300g,
0.357 mmol) in chloroform (6.00 mL) were sequentially added
carbon disulfide (1.82 mL, 30.3 mmol, 85 equiv) then triphenylphos-
phine (0.787 g, 3.00 mmol, 8.5 equiv). The mixture was stirred at
room temperature for 2 d then concentrated to dryness. The resi-
due was purified by flash chromatography (cyclohexane/ethyl ace-
tate 1:1) to give 11 (0.274 g, 88%) as a pale-orange foam. [0]*%,
—30.8 (c=0.25 in CHCly); 'HNMR (500 MHz, CDCl;) 6=7.91 (d,
Jothomera=86 Hz, 4H, 4Ar-H,ne)s 7.14 (d, Jeinortno = 8.6 Hz, 4H, 4Ar-
Hoer) 5.35-5.28 (m, 4H, H-2, H-3), 5.22 (d, J,,=7.2 Hz, 2H, H-1),
504 (dd, J,;=J,s=9.3 Hz, 2H, H-4), 3.96-3.87 (m, 2H, H-5), 3.73
(dd, Js,sp=15.0 Hz, 1, =7.0 Hz, 2H, H-6a), 3.67 (dd, Js,s,=14.8 Hz,
Jgns=3.1Hz, 2H, H-6a), 2.09 (s, 6H, 2CH,C=0), 2.08 (s, 6H, 2CH,C=
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0), 2.05 (s, 6H, 2CH,C=0); *CNMR (126 MHz, CDCl;) 6=170.2
(CH,C=0), 169.7 (CH,C=0), 169.4 (CH,C=0), 1586 (Ar-C,,,), 148.8
(Ar-Cpso), 135.0 (NCS), 124.8 (Ar-Coppo), 117.4 (Ar-Cye,,), 98.9 (C-1),
73.0 (C-5), 72.3 (C-3), 71.2 (C-2), 69.7 (C-4), 46.3 (C-6), 20.8 (CH,C=
0), 20.7 (CH,C=0); IR (ATR): v=2937, 2100, 1748, 1597, 1497, 1435,
1369, 1211, 1153, 1063, 1035, 909, 853, 732, 695 cm™'; MALDI-TOF
HRMS: m/z: calcd for CygHuN,046S,, K*: 911.1512 [M+K™]; found:
911.1515.

(E)-p,p’-Di-((2,3,4-tri-O-acetyl-6-deoxy-6-isothiocyanato-a-p-glu-
copyranosyl)-(1—4)-2,3,6-tri-O-acetyl-f}-p-glucopyranosyloxy)a-
zobenzene (12): To a solution of 10 (0.583 g, 0.411 mmol) in
chloroform (2.50 mL) were sequentially added carbon disulfide
(2.50 mL, 41.1 mmol, 100 equiv) then triphenylphosphine (0.916 g,
3.29 mmol, 8 equiv). The mixture was stirred at room temperature
for 2 d then concentrated to dryness. The residue was purified by
flash chromatography (cyclohexane/ethyl acetate 9:1 to 2:3 within
15 min) to give 12 (0.480 g, 81%) as a pale-orange foam. [0]*’,
+884 (c=0.5 in CHCl;); '"HNMR (500 MHz, CDCl;) 6=7.92-7.84
(M, 4H, 4Ar-H,y), 7.15-7.05 (m, 4H, 4Ar-H,..), 546 (d, J,,=
39Hz, 2H, H-1), 539 (dd, J;, =104 Hz, Jy,=9.5Hz, 2H, H-3),
534 (dd, J;,=J;,=8.7 Hz, 2H, H-3), 5.24 (d, J,,=7.4 Hz, 2H, H-1),
514 (dd, J,;=87 Hz, J,,=7.4Hz, 2H, H-2), 497 (dd, Jy3=Jys=
9.8Hz, 2H, H-4), 485 (dd, J,3=10.5Hz, J,,=3.9Hz, 2H, H-2),
454 (dd, Js,6o=12.0Hz, Js,5=2.7 Hz, 2H, H-6a), 4.28 (dd, Jgs,=
12.1 Hz, Jgs=>5.3 Hz, 2H, H-6b), 4.12 (dd, J,s=9.4 Hz, J,;=8.8 Hz,
2H, H-4), 401-3.96 (m, 2H, H-5), 3.93 (ddd, Js,=9.4Hz, Js=
5.2 Hz, Jss,=2.8 Hz, 2H, H-5), 3.63 (d, J=4.2 Hz, 4H, H-6'a, H-6'b),
2.11 (s, 6H, 2CH,C=0), 2.08 (s, 6H, 2CH,C=0), 2.07 (s, 6H, 2CH,C=
0), 2.06 (s, 12H, 4CH,C=0), 2.02 (s, 6H, 2CH,C=0); "*CNMR
(126 MHz, CDCl;) 6 =170.7 (CH;C=0), 170.6 (CH;C=0), 170.4 (CH;C=
0), 170.0 (CH;C=0), 169.7 (CH;C=0), 169.6 (CH;C=0), 158.7 (Ar-
Coara)r 1487 (Ar-Cpry,), 135.7 (NCS), 124.6 (Ar-Copno), 117.2 (Ar-Cpero)s
98.2 (C-1), 95.8 (C-1"), 75.2 (C-3), 73.3 (C-4), 72.3 (C-5), 72.0 (C-2),
70.2 (C-2'), 69.5 (C-4), 69.0 (2C, C-3', C-5), 629 (C-6), 46.0 (C-6'),
21.1 (CH,C=0), 20.93 (CH;C=0), 20.8 (CH;C=0), 20.7 (CH;C=0); IR
(ATR): v=2944, 2072, 1743, 1598, 1497, 1367, 1208, 1031, 938, 900,
846, 751 cm™'; MALDI-TOF HRMS: m/z: calcd for C,H,,N,05,S, +K*
: 1487.3203 [M+K™]; found: 1487.3240.

Macrocycle 13. A solution of 11 (0.050 g, 0.057 mmol) in dry pyri-
dine (1.90 mL) was irradiated at 365 nm for 20 min then shielded
from light. A solution of piperazine (5.2mg, 0.060 mmol,
1.05 equiv) in dry pyridine (1.90 mL) was added then the mixture
was stirred in the dark at room temperature for 3 days then con-
centrated to dryness. The residue was dissolved in ethyl acetate
then washed three times with 1m aqueous HCI. The aqueous layer
was extracted with ethyl acetate then the combined organic layers
were washed with brine, dried over magnesium sulfate, filtered
and concentrated under reduced pressure. The residue was puri-
fied by flash chromatography (CH,Cl,/ethyl acetate 2:3). The isolat-
ed compound was filtered through Sephadex LH20 permeation gel
(elution with 1:1 CH,Cl,/methanol) to give 13 (0.026 g, 48%) as an
amorphous yellow solid. [a]*, +996 (c=0.25 in CHCl,); '"H NMR
(500 MHz, [DJJDMSO) §=7.82-7.68 (m, 4H, 4Ar-H, ), 7.38 (t, J=
52 Hz, 2H, HN-C=S), 7.27-7.14 (m, 4H, 4Ar-H,.), 552 (d, J,,=
8.1 Hz, 2H, H-1), 5.42 (dd, J5,=J;,=9.3 Hz, 2H, H-3), 5.11 (dd, J,;=
9.4 Hz, J,,=82Hz, 2H, H-2), 483 (dd, J,3=J,5=9.6 Hz, 2H, H-4),
4.30-4.26 (m, 2H, H-5), 3.76-3.62 (m, 2H, H-6a), 3.48 (d, /=9.7 Hz,
4H, 4H-piperazine), 3.45-3.25 (m, 6 H, H-6b, 4H-piperazine), 2.09 (s,
6H, 2CH,C=0), 2.02 (s, 6H, 2CH,;C=0), 1.99 (s, 6H, 2CH,C=0);
BCNMR (126 MHz, [DgJDMSO) 6=181.0 (C=S), 169.6 (CH,C=0),
169.3 (CH;C=0), 157.3 (Ar-Cy,.), 148.0 (Ar-Cyo), 123.5 (Ar-Coupo),
120.0 (Ar-Cper), 97.3 (C-1), 72.5 (C-3), 71.4 (C-4), 70.8 (C-2), 70.1 (C-
5), 46.1 (C-6), 45.7 (C-piperazine), 20.5 (CH,C=0), 20.4 (CH,C=0),

Chem. Eur. J. 2017, 23, 10838 - 10847 www.chemeurj.org

10845

20.3 (CH;C=0); IR (ATR): v=3305, 2934, 1748, 1597,1529, 1499,
1364, 1319, 1204, 1032, 1002, 894, 837, 694 cm™'; MALDI-TOF
HRMS: m/z: calcd for C;,HsNgO46S,: 959.2798 [M+H™]; found: 959.
2799.

Macrocycle 14. A solution of 12 (0.108 g, 0.075 mmol) in dry pyri-
dine (2.50 mL) was irradiated at 365 nm for 20 min then shielded
from light. A solution of piperazine (6.8 mg, 0.079 mmol,
1.05 equiv) in dry pyridine (2.50 mL) was added then the mixture
was stirred in the dark at room temperature for 3 days then con-
centrated to dryness. The residue was dissolved in ethyl acetate
then washed three times with 1m aqueous HCl. The aqueous layer
was extracted with ethyl acetate then the combined organic layers
were washed with brine, dried over magnesium sulfate, filtered
and concentrated under reduced pressure. The residue was puri-
fied by automated flash chromatography (CH,Cl,/ethyl acetate 9:1
to 1:1 within 10 min) to give 14 (0.070 g, 61%) as an amorphous
pale orange solid. [a]*, +45.0 (c=0.25 in CHCl;); 'HNMR
(600 MHz, CDCl;) 6=7.89-7.82 (m, 4H, 4Ar-Hyuo), 7.17-7.09 (m,
4H, 4Ar-H,...,), 5.85 (t, J=5.6 Hz, 2H, HN—C=S), 5.40-5.33 (m, 4H,
H-1, H-3), 529 (d, J;,,=39Hz, 2H, H-1), 5.17 (dd, J;,=8.3 Hz,
J3,=6.3 Hz, 2H, H-3), 5.00 (dd, J,5=J,,=6.1 Hz, 2H, H-2), 4.81 (dd,
Jyy=Jys=9.8Hz, 2H, H-4), 474 (dd, Jyy=10.5Hz, J,,=3.9 Hz,
2H, H-2), 432 (dd, Jse=12.0 Hz, Js5=3.2 Hz, 2H, H-6a), 4.15-
4.05 (m, 4H, H-6b, H-6'a), 4.03-3.96 (m, 2H, H-5), 3.97-3.87 (m,
10H, H-4, 8H-piperazine), 3.86-3.83 (m, 2H, H-5), 3.63-3.58 (m, 2H,
H-6'b), 2.16 (s, 6H, 2CH,C=0), 2.09 (s, 6H, 2CH,;C=0), 2.06 (s, 6H,
2CH,C=0), 2.05 (s, 6H, 2CH,C=0), 1.99 (s, 6H, 2CH,C=0), 1.98 (s,
6H, 2CH,C=0); *CNMR (151 MHz, CDCl;) 6=182.5 (C=S), 170.8
(CH;C=0), 170.6 (CH;C=0), 170.2 (CH;C=0), 170.1 (CH;C=0), 169.9
(CH;C=0), 169.7 (CH,C=0), 156.2 (Ar-C,..), 149.3 (Ar-Cy,), 124.2
(Ar-Couno)s 121.0 (Ar-Cprera), 97.7 (C-1), 96.5 (C-1'), 75.3 (C-3), 73.6 (C-
4), 72.5 (C-5), 71.6 (C-2), 70.8 (C-2), 69.7 (C-5'), 69.5 (C-4'), 69.1 (C-
3), 62.5 (C-6), 46.8 (C-6), 45.4 (C-piperazine), 21.1 (CH,C=0), 20.9
(CH;C=0), 20.7 (CH;C=0); IR (ATR): v=3380, 2942, 1742, 1597,
1527, 1497, 1367, 1209, 1144, 1029, 940, 899, 847, 748 cm;
MALDI-TOF HRMS: m/z: calcd for CggHgNO3,S,: 1535.4488 [M+H™*
]; found: 1535.4471.

Macrocycle 1. To a solution of 13 (0.016 g, 0.017 mmol) in dry
methanol (1.00 mL) was added 5.4m sodium methoxide in metha-
nol (2 drops) then the mixture was stirred at room temperature for
16 h. After neutralization with IR-120 H™ amberlite resin, the solu-
tion was diluted with methanol then filtered and the filtrate was
concentrated to dryness to furnish 1 (12 mg, quant.) as an amor-
phous yellow solid.

Trans isomer: [0]*°; +439 (c=0.044 in 9:1 water/DMSO); 'H NMR
(600 MHz, [DJDMSO + £D,0) 0 =7.69 (d, Joromera= 8.9 Hz, 4H, 4Ar-
Hono)r 7-18 (6 J=5.0 Hz, 2H, 2HN-C=S), 7.13 (d, Jyetnomno = 8.6 Hz,
4H, 4Ar-H,.), 5.56 (d, J=4.1 Hz, 2H, OH-2 or OH-3), 5.33-5.19 (m,
4H, OH-2 or OH-3, OH-4), 4.80 (d, J,,=7.4 Hz, 2H, H-1), 3.88 (dd,
Jos=135Hz, Jos=24Hz, 2H, H-6a), 3.74-3.70 (m, 2H, H-5),
3.42-3.37 (m, 8H, 8H-piperazine), 3.33-3.26 (m, 6H, H-2, H-3, H-6b),
302 (dd, J;3=J4s=89Hz, 2H, H-4); CNMR (151 MHz,
[DJDMSO +¢D,0) 8 =181.07 (C=S), 1584 (Ar-Cprr), 1479 (Ar-Cyso),
123.6 (Ar-Cyuo), 120.0 (Ar-C,p.), 100.8 (C-1), 77.1 (C-2 or C-3), 73.8
(C-4), 73.3 (C-2 or C-3), 72.6 (C-5), 47.3 (C-6), 45.9 (C-piperazine); IR
(ATR): v=3387, 2918, 1600, 1587, 1524, 1501, 1436, 1380, 1333,
1310, 1279, 1242, 1214, 1074, 1057, 1036, 882, 850, 834, 822, 763,
718, 655cm™'; MALDI-TOF HRMS: m/z: calcd for CioH3oNgO0S,:
707.2164 [M+H*]; found: 707.2165.

Cis isomer: [0]*, +683 (c=0.044 in 9:1 water/DMSO); 'H NMR
(600 MHz, [DJDMSO) 6=7.04 (d, Jyumomea=8.8 Hz, 4H, 4Ar-H, ),
6.92-6.90 (M, 6H, 4Ar-H, ., 2HN-C=S), 5.48 (s, 1H, 2H, OH-2 or
OH-3), 5.37 (d, J=4.9Hz, 2H, OH-4), 5.25 (s, 2H, OH-2 or OH-3),
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488 (d, J,,=72Hz, 2H, H-1), 421 (d, Jse=122Hz, 2H, H-6a),
3.84-3.67 (m, 8H, 8H-piperazine), 3.33-3.22 (m, 4H, H-2, H-3), 3.13
(dd, Jepea=13.5Hz, Jgs=10.3 Hz, 2H, H-6b), 3.06-3.03 (m, 2H, H-
4); PCNMR (151 MHz, [D,JDMSQ) §=181.7 (C=5), 156.3 (Ar-C...),
147.3 (Ar-Cipio), 122.5 (Ar-Cogo)s 1164 (Ar-C o), 99.7 (C-1), 76.4 (C-2
or C-3), 74.0 (C-5), 73.2 (C-2 or C-3), 72.2 (C-4), 47.7 (C-6), 45.6 (C-pi-
perazine).

Macrocycle 2. To a solution of 14 (0.060 g, 0.039 mmol) in dry
methanol {2.00 mL) was added 5.4m sodium methoxide in metha-
nol (3 drops) then the mixture was stirred at room temperature for
5 h. After neutralization with IR-120 H' amberlite resin, the solu-
tion was diluted with methanol and water then filtered and the fil-
trate was concentrated then lyophilized to afford 2 (0.036 g, 90%)
as an amorphous pale-orange solid.

Trans isomer: [¢]*°, +461 (c=0.054 in water); '"H NMR (600 MHz,
D,0) 6=7.89 (d, Jomhomern=8.9 Hz, 4H, 4Ar-H_4.), 7.35 (d, J e
oo =0.0Hz, 4H, 4Ar-H_..), 528 (d, J;,=7.6Hz, 2H, H-1), 515 (d,
Jry=3.9Hz 2H, H-1'), 447 (d, Jy.s=12.7 Hz, 2H, H-6'a), 3.99-3.95
(m, 2H, H-5}, 3.87 (dd, J;,=J5,=89 Hz, 2H, H-3), 3.70 (dd, L, =
J32=95Hz, 2H, H-3'), 3.68-3.53 (m, 16H, H-2, H-4, H-6a, H-2', 8H-
piperazine), 3.52-3.49 (m, 4H, H-5, H-6b), 3.30 (dd, Js16.=14.5 Hz,
Jops=92Hz, 2H, H-6'b), 3.26 (dd, Jy3=Jy5=9.6Hz 2H, H-4);
SCNMR (151 MHz, D,O, DSS) 6= 181.6 (C=S), 160.0 (Ar-C,,.), 151.5
(Ar-Cipsods 126.8 (Ar-Coapo), 123.6 (Ar-Cip,), 104.2 (C-17), 103.1 (C-1),
82.7 (C-4), 78.7 (C-3), 77.8 (C-5), 754 (C-3'), 75.3 (C-2), 74.7 (C-2),
74.5 (C-4'), 74.0 (C-5, 62.7 (C-6), 49.9 (C-piperazine); IR (ATR): v=
3326, 2925, 1597, 1537, 1496, 1347, 1276, 1231, 1144, 1042, 1004,
896, 843, 764, 751cm™'; MALDI-TOF HRMS: m/z: caled for
CaHssNg050S,: 1031.3220 [M+HT]; found: 1031.3222.

Cis_isomer: [¢]*%, —623 (c=0.054 in water}; '"H NMR (600 MHz,
D,0) 6=7.16-7.04 (m, 8H, 4Ar-H . 4Ar-H, ..} 539 d, J,,=
38Hz, 2H, H-1"), 507 (d, /,,=79Hz, 2H, H-1), 466 (d, Jy., =
129 Hz, 2H, H-6'a), 3.94-3.90 (m, 2H, H-5"), 3.84 (dd, J;,=45,=
9.2 Hz, 2H, H-3), 3.80-3.65 (m, 14H, H-5, H-6a, H-2', H-3', 8H-pipera-
zine), 3.64 (dd, J,3=99Hz, J,,,=3.9Hz, 2H, H-2), 3.61-3.53 (m,
4H, H-2, H-4), 3.40 (dd, Jg,5,=12.3 Hz, Jy,. =6.7 Hz, 2H, H-6b), 3.28
(dd, Jyo=J4y3=94Hz, 2H, H-4), 3.22 (dd, Jye, =143 Hz, Jypo=
10.2 Hz, 2H, H-6'b); *C NMR (151 MHz, D,0, DSS) 6=181.21 (C=5),
1593 (Ar-Co,.), 1494 (Ar-Cp.), 1257 {Ar-Copo, 119.0 (Ar-Cpe),
102.8 (C-17), 102.4 (C-1), 80.6 (C-4), 78.8 (C-3), 77.6 (C-5), 75.3 (C-3),
75.1 (C-2), 74.7 (C-4), 74.3 (C-2), 73.5 (C-5"), 63.9 (C-6), 49.5 (C-6),
48,1 (C-piperazine).
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(2,3,4-tri-O-acetyl-6-O-tert-butylidemethylsilyl-a-D-glucopyranosyl)-(1—4)-1,6-anhydro-
2,3-di-O-acetyl-B-D-glucopyranose (6). To a solution of maltosan 5" (1.44 g, 4.45 mmol) in
dry pyridine (9.00 mL) was added tert-butyldimethylsilyl chloride (1.00 g, 6.68 mmol, 1.5
equiv). After stirring at room temperature for 2 h, additicnal ferf-butyldimethylsilyl chloride
(0.335 g, 2.23 mmol, 0.5 equiv) was added. The solution was stirred for a further 3 h then
acetic anhydride (4.85 mL, 53.4 mmol, 12 equiv) and N,N-dimethylaminopyridine (0.109 g,
0.890 mmol, 0.2 equiv) were added. After stirring at room temperature for 15 h, methanol (10
mL) was added and the solution stirred for 30 min then concentrated to dryness. The residue
was dissolved in ethyl acetate then washed three times with 1M aqueous HCI. The aqueous
layer was extracted with ethyl acetate then the combined organic layers were washed with
brine, dried over magnesium sulfate, filtered and concentrated under reduced pressure. The
residue was purified by flash chromatography (cyclohexanefethyl acetate 65:35 to 55:45) to
give 6 (1.97 g, 68 %) as a white foam. [a]*’p +56.3 (c= 1 in CHCI;); '"H NMR (600 MHz,
CDCl3) 8 = 5.53 (dd, Jy» =10.1 Hz, Js4 = 9.7 Hz, 1H, H-3"}, 5.47 (s, 1H, H-1), 5.26 (d, Jy»
=3.7 Hz, 1H, H-1"), 4.9¢ (dd, Jy5 = 10.1 Hz, Jy 3 = 9.6 Hz, 1H, H-4'), 4.81 (dd, J»3 = 10.3 Hz,
J» = 3.7 Hz, 1H, H-2'), 4.79 — 4.78 (m, 1H, H-3), 4.77 (d, Jss, = 5.4 Hz, 1H, H-5), 4.56 (s,
1H, H-2), 4.21 — 4.18 (m, 1H, H-5", 3.94 (d, Jsass = 7.7 Hz, 1H, H-6a), 3.75 (dd, Jepea = 7.6
Hz, Jsps = 5.8 Hz, 1H, H-6b), 3.69 — 3.65 (m, 2H, H-6'a, H-6'b), 3.44 (s, 1H, H-4), 2.19 (s, 3H,
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CH3C=0), 2.09 (s, 3H, CH,C=0), 2.07 (s, 3H, CH;C=0), 2.02 (s, 3H, CH,C=0), 2.00 (s, 3H,
CH,C=0), 0.87 (s, 9H, SiC(CHs)s), 0.03 (s, 3H, SiCH5), 0.02 (s, 3H, SiCH,); *C NMR (151
MHz, CDCly) & = 170.5, 170.3, 169.7, 169.5 (5C, 5CH4C=0), 99.2 (C-1), 97.8 (C-1), 74.7 (C-
5), 71.0 (C-2' or C-5, 70.9 (C-2' or C-5'), 70.7 (C-3), 70.3 (C-3'), 69.2 (2C, C-4, C-4"), 65.3
(C-6), 62.5 (C-6"), 26.0 (3C, SiC(CH,)s), 21.1, 21.0, 20.9, 20.8, 20.7 (5C, 5CH,C=0), 18.5
(SIC(CHs)s), -5.3 (2C, 2SiCHs): MALDI-TOF HRMS: miz: caled for C,sHuO15Si + Na':
671.2342 [M+Na']; found: 671.2343.

(2,3,4-tri-O-acetyl-a-D-glucopyranosyl)-(1—4}-1,6-anhydro-2,3-di-O-acetyl-3-D-
glucopyranose (7). A solution of 6 (1.97 g, 3.04 mmol) in dry THF (2.80 mL) was cooled to
0°C and glacial acetic acid (2.60 mL, 45.7 mmol, 15 equiv} was added then 1M n-
tetrabutylammonium fluoride in THF (8.10 mL, 9.12 mmol, 3 equiv) was added dropwise. The
mixture was stirred at 0°C for 3 h then diluted with CH,CIl. and the solution was poured into
satd. aq. NaHCO; (200 mL). After vigorously stirring until complete neutralization, the layers
were separated and the aqueous phase was extracted with CH,Cl,. The combined organic
layers were washed with brine, dried over magnesium sulfate, filtered and concentrated
under reduced pressure. The residue was purified by flash chromatography
(cyclohexane/ethyl acetate 1:4 to 15:85) to give 7 {(1.35 g, 83 %) as a white foam. [a]®p
+51.7 (c= 1 in CHCIy); '"H NMR (500 MHz, CDCl3) 8 = 5.54 (dd, Js» = Jy4 = 9.9 Hz, 1H, H-
3", 5.47 (s, 1H, H-1), 5.31 (d, Jy 2> =3.7 Hz, 1H, H-1"), 5.01 (dd, Js5 = Js > = 9.9 Hz, 1H, H-4),
4.85-4.78 (m, 2H, H-4, H-2"), 4.74 (d, Js e, = 5.2 Hz, 1H, H-5), 4.58 (d, J = 0.8 Hz, 1H, H-2),
4.20 (ddd, Js 4+ = 10.3 Hz, J=4.4 Hz, 2.2 Hz, 1H, H-5"), 3.97 {d, Jsaer = 7.8 Hz, 1H, H-6a),
3.79 (dd, Jspsa = 7.7 HZ, Jop5 = 5.8 Hz, 1H, H-6b), 3.75 — 3.67 (m, 1H, H-6'a), 3.65 — 3.56 (m,
1H, H-6'b), 3.47 (s, 1H, H-4), 2.31 (t, /= 6.3 Hz, 1H, OH), 2.20 (s, 3H, CH,C=0), 2.10 (s, 3H,
CH,C=0), 2.08 (s, 3H, CH;C=0), 2.06 (s, 3H, CH;C=0), 2.02 (s, 3H, CH;C=0); *C NMR
(126 MHz, CDCl3) 8 = 170.7, 170.6, 170.2, 170.1, 169.5 (5C, 5CH;C=0), 99.3 (C-1), 97.4 (C-
19, 77.4 (C-1), 74.5 (C-5), 71.0 (C-2"), 70.5 (2C, C-3, C-5"), 69.6 (C-3", 69.0 (C-4"), 68.9 (C-
4), 65.1 (C-6), 61.3 (C-6"), 21.1, 20.9, 20.8, 20.8, 20.7 (5C, 5CH;C=0}; MALDI-TOF HRMS:
m/z: calcd for CasHs0O1s + Na™: 557.1477 [M+Na']; found: 557.1465.

(2,3,4-tri-O-acetyl-6-azido-6-deoxy-a-D-glucopyranosyl}-(1—4)-1,6-anhydro-2,3-di-O-
acetyl-B-D-glucopyranose (8). To a solution of 7 (1.45 g, 2.71 mmel) in dry THF (11.0 mL)
was added triphenylphosphine (1.07 g, 4.07 mmol, 1.5 equiv). The mixture was cooled to -15
°C then diisopropy! azidocarboxylate (1.35 mL, 6.78 mmol, 2.5 equiv) was added dropwise.
After stirring at -15 °C for 15 min, the temperature was raised to -5°C then
diphenylphosphoryl azide (0.900 mL, 4.07 mmol, 1.5 equiv) was added dropwise. The
mixture was allowed to warm to room temperature and stirred for 22 h then concentrated
under reduced pressure. The crude residue was purified by automated flash chromategraphy
(cyclohexane/ethyl acetate 9:1 to 3:2 within 20 min) to give 8 (1.21 g, 80 %) as a white foam.
[a]* +45.3 (c= 1 in CHCIL3); "H NMR (500 MHz, CDCl;) 6 = 5.52 (dd, Jy2 = 10.3 Hz, Jy4 =
9.4 Hz, 1H, H-3'), 5.48 (s, 1H, H-1), 5.30 (d, Jy 2 =3.7 Hz, 1H, H-1"}, 4.99 (dd, Jy 5 = 10.1 Hz,
Jyy =94 Hz, 1H, H-4"), 4.83 (dd, J» 3 =10.3 Hz, J»+ =3.7 Hz, 1H, H-2"), 481 -4.78 (m, 1H,
H-3), 4.74 (d, Jsg, = 5.2 Hz, 1H, H-5), 4.58 (d, J=1.1 Hz, 1H, H-2), 4.38 — 4.29 (m, 1H, H-5",
3.98 (dd, Jeasp = 7.7 Hz, Jsas = 0.8 Hz, 1H, H-6a), 3.81 (dd, Jspes = 7.7 Hz, Jops = 5.8 Hz, 1H,
H-6b), 3.48 (s, 1H, H-4), 3.3¢ — 3.29 (m, 2H, H-6'a, H-6'b), 2.19 (s, 3H, CH;C=0), 2.09 (s,
3H, CH,C=0), 2.07 (s, 3H, CH;C=0), 2.03 (s, 3H, CH,C=0), 2.01 (s, 3H, CH;C=0).
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¥C NMR (126 MHz, CDCl;) & = 170.5, 170.2, 170.1, 169.8, 169.6 (5C, 5CH,C=0), 99.3 (C-
1), 97.3 (C-1), 77.1 (C-4), 74.6 (C-5), 70.7 (C-2"), 70.5 (C-3), 69.8 (C-4'), 69.7 (C-3'), 69.5 (C-
5, 69.0 (C-2), 65.2 (C-6), 51.3 (C-6'), 21.0 (CH,C=0), 20.9 (CH.C=0), 20.8 (CH;C=0), 20.7
(CH,C=0); MALDI-TOF HRMS: m/z: calcd for CzHagN3Os4 + K'; 598.1281 [M+K']; found:
598.1272.

(2,3,4-tri-O-acetyl-6-azido-6-deoxy-a-D-glucopyranosyl}-(1—4)- 2,3,6-tri-O-acetyl- D-
glucopyranosyl 1-(N-phenyl)-2,2,2-trifluoroacetimidate (4). To a solution of 8 (1.21 g,
2.16 mmol) in acetic anhydride/glacial acetic acid (7:3, 20 mL) was added conc. sulfuric acid
(0.220 mL). The mixture was stirred at room temperature for 3 h 30 then diluted with ethyl
acetate and poured into cecld satd. ag. NaHCO; (250 mL). After stirring for 16 h at room
temperature, the layers were separated then the aqueous phase was extracted with ethyl
acetate. The combined organic layers were washed with brine, dried over magnesium
sulfate, filtered and concentrated to dryness. The resulting white foam was dried under
vacuum for 3 h then dissolved in N,N-dimethylformamide (6.00 mL). The solution was heated
to 55 °C then hydrazine acetate (0.216 g, 2.38 mmol, 1.1 equiv) was added and the mixture
was stirred at 55 °C for 1 h then cooled to room temperature and diluted with ethyl acetate.
The solution was washed three times with brine then the aqueous layer was extracted with
ethyl acetate. The combined organic layers were dried over magnesium sulfate, filtered and
concentrated to dryness then the residue was dried under vacuum for 2 h to give a white
solid. To a solution of the crude hemiacetal in CHyCl; (20.0 mL) were added caesium
carbonate (1.03 g, 3.24 mmol, 1.5 equiv) then 2,2 2-trifluoro-N-phenylacetimidoyl chloride
(0.500 mL, 3.24 mmol, 1.5 equiv). After stirring at room temperature for 1 h 30, the mixture
was diluted with CH.CI, and filtered through a celite pad. The filirate was concentrated under
reduced pressure then purified by flash chromatography (cyclohexane/ethyl acetate 100:0 to
65:35 within 20 min) to give 4 (1.26 g, 74 % yield over three steps, o/f mixture) as a white
foam. '"H NMR (500 MHz, CDCls) 3 = 7.36 — 7.28 (m, 2H, 2Ar-H), 7.19 — 7.10 (m, 1H, Ar-H),
6.91-6.75 (m, 2H, 2Ar-H), 5.84 (br s, 1H), 5.54 (t, J=9.1 Hz, 1H), 546 — 5.30 (m, 4H, H-1',
H-3", 5.29 — 5.17 (m, 1H), 5.09 (t, J=8.0 Hz, 1H), 5.03 — 4.96 (m, 2H, H-4"), 4.89 — 4.80 (m,
2H, H-29, 4.51 (d, Jeasp = 10.3 Hz, 1H, H-6a), 4.23 — 4.18 (m, 1H, H-6b), 416 — 4.03 (m, 2H,
H-4), 3.97 — 3.86 (m, 2H, H-5", 3.34 — 3.29 (m, 2H, H-6'a, H-6'b), 2.186 (s, 3H, CH,C=0), 2.14
(s, 3H, CH;C=0), 2.08 (s, 3H, CH;C=0), 2.07 (s, 3H, CH;C=0), 2.05 (s, 3H, CH;C=0), 2.05
(s, 3H, CHsC=0), 2.04 (s, 3H, CH,C=0), 2.03 (s, 3H, CH,C=0), 2.01 (s, 3H, CH;C=0), 2.00
(s, 3H, CH;C=0); *C NMR (126 MHz, CDCl3) & = 170.7, 170.6, 170.3, 170.1, 170.0, 169.9,
169.7, 169.6, 169.5 (CH,C=0), 129.0 (Ar-C), 124.9 (Ar-C), 119.4 (Ar-C), 95.8 (C-1"), 94.2 (C-
1), 75.0, 73.1, 72.6 (C-4), 72.4, 72.1, 71.0, 70.6, 70.2 (2C, C-2'), 70.0 (C-5'), 69.9, 69.3 (C-
4, 69.2 (C-3'), 62.5 624 (C-6), 51.1 (C-6'), 21.1 (CH;C=0), 21.0 (CH;C=0), 20.9
(CHsC=0), 20.7 (CH;C=0), 20.6 (CHsC=0); ESI MS: m/z: calcd for Cz,Hs;FsN4Oss + Na™
813.2 [M+Na']; found: 813.1.

(E)-p,p’-Di-(2,3,4-tri-O-acetyl-6-azido-6-deoxy-B-D-glucopyranosyloxy)azobenzene (9}.
To a solution of 4,4'-dihydroxyazobenzene (0.152 g, 0.708 mmol) and donor 3@ (0.750 g,
1.58 mmol, 2.2 equiv) in dry acetonitrile (16.0 mL) was added 3 A molecular sieves (0.900 g).
The mixture was stirred at room temperature for 15 min then boron trifluoride diethyl etherate
(0.100 mL, 0.810 mmol, 1.1 equiv) was added. The sclution was stirred at room temperature
for 15 min then diluted with CH,CI; and filtered through a celite pad. The filtrate was washed
with satd. aq. NaHCO; then the aqueous layer was extracted with CH,Cl,. The combined
S3
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organic layers were dried over magnesium sulfate, filtered and concentrated under reduced
pressure. The residue was purified by flash chromategraphy (cyclohexane/ethyl acetate 3:2)
to give 9 (0.311 g, 52 %) as a pale orange foam. Analytical and spectroscopic data were
found to be in agreement with reported literature.?

{E)-p,p’-Di-((2,3,4-tri-O-acetyl-6-azido-6-deoxy-a-D-glucopyranosyl)-(1—4)-2,3,6-tri-O-
acetyl-g-D-glucopyranosyloxy)azobenzene (10). To a  solution of 44'-
dihydroxyazobenzene {0.204 g, 0.960 mmol) and donor 4 (1.65 g, 2.09 mmol, 2.2 equiv) in
dry acetonitrile (21.0 mL) was added 3 A molecular sieves (1.90 g). The mixture was stirred
at room temperature for 15 min then boron trifluoride diethyl etherate (0.130 mL, 1.06 mmcal,
1.1 equiv) was added. The solution was stirred at room temperature for 45 min then diluted
with CH.Cl; and filtered through a celite pad. The filtrate was washed with satd. ag. NaHCO;
then the agueous layer was extracted with CH.Cl.. The combined organic layers were dried
over magnesium sulfate, filtered and concentrated under reduced pressure. The residue was
purified by flash chromatography (cyclohexane/ethyl acetate 85:15 to 44:56 within 20 min).
The isolated compound was recrystallized from methanol to afferd 10 (0.617 g, 46 %) as a
pale orange solid. [a]*’ +81.5 (c= 1 in CHCIl3): 'H NMR (500 MHz, CDCl;) 6 = 7.91 — 7.84
(m, 4H, 4Ar-Hoano), 7.12 = 7.06 (m, 4H, 4Ar-Hupew), 5.45 (d, Ji2 =4.0 Hz, 2H, H-1"), 5.40 -
5.32 (m, 4H, H-3, H-3), 5.24 (d, J,» =7.4 Hz, 2H, H-1), 5.14 (dd, J,3 = 8.7 Hz, J,, = 7.4 Hz,
2H, H-2), 5.00 (dd, Jy 3 = Jo5 = 9.8 Hz, 2H, H-4'), 4.85 (dd, J2 5 = 10.5 Hz, J>+ = 4.0 Hz, 2H,
H-2"), 4.54 (dd, Jsaen = 12.1 Hz, Jeas = 2.8 Hz, 2H, H-6a), 4.27 (dd, Jeves = 12.1 HZ, Jop s = 5.0
Hz, 2H, H-6b), 4.14 (dd, J=9.4 Hz, 8.8 Hz, 2H, H-4), 3.97 — 3.91 (m, 4H, H-5, H-5"), 3.33 (d, J
= 4.2 Hz, 4H, H-6'a, H-6'b), 2.10 (s, 6H, 2CH;C=0), 2.06 (s, 6H, 2CH;C=0), 2.06 (s, 6H,
2CH;C=0), 2.05 (s, 6H, 2CH,C=0), 2.04 (s, 6H, 2CH;C=0), 2.01 (s, 6H, 2CH,C=0); "°C
NMR (126 MHz, CDCl;) & = 170.7 {CH;C=0), 170.6 (CH,C=0), 170.4 (CH,C=0), 170.1
(CH;C=0), 169.7 (CH;C=0), 169.6 (CH;C=0), 158.7 (Ar-Cuara), 148.7 (Ar-Cipso), 124.6 (Ar-
Conho), 117.2 (Ar-Creta), 98.2 (C-1), 95.7 (C-17), 75.4 (C-3), 72.9 (C-4), 72.6 (C-5 0or C-5'), 721
(C-2), 70.2 (C-2Y, 70.0 (C-5 or C-5), 69.3 (C4"), 69.2 (C-3), 62.9 (C-6), 51.1 (C-6), 21.1
(CHsC=0), 20.9 (CH;C=0), 20.8 (CH,C=0), 20.7 (CHs;C=0); IR (ATR): 0 = 2943, 2105,
1744, 1598, 1496, 1433, 1367, 1209, 1147, 1030, 938, 899, 845, 788 cm™; MALDI-TOF
HRMS: m/z: calcd for CogH4015Si + K': 1455.3884 [M+K']; found: 1455.3916.
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NMR spectra of the synthesized compounds
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Figure S1. "H NMR spectrum of 6 (600 MHz, CDCl;, 300 K).
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Figure S2. "®C NMR spectrum of 6 (151 MHz, CDCls, 300 K).
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Figure S3. "H NMR spectrum of 7 (500 MHz, CDCls, 300 K).
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Figure S4. ®°C NMR spectrum of 7 (126 MHz, CDCl;, 300 K).

S6



34

Thiourea Bridging

MBZeRS S0ZSS5SISCEONMRLSEMIING ssmzy
g Y el e e S

AT T T T

£38 LiPis 3§ sy =3 Feeeh

£Es§ s53Es® § 1§ 3% $EER:
\ T T \ T T \ T T \ T T T T . T
8.0 75 70 65 6.0 55 5.0 35 3.0 25 2.0 15 10 X

45 4.0
f1 (ppm)

Figure S5. '"H NMR spectrum of 8 (500 MHz, CDCls, 300 K).
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Figure S6. "°C NMR spectrum of 8 (126 MHz, CDCl;, 300 K).
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Figure S8. "°C NMR spectrum of 4 (126 MHz, CDCl,, 300 K).

S8

40



36 Thiourea Bridging

R RS
‘.‘ f
| \
( " “
] ]
LNy IR |
Q
AcO
Ac;% OAc OAc
AcO o N
(o] o o 3
AcO S \‘N@_ ° OAc
Ac 10 AcO OAc >
! OAc

|

| '
1

]
1
it L
| H] I
1
J\ JMJ.\_,““- ‘Q‘_ L
T T TraeE: & sog L Ly try
T T T T T T T T T T T T T T T T T T
8.5 8.0 75 7.0 65 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 15 1.0 05 0.0
fL (ppm)

° m =

; b - =3 Fa =

| [ I S

|
1
]
T T T T T T T T T T T T T T T T T T

100 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10 i}

f1(ppm)
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Figure S13. "H NMR spectrum of 12 (500 MHz, CDCl;, 300 K).

4 1.5 1.0 0.5 0.0

46.01
2107
2093
2076
2073

149 66
13577
—12456
—17.20
—8.19
—9579

¢

200 190 180 170 160 150 140 130 120 110 “ll()O ) 90 80 70 60 50 40 30 20 10 0
ppm.

Figure $14. "*C NMR spectrum of 12 (126 MHz, CDCl;, 300 K).
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Figure S15. "H NMR spectrum of 13 (500 MHz, DMSO-ds, 300 K).
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Figure S16. "°C NMR spectrum of 13 (126 MHz, DMSO-ds, 300 K).

S12



40 Thiourea Bridging

il

r20

30

80

a0

100

L
[]
0
[]
L]
N @ o &
fi (ppmy

r130

T T T T T T T T T T T
8.0 75 70 6.5 6.0 5.5 5.0 4.5 4.0 3.5 30
2 (ppm)

Figure $17. HSQC spectrum of 13 (DMSO-ds, 300 K).
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Figure $18. NOESY spectrum of 13 (DMSO-dg, 300 K, mixing time = 300 ms).
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Figure S19. 'H NMR spectrum of 14 (600 MHz, CDCl;, 300 K).
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Figure S20. "°C NMR spectrum of 14 (151 MHz, CDCls, 300 K).

S14



42

Thiourea Bridging

L‘Ulu# \ | J I\ LJLJ

EY-1Y

L

L

T T T T T T T T T T T
8.5 8.0 75 7.0 6.5 6.0 5.0 4.5 4.0 35 25 20 15
2 (ppm)

Figure $21. HSQC spectrum of 14 (CDCI;, 300 K).
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Figure S23. "H NMR spectrum of tfrans-1 (600 MHz, DMSO-d; + ¢D;Q, 300 K).
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Figure S24. "°C NMR spectrum of trans-1 (151 MHz, DMSO-d; + £D,0, 300 K).
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Figure $27. "*C NMR spectrum of trans-2 (151 MHz, D,0O, 300 K).
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MALDI-TOF spectra of macrocycles 13, 14, 1 and 2
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Figure $29. HRMS MALDI-TOF spectrum of macrocycle 13 (HCCA matrix).
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Figure 831. HRMS MALDI-TOF spectrum of macrocycle 1 (HCCA matrix).
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Infrared spectra before and after macrocyclization
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Figure S33. (a) superimposed IR spectra of the linear NCS-functionalized derivative 11 and
the cyclized product 13; (b) superimposed IR spectra of the linear NCS-functionalized
derivative 12 and the cyclized product 14.

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,
then the respective measurement was performed immediately afterwards.

Absorption spectroscopy

Photostationary states (PSS) were reached after irradiating the respective sample for 2 min
at 365 nm or 435 nm. Extinction coefficients (€) were calculated using the Beer-Lambert law
(see equation below), plotting the absorbance at the respective Anax versus the concentration
(6 - 8 different concentrations in a range of 2.10° to 10 mol.L™"). In the case of PSS 365 nm,
the Anax Of the n-m* band was used. A linear fitting gave the value of € as the slope of the
linear plot.

A =¢g*c’l

A = absorbance

€ = extinction coefficient = slope of the plot

¢ = molar concentration in mol.L”

| = optical path length in cm

Switching cycles experiments were performed by irradiating the respective sample
alternatively for 2 min at 365 nm and 435 nm, within ten cycles. The value of the absorbance
at Amaxgy Was plotted against the number of times the sample was irradiated.
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Figure S34. Plot of the absorbance at the A, versus the concentration; the slope of the
linear curve gives the value of the molar extinction coefficient (€). (a) trans-1 (298 K in water
(0.5 % DMSO)); concentration varied from 1.9.10° mol.L™ to 10* mol.L™; (b) PSS 365 nm for
1 (298 K in water (0.5 % DMSO)); concentration varied from 3.3.10”° mol.L™" to 10 mol.L.;;
(c) trans-2 (298 K in water); concentration varied from 3.10°° mol.L™ to 6.5.10° mol.L™; (d)
PSS 365 nm for 2 (298 K in water); concentration varied from 3.10° mol.L™" to 6.10°° mol.L™".

NMR spectroscopy

PSS was reached after irradiating the respective sample for 5 min and the cis:trans ratios
were measured by 'H NMR spectroscopy. The PSS were determined by integration of one
aromatic signal of each isomer.

The kinetics of thermal cis—trans relaxation process was determined by 'H NMR. After
irradiation, the spectra of the samples were recorded in regular intervals, keeping the sample
inside the magnet at a constant temperature of 300 K, over a period of 2 to 4 days.

The decay of the integral of the cis form was plotted versus the time, and an exponential
decay of first order fitted to the data, according to the following equation:

| = I + A*exp™™

| = integral of the cis isomer

lins = integral of the cis isomer 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:

IN{l - ling) = In(A) -kt

The half-life of the cis isomer (14,2) was determined as 74, = In2/k.
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Figure S37. Stacked 'H spectra of trans-1 and cis-1 (600 MHz, DMSO-ds + £D,0, 300 K),
showing the difference in chemical shift between H-6a and H-6b.
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Figure S38. Expansion of the '"H NMR spectra of 1 at the photostationary states (600 MHz,

DMSO-dg + €D,0, 300 K). (a) After irradiating trans-1 for 5 min at 365 nm; (b) after irradiating
cis-1 for 5 min at 435 nm.
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Figure $39. NOESY spectrum of cis-1 (600 MHz, DMSO-ds, 300 K, mixing time = 300 ms).
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Figure S40. Expansion of the NOESY spectrum of c¢is-1 showing the crosspeaks between
the NH moiety forming the thiourea bridge and the H-6; the intensity ratio between the two
crosspeaks is 0.82.
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S26



54 Thiourea Bridging

trans-2
L I\
cis-2 ‘
} AS=1.44 pp |
l
e v e " M - JW LB J 'K'IJ
H-6'a H-6'b
82 80 728 76 74 722 20 68 66 64 62 60 S8 S6 54 52 S0 48 46 44 42 40 38 36 34 32
11 (ppm)

Figure S43. Stacked 'H spectra of trans-2 and cis-2 (600 MHz, D,O, 300 K) showing the
difference in chemical shift between H-6'a and H-6'b.
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Figure S44. Expansion of the '"H NMR spectra of 2 at the photostationary states (600 MHz,
D,0, 300 K). (a) After irradiating frans-2 for 5 min at 365 nm; (b) after irradiating cis-2 for 5
min at 435 nm.
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Figure S45. NOESY spectrum of cis-2 (600 MHz, 9:1 H,O/D,0, 300 K, water suppression,
mixing time = 200 ms).
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Figure S46. Expansion of the NOESY spectrum of cis-2 showing the crosspeaks between
the NH moiety forming the thiourea bridge and the H-6' ; the intensity ratio between the two
crosspeaks is 0.59.
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Figure S47. Kinetics of the cis—trans thermal relaxation process at 300 K investigated by 'H
NMR spectroscopy. (a) Exponential decay of the integral of an aromatic signal of ¢is-1(600
MHz, DMSO-dg); (b) Linearization of the exponential decay of cis-1; (c) Exponential decay of
the integral of an aromatic signal of cis-2 (600 MHz, D,O); (d) Linearization of the exponential

decay of cis-2.

Specific rotation and circular dichroism

The optical rotation and the circular dichroism spectra were measured at 293 K after
irradiating the respective sample at 365 nm for 10 min. The CD signal was recorded as
ellipticity (), expressed in units of millidegrees (mdeg). The ellipticity was converted into

difference in molar absorption coefficient (Ac), expressed in M™'.cm™, by using the following

equation:

Ae = 0 /(32980*c*])

Ae = difference in molar absorption coefficient
0 = ellipticity

¢ = molar concentration in mol.L”

| = optical path length in cm

S29



Thiourea Bridging

57

Molecular modeling

Structures were built using Schrédinger Maestro,”® and calculations were performed using
MacroModel,™ with the OPLS3 force field in implicit water (GB/SA continuum solvation
model).

The respective starting geometry was minimized (PRCG method, maximum iterations =
2500, converge on gradient, convergence treshold = 0.05) without any constraint then the
minimized structure was sampled by stochastic dynamics (simulation temperature = 300 K,
time step = 1.5 fs, equilibration time = 1.5 ps, simulation time = 10000 ps, number of saved
structures = 100) and the resulting structures were minimized. The most stable structure was
chosen, according to a reasonable planarity of the trans-azobenzene unit, then minimized to
the cis-isomer by constraining the azo bond (force constant 100).”! The minimized cis form
was then sampled by stochastic dynamics, inputting the parameters afore given, and keeping
the azo bond constrained (force constant 100).
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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 1893.1%%71 60 years later, this 1,3-dipolar cycloaddition reaction was studied extensively by
HUISGEN.[*%8! 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(l)-catalyzed variation of this reaction was concomitantly introduced by the groups
of MELDALI®! and SHARPLESS,!**% 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.®® This Cu(l)-
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(l)-
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.[**!

Other variants of the reaction include the ruthenium-catalyzed process (RUAAC),[**? which leads to
1,5-tirazole isomers regioselectively, and the strain-promoted copper-free reaction using cyclooctynes,
which was first observed by WiTTIG and KRess in 196113 and utilized by BERTOZzI et al. in 2004 as a
bioorthogonal ligation reaction.*'%
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a) 1 N+ R2 ——» R'-N + _—
R\N,,N \)\Rz y
R
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O N = S Y L e T
N~ R2 N R2

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.**

The efficient and rapid click reaction soon became a popular tool in the synthesis of macrocycles,
including glycomacrocycles,**®! where the isosterism of the 1,2,3 triazole with peptide bond makes it
especially interesting for the synthesis of macrocyclic peptide mimetics. %8

Here, the synthesis of a glycoazobenzene macrocycle 9 through Cu(l)-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*'”! 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),[*® and
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second the sequential construction from azido trehalose 10 with monopropargyl azobenzene 121
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).
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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(l) 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 % vyield using Cu(l)Br and N,N,N’,N”,N”-pentamethyldiethylenetriamine
(PMDETA) in DMF (Scheme 4.3).11%% 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, m-mnt
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 ZEMPLEN conditions*®” 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 CH, protons between the triazole and azobenzene moiety is
shifted downfield by 0.2 ppm and collapses from two doublets with %/ = 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)%U reveal a
twisted structure for trans-9 and a bent shape for cis-9 where this high degree of symmetry cannot be
observed.

. N

e
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Figure 4.1: Cutout of the *H NMR spectra of 9 (600 MHz, DMSO-ds, 298 K): black line: all trans-

macrocycle, red line: PSS after irradiation with 365 nm for 5 min; red highlight: diyne CH,a and CHzb,
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 9,120

UV/Vis absorption spectra in DMSO show a strong m = 1t* transition (Amax = 360 nm) and a weak n
-> 1t* transition in the region of 450 nm (Figure 4.3a). Upon isomerization at 365 nm, the weakened 1t
- 1t* transition undergoes a blue shift towards a Amax of 310 nm, while in the n > nt* transition the
absorption is slightly increased. The switching efficiency was quantified using *H 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 = 1* 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 t12 =16 h.

Absorption measurements in water (0.5 % DMSO) shows a broader band for trans-9, with a reduced
absorbance and a Amax 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.[*?"!

The CD spectrum for trans-9 in DMSO shows a weak negative Cotton effect for the n - nt* transition
at 450 nm and an exciton coupling around the m - m* transition from the interaction of one
azobenzene unit with the other (Figure 4.3 ¢).[*?Y) Upon isomerization the exciton coupling disappears
and the spectrum corresponding to the PSS at 365 nm shows a negative Cotton effect for the m - n*
transition and a positive one for the n = nt* 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 = mt* 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
ni-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.’> 21 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 = 1™ transition in trans-9 and the n = nt* and m - nt* 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 m = n* 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 m-mt stacking of the azobenzene moieties, leading to the twist in the trans-
configured molecule as seen in the force field-minimized structure.
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Figure 4.3: UV/Vis and CD spectra of 9 at 298 K in a concentration of 50 uM (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 gvanillinand 0.5 mL H,SO4in 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 3A molecular sieves under a nitrogen atmosphere.

Melting points were determined on a Blichi 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™. ESI mass spectra were recorded on a Thermo Scientific™ Q Exactive™. 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/cm?. 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/cm? UV/Vis absorption spectra were measured on a
PerkinElmer Lambda-241. Proton (*H) nuclear magnetic resonance spectra and carbon (**C) 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, g=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 (*H - *H COSY and 'H - 3C 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 (8), expressed in units of millidegrees (mdeg). The ellipticity was converted into
difference in molar absorption coefficient (Ag), expressed in M™t-cm™, by using the following equation:

Ag =0 /(32980-c:)

Ae = difference in molar absorption coefficient
0 = ellipticity

¢ = molar concentration in mol-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 *H NMR spectroscopy. The photostationary states (PSS)were
determined by integration of one aromatic signal of each isomer.

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

A=g-c-|

A = absorbance

€ = extinction coefficient = slope of the plot
¢ = molar concentration in mol-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 Amaxp 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 Amax of
the n-t* 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:

Armax = Aint + A'exp_k‘t

Aamax = absorbance at the n-rt* band of the cis-form

Aini = 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:
In(AAmax - Ainf) = In(A) —kt

The half-life of the cis-isomer (t1/2) was determined as 112 = In2/k.
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Synthesis

2,3,4,2',3',4'-Hexa-0-acetyl-6,6'-dideoxy-6,6'-[5-[[4-[ (1E)-2-(4-
(hydroxy)phenyl)diazenyl]phenoxy]methyl]-1H-1,2,3-triazol-1-yl]-a,a-D-trehalose (13):

2,3,4,2',3',4'-Hexa-0O-acetyl-6,6'-diazido-6,6'-dideoxy-a,a-D-trehalose (10)**”! (65.0 mg, 100 pmol),
4-hydroxy-4’-propargyloxy azobenzene (12)*#! (76.0 mg, 300 umol) and CuBr (6.00 mg, 47.0 umol)
were dissolved in dry DMF (1.00 mL) under nitrogen and PMDETA (10.0 pL, 47.0 umol) 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 MgSO..
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 umol,
73 %) as an orange foam.

[a]®p= +56.5 (c= 0.68 in CH2Cl,); *H NMR (600 MHz, CDCls) 6 = 7.88 — 7.84 (m, 4 H, Ar-Horto), 7.81 —
7.76 (M, 4 H, Ar-Horthe'), 7.43 (s, 2 H, triazole-H), 7.04 — 6.99 (m, 4 H, Ar-Hmets), 6.91 — 6.86 (m, 4 H, Ar-
Hmeta'), 6.14 (s, 2 H, OH), 5.35 —5.23 (m, 6 H, H-3, CH,), 4.85 (dd, 3/,3 = 10.3 Hz, 3J,1 = 3.7 Hz, 2 H, H-2),
4.75 (dd™t, 33 = 35 = 9.7 Hz, 2 H, H-4), 4.34 (d, Yeaeo = 12.4 Hz, 2 H, H-6a), 4.03 (d, 3J1, = 3.7 Hz, 2 H,
H-1), 3.95 (ddd~td, 3Js4 = )56, = 10.0 Hz, /56, = 1.8 Hz, 2 H, H-5), 3.82 (dd, “eb,6a = 14.2 Hz, /g5 = 9.8
Hz, 2 H, H-6b), 2.07 (s, 6 H, 2 CH5sC=0), 2.04 (s, 6 H, 2 CH5C=0), 2.00 (s, 6 H, 2 CHsC=0) ppm; 3C NMR
(151 MHz, CDCls) 6 =169.8 (CH3C=0), 169.7 (CH3C=0), 169.4 (CH3C=0), 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-Crmeta), 91.6 (C-1), 69.9 (C-4), 69.5 (C-3), 68.9 (C-5), 68.4 (C-2), 61.7 (CH,),
50.4 (C-6), 20.6 (6 C, CH3C=0) ppm; IR (ATR): 0 = 3148, 2948, 1751, 1585, 1499, 1213, 1147, 1040, 845
cmL; ESI-MS m/z: calc. 1149.37960 for [CsaHss019N10+H]Y; found 1149.37874 for [Cs4Hs6019N10+H]*.

2,3,4,2',3',4'-Hexa-0-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]-a,a-D-trehalose (15):

Azobenzene trehalose conjugate 13 (77.4 mg, 67.0 umol), K,CO3 (69.0 mg, 500 umol) and Kl (cat.
amount) were suspended in dry DMF (1.00 mL) under nitrogen and propargyl bromide (80 % in toluene,
20.0 pL, 200 pmol) 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 MgSO0,, 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
pnmol, 78 %) as an orange foam.

[a]®b= +72.9 (c= 1.02 in CHyCl,); *H NMR (500 MHz, CDCl3) & = 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-Hmetzr), 5.30 (M, 6 H, H-3, CH.), 4.86 (dd, 3/,5 =
10.3 Hz, 3J,1 =3.8 Hz, 2 H, H-2), 4.78 = 4.73 (m, 6 H, H-4, CH,CCH), 4.34 (dd, 2Jea6b = 14.2 Hz, 3Jep5 = 2.1
Hz, 2 H, H-6a), 4.02 (d, 3J1,, = 3.8 Hz, 2 H, H-1), 3.95 (ddd~td, 3Js4 = 3Js,6p = 10.0 Hz, 3J5 62 = 2.0 Hz, 2 H, H-
5), 3.80 (dd, 2J6b,ea =14.2 HZ, 3-/6b,5 =9.8 HZ, 2 H, H-Gb), 2.54 (t, 4J(:H,(:Hz =24 HZ, 2 H, CHzCCH), 2.06 (S, 6
H, 2 CH5C=0), 2.04 (s, 6 H, 2 CH5C=0), 2.00 (s, 6 H, 2 CH3C=0) ppm; *C NMR (126 MHz, CDCl5) 6 = 169.7
(CH3C=0), 169.6 (CH3C=0), 169.2 (CH3C=0), 159.8, 159.6 (Ar-Cpara, Ar-Cparz), 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-Cretr), 91.5 (C-1), 78.0 (CH2CCH), 75.9 (CH,CCH), 69.9 (C-4), 69.5 (C-3), 68.9 (C-5), 68.4 (C-2), 61.9
(CH,), 56.0 (CH,CCH), 50.3 (C-6), 20.6 (6 C, CH3C=0) ppm; IR (ATR): 0 = 3282, 1751, 1497, 1368, 1208,
1149, 1018, 838 cm™; ESI-MS m/z: calc. 1225.41090 for [CsoHs0O19N10+H]*; found 1225.40862 for
[CeoHs0019N10+H]".
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Macrocycle 16:

Precursor 15 (62.0 mg, 50.0 umol), 2,3,4,2',3',4'-hexa-0O-acetyl-6,6'-diazido-6,6'-dideoxy-a,a-D-
trehalose (10)™*'”! (33.0 mg, 50.0 pmol) and CuBr (5.00 mg, 34.9 umol) were dissolved in dry DMF
(10.0 mL) under nitrogen and PMDETA (10.00 pL, 47.0 umol) 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 MgSQO.. 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 umol, 28 %) as an
orange foam.

[a]?°%= +97.8 (c= 0.50 in CH,Cl); *H NMR (500 MHz, CDCl3) 6 = 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,= 10.1 Hz, 3/34=9.4 Hz, 4 H, H-3), 5.26 (s, 8 H,
CH.), 4.95 (dd, /53 = 10.3 Hz, 3J,1 = 3.8 Hz, 4 H, H-2), 4.85 (dd™t, 343 = 3J45 = 9.6 Hz, 4 H, H-4), 4.48 (d,
3)12=3.8 Hz, 4 H, H-1), 4.42 (dd, %Jea,eb = 13.7 Hz, 3Jeas = 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=0), 2.09 (s, 12 H, 4 CHsC=0), 2.01 (s, 12 H, 4 CHsC=0) ppm; **C NMR (126
MHz, CDCls) & = 169.7 (CH3C=0), 169.7 (8 C, CH3C=0), 169.4 (CH3C=0), 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 (CH,), 50.6 (C-6), 20.6 (12 C, CH3C=0) ppm; IR (ATR): U = 3470, 2946,
1752, 1598, 1498, 1370, 1215, 1040 cm™*; ESI-MS m/z: calc. 1869.603346 for [CgsH92034N16+H]*; found
1869.60727 for [C84H92034N15+H]+.

Deprotected target macrocycle 9:

To a solution of the macrocycle 16 (20.1 mg, 10.8 umol) in a mixture of dichloromethane and methanol
(1:4, 5.00 mL) NaOMe (5.4 M in methanol, 40.0 pL) 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 umol, quant.).

trans-9:

[a)®p=-11.5 (c= 0.09 in DMSO); 'H NMR (500 MHz, DMSO- ds) & = 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,
2Jaacrz = 11.5 Hz, 4 H, CH,a), 5.17 (d, Yena,cvz = 11.5 Hz, 4 H, CHsb), 4.67 —4.59 (m, 8 H, H-1, H-6a), 4.54
(dd, Zjeb,Sa =14.2 HZ, 3-/6b,5 =6.9 HZ, 4 H, H-Gb), 420-4.11 (m, 4 H, H-S), 3.60 (ddNt, 3./3,2 = 3./3,4: 9.2 HZ,
4 H, H-3), 3.18 (dd, 3./2,3 =9.5 Hz, 3./2,1 =3.4Hz 4H, H-Z), 2.96 (ddNt, 3./4,3 = 3]4,5 =9.3Hz,4H, H-4) ppm,;
13C NMR (151 MHz, DMSO-ds) 6 = 160.4 (Ar-Cpara), 146.4 (Ar-Cipso), 142.2 (triazole-Cq), 125.4 (triazole-
CH), 124.2 (Ar-Cortho), 115.1 (Ar-Crmeta), 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): U = 3302, 2921, 1562, 1408, 1243, 1150, 1039, 993 cm'%; ESI-MS m/z: calc.
1365.47668 for [C50H63022N16+H]+; found 1365.47764 for [C60H63022N15+H]+.

Ccis-9:

[a]®p= +68.3 (c= 0.09 in DMSO); *H NMR (500 MHz, DMSO- ds) & = 8.10 (s, 4 H, triazole-H), 6.94 — 6.90
(m, 8 H, Ar-Hmeta), 6.87 —6.72 (m, 8 H, Ar-Horno), 5.59 (s, 4 H, OH), 5.44 (s, 4 H, OH), 5.24 (s, 4 H, OH),
5.06 (s, 8 H, CHz), 4.60 (d, Yean = 12.1 Hz, 4 H, H-6a), 4.51 (d, 31, = 3.5 Hz, 4 H, H-1), 4.46 (dd, Yev s =
14.1 Hz, ¥evs = 7.7 Hz, 4 H, H-6b), 4.19 — 4.11 (m, 4 H, H-5), 3.57 (dd™t, 35, = ¥34= 9.1 Hz, 4 H, H-3),
3.13 (dd, 323 = 9.6 Hz, 321 = 3.4 Hz, 4 H, H-2), 2.95 (dd™t, /43 = *Js5 = 9.3 Hz, 4 H, H-4) ppm; 3C NMR
(126 MHz, DMSO- de) 6 = 156.9 (Ar-Cpara), 146.7 (Ar-Cipso), 141.9 (triazole-Cq), 125.0 (triazole-CH), 122.0
(Ar-Cortho), 114.6 (Ar-Creta), 93.6 (C-1), 72.4 (C-3), 71.6 (C-4), 71.0 (C-2), 69.6 (C-5), 61.0 (CH,), 50.6 (C-
6) ppm.
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NMR spectra of synthesized compounds
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Figure 4.5: 'H NMR spectrum of 13 (600 MHz, CDCls, 298 K).
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Figure 4.6: 3C NMR spectrum of 13 (151 MHz, CDCls, 298 K).
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Figure 4.8: 3C NMR spectrum of 15 (126 MHz, CDCls, 298 K).
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Figure 4.10: *C NMR spectrum of 16 (126 MHz, CDCls, 298 K).
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Figure 4.12: *C NMR spectrum of trans-9 (151 MHz, DMSO-ds, 298 K).
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Figure 4.14: 13C NMR spectrum of cis-9 (126 MHz, DMSO-ds, 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.
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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 € 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 Amax(g) against the number of times the sample was irradiated.

The decay of the absorbance of the n-* band Amax 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.
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Figure 4.16: Plot of the absorbance of 9 at Amax Versus the concentration; the slope of the linear curve
gives the value of the extinction coefficient €. Measured at 298 K in DMSO in concentrations from
8:10°to 10 mol-L™.
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5. Sonogashira Coupling

5.1 Introduction

An advancement from the Castro-Stephens coupling,*?? where C-C bonds are formed using easily
combustible copper(l) acetylenel*?! and an aromatic halide was the reaction SONOGASHIRA et al.
reported in 1975, the cross-coupling of iodobenzene with acetylene gas, using copper(l) iodine and a
palladium(Il) complex in catalytic amounts.[*?*

Similar reactions towards the synthesis of aromatic acetylenes were developed by CassAR!*?! and
Heck!*2%! 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,*?”! (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.[? 129

[Pd] cat, [Cu] cat, base, rt
R—R, + Ry————R,

R'-l + =R? —

[Pd] cat, base, A

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.[*? 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.[*?"!

The Sonogashira coupling has found a wide application in macrocyclization reactions*3 for natural
product synthesis and medical applications,!*® 31 and the synthesis of rigid shape-persistent
macrocycles.!13% 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.[*3* 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)1**! and 2,2’,6,6’-tetrafluoro-4,4’-diiodoazobenzene (20)1*3¢
for the macrocyclization. Ortho-fluorination causes a bathochromic shift in the absorption
spectrum,®® 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.
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Figure 5.1: Retrosynthesis of the targeted macrocycles obtainable in two steps.

5.2 Synthesis

In a first reaction with propargyl mannoside 2137 and 4,4’-diiodoazobenzene (19), the efficiency of
the Sonogashira coupling!**® 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.[*

O

OAc 19 OAc
OAc Pd(PPh Et;N, DMF 60 °C, 4 h ore & T OAc
AcO oe) (PPh3)g, Et3N, . AcO -0 N (o]
AcO 6 % AcO N OAc
o F o = OAc OAc
21 22

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**” and 4,4’-dihydroxyazobenzene (5)® 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.
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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 t - rt* transition
for both macrocycles (Figure 5.2). The n = 1t* transition is not well separated from this band and is
seen as a weak shoulder with Amax = 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 m = n* transition to Amax = 310 nm. The increased n = 1* 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 - m* 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 > n* band in trans-18, the best back-
switching ratio could be achieved through irradiation with a 450 nm LED.
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Figure 5.2: Absorption of the macrocycles in DMSO at 298 K in a concentration of 25 uM (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.




78 Sonogashira Coupling

a) W (all trans) b) W (all trans)
" E R | | @ (alicis) @ (ali cis)
Jk J J”l A (trans,cis), (cis,trans) JI u m A (trans,cis), (cis,trans)
*

e JL,,M,,,,,,,,,,H N | B __%ﬁ_gﬂh
R I ¥ DN B Y I R

M TS M o B — S M
7.8 7.6 7.4 7.2 7.5

8.0 7.0 6.8 6.6 6.4 6.2 79 7.7 7.3 7.1 6.9 6.7 6.5 6.3 6.1
f1 (ppm) f1 (ppm)

Figure 5.3: Aromatic region of the 'H NMR spectra of the different macrocycles (600 MHz, DMSO-ds,
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 *H 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
'H 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 *H NMR measurements. The longer half-life of all cis-18 is in agreement
with the slower relaxation process associated with ortho-fluorinated azobenzene moieties.!*3¢
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CD measurements provided spectra which bands correspond to the m - nt* and n = nt* transitions of
azobenzene in the UV/Vis spectra, showing that the azobenzene moieties exhibit chirality (Figure 5.5).
For both macrocycles the m = nt* transition (360 nm) gives an exciton couplet, while the n - m*
transition gives a weak negative Cotton effect. Upon isomerization with 365 nm, the exciton coupling
disappears and t = n* transition gives a positive Cotton effect while the n - n* 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.

15 15
a) b)
trans-17 trans-18
——P55 365 nm ——PS5 365 nm
——PS55 525 nm = P55 450 nm
e N
; £
N o SR
= 2 310 360 41 0 560 - 2 Ww 310 3 410 460 0
< 5 <1 5
-15 -15
A[nm] A[nm]

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 m - it* 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 17,1°Y 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.[8® 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.®% 8 104 Thjs suggests that both macrocycles 17 and 18
isomerize in a unidirectional manner, giving only the (P)-chirality for both all cis-isomers.
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Figure 5.6: Force field-minimized structures (OPLS3 in chloroform) of trans- (left) and cis- (right)
17.001
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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/cm?
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-B-D-mannopyranoside)prop-1-yn-1-yl)phenyl)diazene (22):

2-Propynyl 2,3,4,6-tetra-O-acetyl-B-D-mannopyranoside™”!  (21) (150 mg, 388 pumol), 4,4'-
diiodoazobenzene!*! (19) (82.0 mg, 189 umol) 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 HCI, sat. NaHCOs solution and water (each 50 mL) and dried over MgSQ,. 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 umol, 66 %) as a dark orange foam.

[a]®= +90.0 (c= 0.90 in CH,Cl,); H NMR (600 MHz, DMSO-ds) & = 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, Ychza,cias = 16.3 Hz, 2 H, CHza),
4.61 (d, Ycrzacrzo = 16.3 Hz, 2 H, CHzb), 4.18 (dd, Yeasp = 12.3 Hz, 3Jeas = 4.6 Hz, 2 H, H-6a), 4.10 (dd,
2Jeab = 12.3 Hz, 3Jeps = 2.4 Hz, 2 H, H-6b), 4.06 — 4.01 (m, 2 H, H-5), 2.14 (s, 6 H, 2 CH5C=0), 2.03 (s, 6
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H, 2 CH5C=0), 2.02 (s, 6 H, 2 CH3C=0), 1.96 (s, 6 H, 2 CH;C=0) ppm; *C NMR (151 MHz, DMSO-ds) & =
170.1 (CH3C=0), 169.7 (4 C, CH3C=0), 169.4 (CH3C=0), 151.4 (Ar-Cipso), 132.8 (Ar-Crmeta), 124.8 (Ar-Cpara),
123.0 (Ar-Cortho), 95.8 (C-1), 87.6 (CH.C=C), 85.8 (CH.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 (CH), 20.6 (CH3C=0), 20.5 (CHsC=0), 20.44 (s), 20.4 (CHsC=0) ppm;
IR (ATR): O = 2958, 1742, 1367, 1213, 1044, 852 cm™; ESI-MS m/z: calc. 973.28491 for
[C45H50020N2+Na]+; found 973.28425 for [C45H50020N2+Na]+.

Macrocycle 17:

Precursor 23 (43.3 mg, 50.0 umol), 4,4’-diiodoazobenzene*3! (5) (21.7 mg, 50.0 pmol) 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. NaHCOs solution
and water (each 125 mL) and dried over MgSQO,. 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 umol, 39 %) as a dark orange foam.

trans-17:

[a]?°%=-133 (c= 0.37 in CH,Cl,); *H NMR (500 MHz, DMSO-ds) & = 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-Hmet'), 5.27 = 5.17 (m, 8
H, H-1, H-2, H-3, H-4), 4.87 (d, ZJCHZa,CHZb =16.8 Hz, 2 H, CHza), 4.59 (d, ZJCHZa,CHZb =16.9Hz, 2 H, Csz),
4.42 —4.32 (m, 2 H, H-5), 4.18 (dd, “eaeb = 10.8 Hz, *Jas = 6.0 Hz, 2 H, H-6a), 4.08 (dd, *Jea,e0 = 10.8 Hz,
3Jeo,5s = 4.8 Hz, 2 H, H-6b), 2.16 (s, 6 H, 2 CH5C=0), 2.09 (s, 6 H, 2 CH5C=0), 2.00 (s, 6 H, 2 CH5C=0) ppm;
13C NMR (151 MHz, DMSO-ds) & = 169.8 (CH3C=0), 169.7 (CH3C=0), 169.6 (CH3C=0), 159.9 (Ar-Coarz’),
150.8 (Ar-Cipso), 146.1 (Ar-Cipsor), 132.1 (Ar-Crmeta), 124.2 (Ar-Cpara), 124.0 (Ar-Cortho), 122.6 (Ar-Cortho),
114.4 (Ar-Crets’), 98.5 (1), 88.5 (CH,C=C), 85.1 (CH,C=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 (CH,), 20.6 (CH3C=0), 20.5 (CH:C=0), 20.4 (CH3C=0)
ppm; IR (ATR): O = 2922, 1747, 1368, 1218, 1067, 1044, 839 cm™; ESI-MS m/z: calc. 1045.33494 for
[C54H52013N4+H]+; found 1045.33393 for [C54H52018N4+H]+.

cis-17:

[@]2%= -303 (c= 0.37 in CH,Cly).

Macrocycle 18:

Precursor 23 (39.0 mg, 45.0 pumol), 2,2’,6,6’-tetrafluoro-4,4’-diiodoazobenzenel*3! (5) (23.0 mg,
45.0 umol) 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 HCI, sat. NaHCOs solution and water (each 100 mL) and dried
over MgSQO,. 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 umol, 28 %) as a dark
red foam.
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trans-18:

[a]®%=-270 (c= 0.05 in CH,Cl;); *H NMR (600 MHz, DMSO-ds) 6 = 7.51 — 7.46 (m, 4 H, Ar-Hortho), 7.16 —
7.10 (M, 4 H, Ar-Hmets), 6.83 = 6.76 (M, 4 H, Ar-Hmetz'), 5.24 (dd, 3J34 = 10.2 Hz, 3J3, = 3.3 Hz, 2 H, H-3),
5.21-5.14 (m, 6 H, H-1, H-2, H-4), 4.88 (d, %Jch2a,chan = 16.9 Hz, 2 H, CHza), 4.56 (d, 2Jchza,cHb = 16.9 Hz,
2 H, CHzb), 4.39-4.33 (m, 2 H, H-5), 4.16 (dd, %Jeaeb = 10.8 Hz, 3J6a5 = 5.7 Hz, 2 H, H-6a), 4.05 (dd, Yeaep
=11.0 Hz, 3Jebs = 5.2 Hz, 2 H, H-6b), 2.15 (s, 6 H, 2 CH5C=0), 2.08 (s, 6 H, 2 CH5C=0), 1.99 (s, 6 H, 2
CH3C=0) ppm; 3C NMR (151 MHz, DMSO-ds) 6 = 170.0 (CHsC=0), 169.9 (CH3C=0), 169.8 (CHsC=0),
159.7 (Ar-Coara’), 154.6 (d, Ar-Cortho), 146.0 (Ar-Cioser), 130.4 — 130.0 (m, Ar-Cipso), 125.6 (Ar-Coara), 123.9
(Ar-Cortho’), 116.6 — 115.7 (M, Ar-Cuneta), 114.2 (Ar-Coets), 98.8 (C-1), 90.7 (CH,C=C), 83.2 (CH,C=C), 69.0
(C-5), 68.6 (C-2), 68.4 (C-6), 68.3 (C-3), 67.9 (C-4), 57.4 (CH,), 20.7 (CHsC=0), 20.6 (CHsC=0), 20.5
(CHsC=0) ppm; °F NMR (471 MHz, DMSO-ds) & = -118.8 (s) ppm; IR (ATR): U = 2925, 1748, 1369, 1217,
1045, 842 cm™ ESI-MS m/z: calc. 1117.29725 for [CsiHasO:sNaFa+H]*; found 1117.29533 for
[Cs4HagO18Na+H]".

cis-18:

[a]*°p=-130 (c= 0.05 in CH,Cl,).
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NMR spectra of synthesized compounds
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Figure 5.8: 'H NMR spectrum of trans-22 (600 MHz, DMSO-ds, 298 K).
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Figure 5.9: 3C NMR spectrum of trans-22 (151 MHz, DMSO-ds, 298 K).
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Figure 5.11: *C NMR spectrum of trans-17 (151 MHz, DMSO-ds, 298 K).
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Figure 5.13: *C NMR spectrum of trans-18 (151 MHz, DMSO-ds, 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.

o

o
o

HE
==

(N

78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 3.8 3.6 3.4 3.2 3.0 2.8 26 2.4 22 2.0 1.8
1 (ppm)

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.
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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.
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The extinction coefficient € 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 Amax(e) against the number of times the sample was irradiated.
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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 uM. (a) 17; (b) 18.

The decay of the absorbance of the n-it* band Amax 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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6. Glaser Coupling

6.1 Introduction

GLASER first observed the oxidative homocoupling of copper(l) phenylacetylide in 1896 in the presence
of air and a base.[**3! However, the application of this reaction was limited as copper(l) acetylenes are
hard to isolate and potentially explosive.?3! 60 years later, EGLINTON and GALBRAITH showed that the
reaction could be modified to proceed with an excess of copper(ll) 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.[4% 14°]

In 1962 HAY showed that the reaction could be performed with catalytic amounts of copper(l) salts if
a bidentate nitrogen ligand is used in the presence of dioxygen.[**® The so formed complexes remain
soluble in organic solvents and prevent the precipitation of the mostly insoluble copper(l) 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 m complex between
the copper ion and the coordinating alkyne.**”? Today, DFT calculations support an inner sphere
mechanism for the reaction of dioxygen with copper(ll) dimers as intermediates and the deprotonation
of the Cu-coordinated alkyne as the rate-limiting step.[*®]

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 rt.[*33 1491 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,!*°% 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
6-0OH 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 6-0 aryl
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derivative is formed as the sole product.**? 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.[*3”!

The application of the Mitsunobu reaction to 24 and 4,4’-dihydroxyazobenzene (5),°¥ 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,!**” 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.

won
o o won
5

OH
OH PPhy DIAD, THF, 0°Ctort, 4d;  pcq OAc OAc
HO -0 Ac,0, pyridine, rt, 16 h AcO -0 OAc Cs,CO3 DMF,70°C, 16h  AcO Q
HO o) AcO
50 % o OAc 70 %

o_Z

: 7 .

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(ll) acetate under nitrogen without success, a system consisting of copper(l)
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’® in quantitative yield to obtain the target macrocycle 27.

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

N=N

) oL~

RO ’:‘\

V365 nm oAc CuBr, PMDETA RO -0 N‘OO OR
pyridine, rt, 20 min AcO o o rt,2d RO
trans-23 ———————=  aq0 0OAc —_— OR
OAc o
J \\/ )
o = OR
~ 0
— OAc =

= T 9T ems 26 R= Ac
j NaOMe,
DCM/MeOH,
27 R=H, quant. 16 h
Entry Concentration (mM) Pre-irradiation (nm) Yield of 26 (%)
1 5 - 5¢
2 1 365 26
3 2 365 50
4 5 365 42
5 7 365 39
?Yield determined by *H NMR.
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6.3 Further propargyl glycosides: towards a library of macrocycles

After the successful two-step synthesis of the a-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: a- and B-glucoside-derived macrocycles
28 and 29, the B-galactoside-based macrocycle 30 and macrocycle 31, derived from propargyl 2-amino-
2-deoxy-B-glucoside (Figure 6.1).

N
\ N
HO 0 N—-o, on HO 0 N— o, on /@’ N
0 OH
Ho OH Ho OH O o o]
) \ OH § X HO% N
= OH = HO OH \\\\ d OH
S =_°"on
27
28 29

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 B-glucoside 32 and -galactoside 33 were synthesized analogous to
the a-mannoside 2413 in three steps starting from the free sugars (Scheme 6.2). In contrast, the
thermodynamically stable a-glucoside 34 was synthesized via Fischer glycosylation with propargyl
alcohol and sulfuric acid supported on silica gel as the catalyst.**¥ A sequence of protection and
deprotection with acetyl groups was needed to separate the anomeric mixture of a- and B-glucosides.
The tosylation of the resulting propargyl glycosides was realized under typical conditions,!*>>! 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-B-D-glucopyranoside (38) was realized through the glycosylation of
oxazoline 40, which was obtained in three steps from bD-glucosamine hydrochloride,™*® 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.
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HO_“Z  BFyEL00°Ctort, 2h;

R! OAc
Rr? o NaOMe, DCM/MeOH, rt, 16 h
AcO OAc
AcO

R'=H, R?= OAc or

R'= OAc, R%= H
HO\/, H,S0,-silica, 70°C, 48 h;
OH Ac,0, pyridine, rt, 16 h;
HO o NaOMe, MeOH, rt, 16 h
HO OH 27 %
OH
OAc
o HO\///, TMSOTF, DCM, t, 1 h;
AcO
ACO NaOMe, MeOH, rt, 16 h
N (o] 93 %
FsC

TsCl, pyridine, 0 °C tort, 3 h; 1
Ac,0, rt, 16 h

OTs

R1
R2 o
HO o _=#
OH

32R'=H, R?= OH, 63 %
33R'=0H,R?=H,81%

!

R
R2 o]
AcO o
AcO

35R'= H, R?= OAc, 65 %
36 R'= OAc, R?=H, 44%

TsCl, pyridine, 0 °C to rt, 3 h; OTs
HO e Ac0, rt, 16 h o]
" AcO
(o] N AcO
HO = 29% AcO
= =
34 oL” AN
OH OTs
HO o) TsCl, pyridine, 0 °C to rt, 3 h; ACO o
C!
S o \/// Ac,0, 1t, 16 h o o \/
NH 55 % NH
o o
# ﬁ/
CF3 CF3

39

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.

5o
o o
: o~ )

5

R O PPhs DIAD, THF, 0°Ctort, 7d; o Rt . ors
R* O Ac,0, pyridine, rt, 16 h 4 3 Cs,CO3 DMF, 70 °C, 16 h R
HO R Q R : R* Q
% o AcO i g2 O OAc HO R!
5
R5R2 R RS R® R2

34 R"3= H, R%= OCH,C=CH, R¥%= OH
32 R'= OCH,C=CH, R#3= H, R*%= OH
33 R'= OCH,C=CH, R¥*= H, R¥= OH
38 R'= OCH,C=CH, R?3= H, R*= OH,

41 R"3= H, R%= OCH,C=CH, R¥5= OH
42 R'= OCH,C=CH, R?*= H, R¥5= OH
43 R'= OCH,C=CH, R?*= H, R¥= OH
44 R'= OCH,C=CH, R?*= H, R*= OH,

37 R"3= H, R%= OCH,C=CH, R*5= OH
35R'= OCH,C=CH, R¥3= H, R*%= OH
36 R'= OCH,C= CH, R%*= H, R¥5= OH
39 R'= OCH,C=CH, R#*= H, R*= OH,

R®= NHCOCF; R®= NHCOCF; R®= NHCOCF3
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 6-0O-azobenezene-
modified a-mannoside derivative 23, was not possible for any of the other sugars, with only 22 % yield
for a-glucoside 41 and no formation of the B-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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a-Configured diacetone galactose 451**”) was reacted under Mitsunobu conditions to give the bis-
functionalized azobenzene 46 in a good vyield of 46 %, while the reaction with the corresponding
tosylate 47*°% |ead 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 33.1**% 16 However, successful preparation of the desired bis-functionalized azobenzene
50 was not possible with either compound.

N0
o
HO
/#o OH 5 /#o oTs
o% PPh, ADDP, THF, 1t, 7 d 02 Cs,CO; DMF, 70 °C, 16 h o%

46 % 15 %
o] 470

45 0

HOO O O ”NOOH

PPh3 DIAD, THF r,7d; 7\ :

\f ACZO pyridine, rt, 16 h OO>< ﬁiszé:?);rzmg r7101f(3:h \§) OTs
O\/ o] O\/
on A= & OAc
48 50 ~~~ 49
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 6-0 arylations with p-nitrophenol (51) and N-Boc-p-aminophenol (52).

5

R’ PPh; DIAD, THF, 0°Ctort, 7 d R®
HO - HO -0
HO R' HO R?
R* R2 R* R2
24 RY = H, R? = OCH,C=CH, R® = OH 53 R = H, R? = OCH,C=CH, R® = OH, R® = NO,
32R'= OCH,C=CH, R?3=H, R* = OH 54 RY4 = H, R? = OCH,C=CH, R® = OH, R% = NHBoc
38 R" = OCH,C=CH, R?"® = H, R* = NHCOCF, 55R" = OCH,C=CH, R?® = H, R* = OH, R® = NHBoc
56 R' = OCH,C=CH, R?® = H, R* = NHCOCF3 R® = NHBoc
Product Reagent Yield (%)
53 24 88
54 24 77
55 32 15
56 38 -

As before, reactions with B-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
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was reused, to utilize the advantage of its a-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.

HO
/*\ TFAH,0 19,11, 6 h; /@/NO? NO,
PPNy ADDP, THF, 1, 1d_ % Ac,0, pyridine, f, 16h  aco O BFsEL00°Clort 2h a0
Q Q
39 % 9
s1% ° ACO%OAC 33 % %0\/

OAc AcO YV

\

58 59

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.

HO—@NHBOC

52

OH PPhs, DIAD, different solvents, rt, 7 d; o@ o@\
HO s, DV, 17 d; TFA/DCM
o Ac,0, pyridine, 16 h AcO NHBoc it 16 h AcO NH,
O —_—
o} 4

A

OH AcO
33 60 61

DMF: no product formation
THF: 18 %
Toluene: 30 %

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 LiAIH!*%Y remained
unsuccessful, so only the oxidative azocoupling was considered for the synthesis of 23. Sodium
dithionite!*®? 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).

LIA|H4 THF, rt, 16 h HO
O

NH,
AcO o Na,S,04 MeOH, H,0, 50 °C, 24 h ACO O/@
o
Pz
% Aco‘%o\//

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(l) reagents as catalyst have been omitted.!*63 164

At first reactions with organic oxidants, such as hypervalent iodine species(*®> 1% and NCS,*¢”! 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.!**®! 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(lV) oxide, where a
first attempt at room temperature, adapted from a procedure to generate cis-azobenzene derivatives
from hydrazobenzene derivatives*® 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.[*’” Keeping this in
mind, performing the reaction without anhydrous conditions and letting MnO, 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.

R/ RO oxidizing conditions . R3 s
RZC Q . T /Tco & o Rz 0 OAi
R* R2 Rz Rl R
63 R¥5 = H, R? = -CH,C=CH, R¥® = OAc 23 R% = H, R? = -CH,C=CH, R¥® = OAc
61 R" = -CH,C=CH, R¥36 = H, R% = OAc 43R = -CH,C=CH, R¥¥® = H, R¥> = OAc
Entry  Reactant Oxidizing Conditions Yield (%)
1061 g3 PIDA, DCM, rt, 5 -
211661 63 PIDA, EtOH, -20 °C to 65 °C, 30 min -
3l1e8l 63 NaOCl, HCI, H,0, EtOH, rt, 30 m -
41671 61 NCS, DBU, DCM, -78 °C, 15 min -
5(169] 63 MnO,, CHCls, rt, 16 h 25
6 63 MnO,, benzene, 110 °C 16 h?, ® 17
7 63 MnO,, toluene, 150 °C, 5 h?, b, © 14
8 61 MnO,, toluene, 100 °C, 3 h?, b, d 14
9 63 MnO,, benzene, rt, 4 d?, 9, ¢ 9
10 63 MnO,, toluene, 120 °C, 6 h?, ®, d traces
11 63 MnO,, toluene, rt, 3d?, ®, ¢ traces
12 63 MnO,, toluene, benzene, 50 °C, 4 d?, ¢, © traces
130791 61 MnO, toluene, 110 °C, 16 h 52

2 dry solvent, ° drying tube, ¢ Dean-Stark apparatus, ¢ activated molecular sieves 34, ¢ N, atmosphere
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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 B-configured
macrocycles 65 and 66 could be obtained in higher yields by increasing the concentration of the
reaction mixture to 10 mM. For a-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(l) 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*” 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.

N=N
Vs / z CuBr, PMDETA
3 o o upr,
R
o

trans 41 pyridine, rt, 20 min R . t2d 64 R"3 = H, R? =diyne bridge, R* = OAc

;fans :g = R — > 65R!" = diyne bridge, R?® = H, R* = OAc

rans AcO ” R3 66 R = diyne bridge, R? = H, R® = OAc
2 O

OAc
AcO R2 R
R' OAc
cis 41 R"3 = H, R? = -CH,C=CH, R* = OAc

cis 42 R" = -CH,C=CH, R?® = H, R* = OAc
cis 43 R = -CH,C=CH, R?* = H, R® = OAc

Product 1mM 2mMV 5mM 7mM 10 mM
64 21 % 33% 44 % 48 % 39%
65 31% 39% 50% 65 % 69 %
66 18 % 21 % 43 % 55 % 58 %
Scheme 6.7: Synthesis of the target macrocycles 28, 29 and 30.
64 65 66
‘ NaOMe, ‘ NaOMe, J NaOMe,
DCM/MeOH, DCM/MeOH, DCM/MeOH,
rt, 16 h, quant. rt, 16 h, quant. rt, 16 h, quant.

28 29 30
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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 *H 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 m - mt* transition (Amax = 360 nm) with the cis m > 1t* transition (Amax = 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 - n* 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).

a ) 2 b) 1,5
trans-27 trans-28
— 15 —— P55 365 nm —— PS5 365 nm
< —— P55 525 nm © —— PS5 520m
2 5 1
©
g g
[ <}
> 05
2 o5 é
0 0
260 310 360 410 460 510 560 260 310 360 410 460 510 560
A[nm] Alnm]
C) 15 d ) 15
trans-29 trans-30
——PS5 365 nm —— PS5 365 nm
] —— PS5 520 nm © —— PSS 520 nm
s 1 5!
8 8
= j=
3 :
I} 305
§ 05 é
0 0
260 310 360 410 460 510 560 260 310 360 410 460 510 560

Alnm] A[nm]
Figure 6.3: Absorption spectra of the synthesized macrocycles in DMSO at 298 K (a) 27 at 100 uM; (b)
28 at 50 uM; (c) 29 at 50 uM; (d) 30 at 50 uM; 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)® reveal different
trapezoid-like structures for the a- and B-configured trans-macrocycles. More notable is the difference
in the shape of the cis-isomers: the a-configured cis-macrocycles 27 and 28 form a triangle shape, while
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the B-configured cis-macrocycles 29 and 30 look similar to a pentagon (Figure 6.3). Both trans- and cis-
macrocycles exhibit a C; symmetry with a perpendicular bisector as the axis.

cis 27

trans 29 cis29 trans 30 cis30

Figure 6.3: Force field-minimized structures (OPL3 in water) of the different trans- and cis-isomers.[*0!l

IH NMR provided further insights towards the shape of the cycles. Upon switching to the cis-isomer,
the signals of the anomeric protons and CH, 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).

a) b)

s B | NN J\#m_l__ﬁlULu;_JJ S —

5. 7 3.1 3.5 5.1 4.7

43 3.9 43 39
f1 (ppm) f1 (ppm)

c) d)

)

g L Jljl A& ~_ I I‘Ml lU

5.5 5.1 4.7 35 31 .5 5.1 4.7

43 39 35
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4.3 39
f1 (ppm)
Figure 6.4: Excerpt of the 'H NMR spectra of the different macrocycles (600 MHz, DMSO-ds, 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 CH,a and CH,b, 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 m = nt* and n = nt* 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 B-configured macrocycles 29 and 30, leading to a more twisted
conjugated mi-electron system.[*%% 42 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 - nt* transition at 440 nm and a conversion to a positive Cotton effect
for the m = m* transition at 360 nm. For the B-configured trans-29 and 30 the n = nt* transition shows
a strong positive Cotton effect. The m - m* 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. 86103, 140-1421 |t coyld be
shown that due to the dominance of the n - nt* 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. 8% 8¢
194 These findings suggest that the a-configured macrocycles 27 and 28 generate a (M)-helical
conformation in trans and cis, while the B-configured 29 and 30 generate a (P)-helical conformation
for both isomers.

a) 25 b) 25
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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 B-configured ones, the a-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 (t12= 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 a-
configured macrocycles mannoside 27 and glucoside 28 is lower than for the B macrocycles,
presumably leading to less distortion in the conjugated m-electron system and thus a less pronounced
helicity.[*°? The stability of the cis-isomer is increased compared to the B configured macrocycles,
which leads to longer relaxation times.[*”%]
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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.?” To test if this was the case for all macrocycles, samples with
500 pg/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.

a) b) c)

- — —— N — —_

Figure 6.6: Reversible solubility switching of the different macrocycles in water at a concentration of
500 pg/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: a-mannoside 27, a-glucoside 28, B-glucoside 29, B-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 pL of
10 M stock solutions in DMSO were diluted with 1985 plL 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 uM in DMSO or water
containing 0.5 % DMSO.

Absorbance @ Absorbance in water after the time of initial mixing:

Macrocyle | in DMSO 1 min 30min 1d 2d 5d 30d 72d
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 B-configured 29 and 30 (see Figure 6.62 in chapter 6.6).
However, the CD spectra for the a-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 = 1t* 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 m-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 a-configured
macrocycles is solvent-dependent. Interestingly, this is not the case for their B-configured counterparts
29 and 30.

50
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30 —— PS5 365 nm 35 —— PSS 365 nm
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—_ — 5
e o ) .
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Figure 6.7: CD spectra of the a-configured macrocycles in a concentration of 50 uM 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.
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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.
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HO,
HO OQN\NOO HO Q o
OH OH °
0 HO HO
b OH OH
O] o o
\ - ~
— = OH __ _ p7on
trans-27 cis-27 trans-28 cis-28
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Figure 6.8: Depiction of the synthesized macrocycles in their trans- and cis-conformation.

Table 6.7: Selected properties of the different macrocycles.

Compound [a]*p [a]* L Y Ae trans®* A€ PSS3650m™¢
trans® PSSs365nm° [h] [Mtem?] [Mtem™]

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

@ measured in DMSO, ? at a concentration of 50 mM, € 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-B-b-glucopyranoside (38):

2-trifluoromethyl-(3,4,6-tri-O-acetyl-1,2-dideoxy-a-D-glucopyranose)-[1,2,d]-2-oxazoline  (40)*°¢!
(2.37 g, 6.18 mmol) and an equal volume of activated 3 A molecular sieve were suspended in dry
dichloromethane (63.0 mL) under nitrogen and propargyl alcohol (540 uL, 9.13 mmol) was added. The
mixture was stirred for 15 min at room temperature before TMSOTf (110 pL, 608 umol) was added
dropwise and stirring was continued for 1 h. NEt3 (400 pL) 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 uL) 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; [a]?%=-50.1 (c= 1.09 in MeOH); *H NMR (500 MHz, DMSO-ds) 6 =9.23 (d, 3/xu2 = 8.3 Hz, 1
H, NH), 5.21 (d, 3Jon;3 = 5.5 Hz, 1 H, OH-3), 5.16 — 5.09 (m, 1 H, OH-4), 4.59 (t, 3Jons = 6.1 Hz, 1 H, OH-6),
4.53 (d, 3]1,2 =8.1 HZ, 1 H, H-l), 434 (dd, ZJCHZ,CHZ =159 HZ, 4Jc|-|2,c|-| =24 HZ, 1 H, CHzCECHa), 4.25 (dd,
ZJCHz,CHz =159 HZ, 4JCH2,CH =24 HZ, 1 H, CHzCECHb), 3.69 (dd, Zfea,6b =11.6 HZ, 3./53,5 =6.6 HZ, 1 H, H-6a),
3.54.—3.45 (m, 3 H, H-2, H-3, H-6b), 3.44 (t, “JcHz,cn = 2.4 Hz, 1 H, CH,C=CH), 3.14 - 3.05 (m, 2 H, H-4,
H-5) ppm; 3C NMR (126 MHz, DMSO-ds) 6 = 156.2 (q, %/ = 35.9 Hz, CF3C=0), 115.9 (g, % = 289 Hz,
CF3C=0), 98.1 (C-1), 79.4 (CH,C=CH), 77.3 (CH,C=CH), 77.1 (C-5), 72.9 (C-3), 70.3 (C-4), 60.8 (C-6), 55.9
(C-2), 55.0 (CH,C=CH) ppm; IR (ATR): 0 = 3567, 3459, 3263, 1706, 1570, 1190, 1157, 1079, 1056, 887
cmt; ESI-MS m/z: calc. 336.06654 for [C11H1406NFs+Nal*; found 336.06613 for [C11H140sNF3+Nal*.

2-Propynyl 2-(2,2,2-trifluoroacetamido)-2-deoxy-3,4-di-O-acetyl-6-tosyl-B-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. Ac,O (1.25 mL) was added and stirred at room
temperature for 16 h. 2 N HCI (15 mL) was added and the mixture was extracted with DCM (3 x 50 mL),
dried over MgSO,, 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 umol, 55 %) as a white solid.

Mp: 146 °C; [a]*°p=-27.9 (c= 1.01 in CHCl,); *H NMR (600 MHz, CDCl3) § =7.84 —7.71 (m, 2 H, Ar-Hortho),
7.46 —7.31 (m, 2 H, Ar-Hmeta), 6.69 (d, */xu2 = 9.1 Hz, 1 H, NH), 5.31 (dd, 3J3, = 10.6 Hz, ®/34=9.4 Hz, 1
H, H-3), 4.96 (dd™~t, 343 = 345 = 9.6 Hz, 1 H, H-4), 4.82 (d, 3J12 = 8.4 Hz, 1 H, H-1), 4.32 (dd, Ycrz,chz =
16.0 HZ, 4-/CH2,CH =24 HZ, 1 H, CH2CECH3), 4.27 (dd, ZJCHZ,CHZ =16.0 HZ, 4JCH2,CH =23 HZ, 1 H, CHzCECHb),
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4.15 (dd, Yeaer = 11.2 Hz, 3Jeas = 2.9 Hz, 1 H, H-6a), 4.11 (dd, Yepe6a = 11.2 Hz, 3Jeas = 5.7 Hz, 1 H, H-6b),
4,01 -3.93 (m, 1 H, H-2), 3.83 (ddd, %J54 = 9.8 Hz, 3J56,b = 5.7 Hz, 3J562 = 2.9 Hz, 1 H, H-5), 2.46 (s, 4 H,
CH,C=CH, Ar-CHs), 2.03 (s, 3 H, CH3C=0), 2.02 (s, 3 H, CH3C=0) ppm; *C NMR (151 MHz, CDCl3) § =
171.1 (CH3C=0), 169.4 (CH3C=0), 157.4 (q, %) = 37.6 Hz, CF3C=0), 145.3 (Ar-Cpara), 132.4 (Ar-Cipso), 130.0
(Ar-Cmeta), 128.1 (Ar-Cortno), 115.5 (g, ¥ = 288 Hz, CF3C=0), 97.5 (C-1), 77.9 (CH,C=CH), 75.8 (CH,C=CH),
71.9 (C-5), 71.5 (C-3), 68.4 (C-4), 67.6 (C-6), 56.1 (CH,C=CH), 54.3 (C-2), 21.7 (Ar-CHs), 20.6 (CH3C=0),
20.4 (CHsC=0) ppm; IR (ATR): 0 = 3312, 3259, 1750, 1710, 1559, 1344, 1180, 1162, 969, 810, 697 cm™;
ESI-MS m/z: calc. 574.09652 for [C2H24010NF3S+Na]*; found 574.09623 for [CxH24010NF3S+Nal*.

Williamson Etherification general procedure:

A suspension of the corresponding tosylated glycoside (1.00 g, 2.00 mmol), 4,4-
dihydroxyazobenzene!®® (5) (160 mg, 747 umol) and Cs,COs (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
MgS0O,, 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.

B-Glucoside precursor 42:
Prepared from 35[*%% to give 485 mg (560 umol, 75 %) of 42.

[0]?%=-43.0 (c= 1.02 in CHCl); *H NMR (600 MHz, CDCls) 6 = 7.90 — 7.82 (m, 4 H, Ar-Hortho), 7.02 —6.94
(m, 4 H, Ar—Hmeta), 531 (ddNt, 3./3,2 = 3]3,4 =9.5Hz, 2 H, H-3), 5.20 (ddNt, 3]4,2 = 3./4,3 =9.5Hz, 2 H, H-4),
5.06 (dd, 33 = 9.5 Hz, /51 = 8.0 Hz, 2 H, H-2), 4.84 (d, 31> = 8.0 Hz, 2 H, H-1), 4.37 (dd, “Jci2, e = 2.3 Hz,
ZJCHz, CH2 = 1.0 HZ, 4 H, CHzCEC), 419-4.11 (m, 4 H, H-6), 3.93 (ddd, 2./5,4 =9.8 HZ, 315,6a =5.2 HZ, 3-/5,6b =
3.3 Hz, 2 H, H-5), 2.47 (t, *Jen,cn2 = 2.4 Hz, 2 H, CH,C=CH), 2.08 (s, 6 H,2 CH3C=0), 2.03 (s, 12 H, 4 CH5C=0)
ppm; 3C NMR (151 MHz, CDCl3) & = 170.3 (CH3C=0), 169.6 (CH3C=0), 169.5 (CH3C=0), 160.43(Ar-Cpara),
147.4 (Ar-Cipso), 124.4 (Ar-Cortho), 114.9 (Ar-Cmeta), 98.2 (C-1), 78.2 (CH,C=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 (CH.C=CH), 20.7 (6 C, CH3C=0) ppm; IR (ATR): U =
3282, 2937, 1749, 1597, 1499, 1367, 1211, 1035, 841 cm™; ESI-MS m/z: calc. 867.28184 for
[C42H46013N2+H]+; found 867.28033 for [C42H46018N2+H]+.

a-Glucoside precursor 41:
Prepared from 371*5% 155 to give 454 mg (523 umol, 70 %) of 41.

[a]*°5= +158 (c= 1.46 in CH,Cl,); *H NMR (500 MHz, CDCl3) 6 = 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, ®12 = 3.8 Hz, 2 H, H-1), 5.26 — 5.20 (m, 2 H, H-4),
4.97 (dd, 3]2,3 = 10.3, 3]2,1 =3.8 HZ, 2 H, H-2), 4.33 (d, 4J(:|-|2,c|-| =24 HZ, 4 H, CHzcECH), 4.25 (ddd, 3./5,4 =
10.3 Hz, *Js,60 = 5.2 Hz, 3562 = 2.8 Hz, 2 H, H-5), 4.14 (dd, 3Jeaso = 10.5 Hz, 3Jea s = 2.7 Hz, 2 H, H-6a), 4.10
(dd, *Jev6a = 10.6 Hz, Jep5s = 5.2 Hz, 2 H, H-6b), 2.45 (t, *Jen,cra = 2.4 Hz, 2 H, CH,C=CH), 2.10 (s, 6 H, 2
CH3C=0), 2.04 (s, 6 H, 2 CH5C=0), 2.03 (s, 6 H, 2 CH3C=0) ppm; 3C NMR (126 MHz, CDCl3) = 170.2
(CHs3C=0), 170.1 (CH3C=0), 169.7 (CH3C=0), 160.3 (Ar-Cpara), 147.4 (Ar-Cipso), 124.4 (Ar-Cortho), 114.9 (Ar-
Crmeta), 94.4 (C-1), 78.2 (CH,C=CH), 75.3 (CH,C=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, CHsC=0) ppm; IR (ATR): U = 3283, 2938, 1746, 1598, 1500, 1367, 1213,
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1029, 841 cm; ESI-MS m/z: calc. 867.28184 for [CsHasO018No+H]*; found 867.28101 for
[Ca2Ha6018N2+H]".

1,2:1’,2":3,4:3’,4’-Tetra-O-isopropylidene-6,6’-[(diazene-1,2-diylbis(4,1-phenylene))bis(oxy) ] bis(a-D-
galactopyranose) (46):

Mitsunobu Reaction:

A solution of 1,2:3,4-di-O-isopropylidene-a-D-galactopyranose (45) (500 mg, 1.92 mmol), 4,4'-
dihydroxyazobenzene®® (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!*’?!
(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 umol, 46 %)
as an orange foam.

Williamson etherification:

A solution of 1,2:3,4-di-O-isopropylidene-6-O-tosyl-a-D-galactopyranose (47)1°% (161 mg, 388umol),
4,4’-dihydroxyazobenzenel®® (5) (40.0 mg, 187 umol) and Cs,COs (151 mg, 463 pmol) 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 umol, 15 %) as an orange foam.

IH NMR (500 MHz, DMSO-ds) & = 7.91 — 7.73 (m, 4 H, Ar-Hortno), 7.18 — 7.06 (M, 4 H, Ar-Hmeta), 5.51 (d,
3J1, = 5.0 Hz, 2 H, H-1), 4.66 (dd, 33, = 7.9 Hz, 3J34 = 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 CHs), 1.32 (s, 6 H, 2 CH3),
1.29 (s, 6 H, 2 CHs) ppm; 3C NMR (126 MHz, DMSO-ds) 6 = 160.8 (Ar-Cpara), 146.8 (Ar-Cipso), 124.6 (Ar-
Cortho), 115.7 (Ar-Cmeta), 109.1 ((CH3),C), 108.4 ((CHs),C), 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 (CHs), 26.2 (CH3), 25.3 (CH3), 24.8 (CHs) ppm; IR (ATR): U = 2986,
1598, 1499, 1381, 1251, 1210, 1067, 1000, 841 cm; ESI-MS m/z: calc. 699.31235 for [C3gHasO12N2+H]*;
found 699.31198 for [C3sHas012N2+H]".

2-Propynyl 3,4-O-isopropylidene-B- b-galactopyranoside (48):

2-Propynyl B-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 umol) was added. The
mixture was stirred at room temperature for 2 d before triethylamine (60.0 uL) 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 umol,
72 %) as a white foam.

'H NMR (500 MHz, DMSO-ds) & = 5.37 (d, 3Jon2 = 5.2 Hz, 1 H, OH-2), 4.81 (t, 3Joue = 5.8 Hz, 1 H, OH-6),
4.38 (dd, Ycra,crz = 15.8 Hz, “Jera,cn = 2.5 Hz, 1 H, CH,C=CHa), 4.29 (dd, 2Jctz,cvz2 = 15.6 Hz, “Jea,cn = 2.6
Hz, 1 H, CH,C=CHb), 4.27 (d, 3J1,, = 8.0 Hz, 1 H, H-1), 4.11 (dd, 3J43 = 5.6 Hz, 3J45 = 2.0 Hz, 1 H, H-4), 3.95
(dd, 332 =6.9 Hz, 3J34=5.6 Hz, 1 H, H-3), 3.74 (ddd~td, 3J5 65 = *Js,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, “Jcta,cH = 2.4 Hz, 1 H, CH,C=CH), 3.24 —3.19 (m, 1 H, H-2), 1.38 (s, 3 H, CH3),
1.25 (s, 3 H, CHs) ppm; 3C NMR (126 MHz, DMSO-ds) & = 108.5 ((CHs),C), 100.2 (C-1), 79.7 (CH,C=CH),
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79.2 (C-3), 77.3 (CH,C=CH), 73.28 (C-5), 73.1 (C-4), 72.1 (C-2), 60.4 (C-6), 54.6 (CH,C=CH), 28.0 (CHs),
26.2 (CHs3) ppm; ESI-MS m/z: calc. 281.10011 for [C12H1506+Na]*; found 281.09959 for [C12H1506+Nal*.

2-Propynyl 2-O-acetyl-3,4-O-isopropylidene-6-O-tosyl-B-D-galactopyranoside (49):

Galactoside 48 (100 mg, 387 umol) was dissolved in dry pyridine (1.00 mL) and cooled to 0 °C. Tosyl
chloride (90.0 mg, 472 umol) 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 uL) 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. NaHCOj; solution and brine (20 mL each) and dried over MgSQ, filtered and concentrated to
dryness before purification by flash chromatography (cyclohexane/ethyl acetate 7:3) to give 49 (117
mg, 259 umol, 67 %) as a white foam.

'H NMR (500 MHz, DMSO-de) 6 = 7.84 — 7.80 (m, 2 H, Ar-Hortho), 7.53 — 7.48 (M, 2 H, Ar-Hmeta), 4.69 (dd,
3J,1=8.2 Hz, 3,3 =7.6 Hz, 1 H, H-2), 4.58 (d, /1, = 8.3 Hz, 1 H, H-1), 4.31 (dd, Ysa6b = 10.5 Hz, 3Jes 5 =
3.3 Hz, 1 H, H-6a), 4.27 (dd, *Jerz,cv2 = 13.8 Hz, “Jcna,cn = 2.2 Hz, 1 H, CH.C=CHa), 4.25 - 4.23 (m, 1 H, H-
3), 4.21 (ddd, 3Js6p = 8.2 Hz, 3Js6a = 3.2 Hz, 3Js4 = 2.3 Hz, 1 H, H-5), 4.17 (dd, 3/43 = 5.0 Hz, 3J45 = 1.7 Hz,
1 H, H-4), 4.15 (dd, 2./c|-|2,c}-|2 =16.0 HZ, AJCHZ,CH =24 HZ, 1 H, CHzCECHb), 4.06 (dd, zjeb,sa =104 HZ, 3J6b,5 =
8.3 Hz, 1 H, H-6b), 3.52 (t, “/cua,cn = 2.4 Hz, 1 H, CH,C=CH), 2.44 (s, 3 H, Ar-CHs), 2.04 (s, 3 H, CH5C=0),
1.37 (s, 3 H, CHs), 1.21 (s, 3 H, CHs) ppm; 3C NMR (126 MHz, DMSO-ds) & = 169.1 (CHsC=0), 145.06 (Ar-
Cipso), 132.01 (Ar-Cpara), 130.15 (Ar-Cmeta), 127.54 (Ar-Comno), 109.59 ((CHs):C), 97.15 (C-1), 79.08
(CH,C=CH), 77.66 (CH,C=CH), 75.93 (C-3), 72.82 (C-4), 71.92 (C-2), 69.74 (C-5), 69.01 (C-6), 55.10
(CH,C=CH), 27.36 (CHs), 26.09 (CHs), 21.02 (Ar-CHs), 20.58 (CH3C=0) ppm; IR (ATR): 0 = 3271, 2922,
1737, 1598, 1450, 1351, 1245, 1173, 1077, 978, 839 cm; ESI-MS m/z: calc. 477.11897 for
[C21H260sS+Na]*; found 477.11864 for [C21H260s5+Na]*.

2-Propynyl 6-O-(p-nitrophenyl)-a-D-manopyranoside (53):

A suspension of 2-propynyl a-D-mannopyranoside (24)*3”) (50 mg, 229 pmol), 4-nitrophenol (51)
(64.0 mg, 460 umol) and triphenylphosphine (249 mg, 950 pumol) in dry tetrahydrofurane (2.30 mL)
under nitrogen was cooled to 0 °C and diisopropyl azodicarboxylate (110 pL, 522 umol) 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 umol, 88 %) as an off-white solid.

'H NMR (500 MHz, MeOH-d4) 6 = 8.29 — 8.19 (m, 2 H, Ar-Hmeta), 7.21 — 7.13 (m, 2 H, Ar-Hortho), 5.01 (d,
3)12 = 1.6 Hz, 1 H, H-1), 4.45 (dd, %Jea,6b = 10.7 Hz, 3J6a5 = 1.8 Hz, 1 H, H-6a), 4.35 (dd, %Jebea = 10.7 Hz,
3-/6b,5 =59 HZ, 1 H, H-6b), 4.30 (dd, 4-ICH,CH2 =24 HZ, Z.ICHz,CHz =15 HZ, 2 H, CHzCECH), 3.89 (ddd, 3./5,4 =
8.7 Hz, 3Js60 = 6.6 Hz, 3J5 62 = 1.5 Hz, 1 H, H-5), 3.87 (dd, /23 = 3.4 Hz, 3,1 = 1.7 Hz, 1 H, H-2), 3.82 (dd™t,
3Js3=32145=9.6 Hz, 1 H, H-4),3.75(dd, 3/34=9.2 Hz, 33, = 3.4 Hz, 1 H, H-3), 2.89 (t, *Jcn,cv2 = 2.4 Hz, 1 H,
CH,C=CH) ppm; IR (ATR): § = 3536, 3478, 3370, 3262, 2922, 1591, 1337, 1052, 1002 cm%; ESI-MS m/z:
calc. 362.08464 for [CisH170sN+Na]*; found 362.08394 for [C1sH170sN+Na]*.

2-Propynyl 6-O-[p-((tert-butoxycarbonyl)amino)phenyl]-a-D-mannopyranoside (54):

A suspension of 2-propynyl a-D-mannopyranoside (24)*37! (438 mg, 2.01 mmol), 4-[(tert-
butoxycarbonyl)amino]phenyl (52)1*73! (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 pL, 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.

'H NMR (500 MHz, DMSO-ds) 6 =9.13 (s, 1 H, NH), 7.41 — 7.28 (m, 2 H, Ar-Hortho), 6.96 — 6.73 (m, 2 H,
Ar-Humeta), 5.00 (d, *Jons = 5.6 Hz, 1 H, OH-4), 4.96 (d, *Jon = 4.3 Hz, 1 H, OH-2), 4.81 (d, 3/1,=1.5Hz, 1
H, H-l), 473 (d, 3JoH,g =43 HZ, 1 H, OH—3), 4.25 (dd, 4jCH2,CH =15.9 HZ, ZJCHZ,CHZ =24 HZ, 1 H, CHzCECHa),
4.18-4.15 (m, 1 H, H—6a), 4.15 (dd, 4JCH2,CH =15.9 HZ, ZJCHZ,CHZ =24 HZ, 1 H, CHzCECHb), 4.00 (dd, Zfeb,sa
=10.6 Hz, 3Jen s = 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, “Jcucnz = 2.4 Hz, 1 H, CH,C=CH), 1.47 (s, 9 H, COOC(CHs)s3)
ppm; 3C NMR (126 MHz, CDCl3) & = 153.7 (Ar-Cipso), 152.8 (Ar-Cpara), 132.5 ((COOC(CHs)s), 119.5 (Ar-
Cortho), 114.5 (Ar-Crmeta), 98.2 (C-1), 79.5 (CH,C=CH), 78.5 ((COOC(CHs)s), 77.3 (CH,C=CH), 71.9 (C-5), 70.8
(C-3), 69.9 (C-2), 67.7 (C-6), 66.4 (C-4), 53.1 (CH,C=CH), 28.1 ((COOC(CHs)3) ppm; IR (ATR): U = 3290,
2931, 1693,1514,1228, 1157, 1041, 828 cm’%; ESI-MS m/z: calc. 432.16289 for [CxoH2;0sN+Na]*; found
432.16300 for [C20H2708N+Na]".

2-Propynyl 2,3,4-tri-O-acetyl-6-O-(p-aminophenyl)-B-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 pL) was added dropwise and
stirred at room temperature for 16 h. The mixture was diluted with dichloromethane, washed with sat.
NaHCOs; solution and brine (50 mL each) and dried over MgSQ,, filtered and concentrated to dryness
to give 63 (658 mg, 1.52 mmol, 99 %) as a white foam.

IH NMR (500 MHz, DMSO-ds) 6 = 6.69 — 6.60 (M, 2 H, Ar-Hortho), 6.54 — 6.43 (m, 2 H, Ar-Hmeta), 5.25 (t,
3J43=3)45=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, NH,),
4.36 (dd, ZJCHZ,CHZ =16.0 Hz, 4Jc|—|2,c|-| =24 Hz, 1 H, CH2CECHa), 4.27 (dd, ZJCHZ,CHZ =16.0 Hz, 4Jc|-|2,(;H =2.4
Hz, 1 H, CH,C=CHb), 3.99 (ddd, /54 = 9.9 Hz, 3Js¢, = 4.8 Hz, 3Js62 = 3.0 Hz, 1 H, H-5), 3.94 (dd, >Jeaep =
10.8 Hz, 3J6a5s = 2.9 Hz, 1 H, H-6a), 3.88 (dd, %Jeb,6a = 10.8 Hz, 3Jga5 = 5.0 Hz, 1 H, H-6b), 3.56 (t, *Jcn,c2 =
2.4 Hz, 1 H, CH,C=CH), 2.13 (s, 3 H, CH3C=0), 2.01 (s, 3 H, CH5C=0), 1.95 (s, 3 H, CH5C=0) ppm; 3C NMR
(151 MHz, DMSO-ds) & = 169.7 (2 CH3C=0), 169.3 (CH3C=0), 149.4 (Ar-Cipso), 142.9 (Ar-Cpara), 115.9 (Ar-
Cortho), 114.8 (Ar-Crmeta), 95.3 (C-1), 78.8 (CH,C=CH), 78.2 (CH,C=CH), 68.9 (C-5), 68.8 (C-3), 68.6 (C-2),
67.5 (C-6), 65.7 (C-4), 54.3 (CH,C=CH), 20.6 (CH3C=0), 20.5 (CH3C=0), 20.4 (CH3C=0) ppm; IR (ATR): { =
3370, 3274, 2925, 1742, 1510, 1215, 1073, 1043, 825 cm; ESI-MS m/z: calc. 436.16021 for
[C21H2509N+H]*; found 436.16005 for [Ca1Ha509N+H]".

2-Propynyl 6-O-[p-((tert-butoxycarbonyl)amino)phenyl]-B-p-glucopyranoside (55):

A suspension of 2-propynyl B-D-glucopyranoside (32)*7! (438 mg, 2.01 mmol), 4-[(tert-
butoxycarbonyl)amino]phenyl (52)*73 (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 pL, 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 umol,
15 %) as a white foam.
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'H NMR (500 MHz, MeOH-dy4) 6 = 7.38 — 7.22 (m, 2 H, Ar-Hortno), 6.98 — 6.87 (m, 2 H, Ar-Hmeta), 4.53 (d,
3]1,2 =7.8 HZ, 1 H, H-l), 4.42 (dd, 4jCH2,CH =15.7 HZ, ZJCHz,CHz =2.5 HZ, 1 H, CHzCECHa), 4.38 (dd, 4JCH2,CH =
15.7 Hz, %Jcna,ci2 = 2.4 Hz, 1 H, CH,C=CHb), 4.30 (dd, 2Jea,e0 = 10.7 Hz, 3Jeas = 1.9 Hz, 1 H, H-6a), 4.15 (dd,
2Jep6a = 10.8 Hz, 3Jev,s = 5.6 Hz, 1 H, H-6b), 3.59 (ddd, , 354 = 9.3 Hz, 3Js,ep = 5.6 Hz, 3562 = 1.9 Hz, 1 H, H-
5),3.47 (dd™t, s = 343 =9.2 Hz, 1 H, H-4), 3.43 (dd™t, /3,4 = 3/3, = 8.8 Hz, 1 H, H-3), 3.27 (dd, 3/,5 = 8.8
Hz,3)51=7.9 Hz 1 H, H-2), 2.89 (t, “Jcn,ci2 = 2.4 Hz, 1 H, CH,C=CH), 1.54 (s, 9 H, COOC(CHs)s) ppm; ESI-
MS m/z: calc. 432.16289 for [CoH270sN+Na]*; found 432.16281 for [CyoH270sN+Na]*.

1,2:3,4-Di-O-isopropylidene-6-0O-(p-nitrophenyl)-a-b-galactopyranose (57):

A solution of 1,2:3,4-di-O-isopropylidene-a-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.[*’#

1,2,3,4-Tetra-O-acetyl-6-O-(p-nitrophenyl)-p-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), Ac,0 (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 umol, 39 %) as a white solid.

IH NMR (600 MHz, CDCl3) & = 8.21 — 8.16 (M, 2 H, Ar-Hmeta), 6.96 — 6.90 (m, 2 H, Ar-Hortho), 6.42 (d, 31
=3.3 Hz, 1 H, H-1a), 5.76 (d, 312 = 8.3 Hz, 1 H, H-1B), 5.71 — 5.67 (m, 1 H, H-4q), 5.62 (d, 343 = 3.3 Hz,
1 H, H-4B), 5.44 —5.35 (m, 3 H, H-2a, H-2B, H-3a), 5.15 (dd, 33, = 10.4 Hz, 3J34 = 3.4 Hz, 1 H, H-3p), 4.53
(ddNt, 3-/5,63 = 3./5,5[; =6.4 HZ, 2 H, H-Sa), 4.26-4.19 (m, 2 H, H-SB, H-6a[3), 4.15 (dd, z.fsa,e‘.b =94 HZ, 3./53,5
= 6.0 Hz, 1 H, H-6aq), 4.07 — 3.98 (m, 2 H, H-6ba, H-6bp), 2.18 (s, 3 H, CH3C=0), 2.14 (s, 6 H, CH3C=0),
2.12 (s, 3 H, CH3C=0), 2.07 (s, 3 H, CH5C=0), 2.04 (s, 3 H, CHsC=0), 2.03 (s, 3 H, CHsC=0), 2.02 (s, 3 H,
CH3C=0) ppm; 3C NMR (151 MHz, CDCl5) 6 = 170.2 (CH5C=0), 170.0 (3 CH3C=0), 169.9 (CH3C=0), 169.4
(CHsC=0), 169.0 (CH3C=0), 168.9 (CH3C=0), 162.7 (Ar-Cipso), 142.2 (Ar-Cpara), 126.0 (Ar-Cmeta), 114.6 (Ar-
Cortho), 92.2 (C-1B), 89.7 (C-1a), 72.0 (C-5B), 70.8 (C-3B), 69.2 (C-5a), 67.7 (C-2B), 67.6 (C-4a), 67.3 (C-
2a), 67.0 (C-4B), 66.4 (C-3a), 66.0 (C-6a), 65.7 (C-6B), 20.9 (s), 20.7 (3 CH3C=0), 20.6 (4 CH3C=0) ppm;
IR (ATR): O = 1744, 1592, 1341, 1206, 1065, 1039, 1012, 847 cm™; ESI-MS m/z: calc. 492.11125 for
[C20H23012N+Na]+; found 492.11051 for [Con23012N+Na]+.

2-Propynyl 2,3,4-tri-O-acetyl-6-O-(p-nitrophenyl)-B-b-galactopyranoside (59):

Galactopyranose 59 (150 mg, 319 umol) was dissolved in dry dichloromethane (2.50 mL) under
nitrogen and cooled to 0 °C and propargyl alcohol (25.0 pL, 423 umol) and BF3-Et,0 (60.0 pL) were
added. Stirred at room temperature for 2.5 h before adding K,CO; (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 MgS0O,4 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 umol, 33 %) as a white solid.

'H NMR (600 MHz, CDCl3) 6 = 8.27 — 8.15 (m, 2 H, Ar-Hmeta), 7.01 — 6.89 (m, 2 H, Ar-Hortno), 5.58 (d, 3Ja 3
=3.3 Hz, 1 H, H-4), 5.27 (dd, 3/23 = 10.4 Hz, 3J,1 = 8.0 Hz, 1 H, H-2), 5.13 (dd, /3, = 10.4 Hz, 33, = 3.4
Hz, 1 H, H-3), 4.81 (d, 3/1,, = 8.0 Hz, 1 H, H-1), 4.39 (d, *Jcha,cn = 2.2 Hz, 2 H, CH2C=CH), 4.22 (dd, eaep =
9.2 Hz, %Jeas = 6.0 Hz, 1 H, H-6a), 4.13 (dd~t, *Js6a = 3Js6p = 6.2 Hz, 1 H, H-5), 4.08 (dd, %Jebea = 9.2 Hz,
3J6as = 6.5 Hz, 1 H, H-6b), 2.48 (t, *Jcn,cu2 = 2.1 Hz, 1 H, CH,C=CH), 2.13 (s, 3 H, CH5C=0), 2.09 (s, 3 H,
CH5C=0), 2.01 (s, 3 H, CH5C=0) ppm; *C NMR (151 MHz, CDCl3) § = 170.16 (CHsC=0), 170.13 (CHsC=0),
169.60 (CH3C=0), 162.92 (Ar-Cipso), 142.13 (Ar-Cpara), 125.98 (Ar-Cmeta), 114.63 (Ar-Cortno), 98.80 (C-1),
78.09 (CH,C=CH), 75.54 (CH,C=CH), 71.49 (C-5), 70.83 (C-3), 68.44 (C-2), 67.26 (C-4), 66.17 (C-6), 56.05
(CH,C=CH), 20.81 (CHsC=0), 20.65 (CHsC=0), 20.60 (CHsC=0) ppm; IR (ATR): § = 3274, 2929, 1743,
1592, 1341, 1213, 1075, 1056, 846 cm*; ESI-MS m/z: calc. 488.11633 for [C,1H23011N+Na]*; found
488.11641 for [C21H23011N+Na]+.

2-Propynyl 2,3,4-tri-O-acetyl-6-O-[p-((tert-butoxycarbonyl)amino)phenyl]-B-b-galactopyranoside (60):

A suspension of 2-propynyl B-D-galactopyranoside (33)*°3 (500 mg, 2.29 mmol), 4-[(tert-
butoxycarbonyl)amino]phenyl (52)*73 (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 umol, 30 % over two steps) as a white foam.

[a]?°%=-16.3 (c= 0.02 in CH,Cl,); *H NMR (600 MHz, CDCl3) 6 = 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, 3/,3 = 10.4 Hz, 3/, = 8.0 Hz, 1 H,
H-2), 5.11 (dd, 35, = 10.4 Hz, 3/34 = 3.4 Hz, 1 H, H-3), 4.78 (d, 3/1, = 8.0 Hz, 1 H, H-1), 4.39 (dd™t, *Jcha,cH
= ZJCHZ,CHZ =2.0 HZ, 2 H, CHZCECH), 4.10 (dd, zfsa,eb =9.2 HZ, 3./53,5 =59 HZ, 1 H, H-6a), 4.08-4.04 (m, 1
H, H-5), 3.95 (dd, Yeb,6a = 9.2 Hz, *Jeb5s = 6.7 Hz, 1 H, H-6b), 2.47 (t, *Je.cHz = 2.4 Hz, 1 H, CH,C=CH), 2.10
(s, 3 H, CHsC=0), 2.08 (s, 3 H, CH3C=0), 2.00 (s, 3 H, CH3C=0), 1.50 (s, 9 H, COOC(CH3s)3) ppm; **C NMR
(151 MHz, CDCl3) § = 170.2 (CH3C=0), 170.1 (CH3C=0), 169.7 (CH3C=0), 154.1 (Ar-Cipso), 153,1 (Ar-Cpara),
132.2 ((COOC(CHs)3), 120.4 (Ar-Cortho), 115.3 (Ar-Creta), 98.7 (C-1), 80.4 (COOC(CHs)s), 78.3 (CH,C=CH),
75.4 (CH,C=CH), 71.7 (C-5), 71.0 (C-3), 68.6 (C-2), 67.3 (C-4), 66.0 (C-6), 56.0 (CH,C=CH), 28.4
((COOC(CHs)s), 20.8 (CH3C=0), 20.7 (CH3C=0), 20.6 (CH3C=0) ppm; IR (ATR): U = 3287, 2980, 1747, 1514,
1367, 1215, 1157, 1051 cm™; ESI-MS m/z: calc. 536.21264 for [CzsH33011N+H]*; found 536.21212 for
[C26H33011N+H]+.

2-Propynyl 2,3,4-tri-O-acetyl-6-O-(p-aminophenyl)-B-D-galactopyranoside (61):

To a solution of 2-propynyl 2,3,4-tri-O-acetyl-6-O-[p-((tert-butoxycarbonyl)amino)phenyl]-B-b-
galactopyranoside (60) (320 mg, 597 umol) in dichloromethane (5.00 mL) trifluoroacetic acid (300 uL)
was added dropwise and stirred at room temperature for 16 h. The mixture was diluted with ethyl
acetate (100 mL), washed with sat. NaHCOs3 solution and brine (100 mL each) and dried over MgSQ,,
filtered and concentrated to dryness to give 61 (257 mg, 589 umol, 99 %) as a white foam.
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[@]?%=-57.5 (c= 1.10 in CHCl,); *H NMR (500 MHz, DMSO-ds) 6 = 6.68 —6.58 (m, 2 H, Ar-Hortho), 6.53 —
6.43 (m, 2 H, Ar-Hmeta), 5.36 (dd, 3Ja3 = 3.6 Hz, 3J45 = 0.9 Hz, 1 H, H-4), 5.23 (dd, /3, = 10.4 Hz, 354 =3.6
Hz, 1 H, H-3), 4.95 (dd, /23 = 10.4 Hz, 3,1 = 8.0 Hz, 1 H, H-2), 4.84 (d, 31, = 8.0 Hz, 1 H, H-1), 4.64 (s, 2
H, NH,), 4.36 (dd, YJcuz,ciz = 16.0 Hz, “Jcuzen = 2.5 Hz, 1 H, CH.C=CHa), 4.32 — 4.24 (m, 2 H, H-5,
CH,C=CHb), 3.92 (dd, Ysaep = 10.0 Hz, 3Jea 5 = 6.3 Hz, 1 H, H-6a), 3.81 (dd, %Jeb6a = 10.0 Hz, 3Jsa5 = 6.5 Hz,
1 H, H-6b), 3.53 (t, “JccHz2 = 2.4 Hz, 1 H, CH,C=CH), 2.09 (s, 3 H, CH3C=0), 2.03 (s, 3 H, CH3C=0), 1.92 (s,
3 H, CH5C=0) ppm; *C NMR (126 MHz, DMSO-ds) & = 169.8 (CH3C=0), 169.4 (CH3C=0), 169.1 (CHsC=0),
149.2 (Ar-Cipso), 142.9 (Ar-Cpara), 115.7 (Ar-Cortho), 114.7 (Ar-Cmeta), 98.2 (C-1), 79.2 (CH.C=CH), 77.7
(CH,C=CH), 70.5 (C-5), 70.3 (C-3), 68.5 (C-2), 67.3 (C-4), 66.3 (C-6), 55.6 (CH,C=CH), 20.5 (CH3C=0), 20.3
(2 C, CHsC=0) ppm; IR (ATR): 0 = 3272, 1741, 1511, 1214, 1043 827 cm; ESI-MS m/z: calc. 436.16021
for [C21H2509N+H]*; found 436.15956 for [Ca1H250sN+H]*.

B-Galactoside precursor 43:

To a solution of 2-propynyl 2,3,4-tri-O-acetyl-6-O-(p-aminophenyl)-B-b-galactopyranoside (61)
(80.0 mg, 184 umol) in toluene (1.80 mL) MnO; (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 pumol, 52 %) as an orange foam.

[a]?°%=-94.5 (c= 0.87 in CHCl); *H NMR (500 MHz, CDCl3) 6 = 7.87 — 7.83 (m, 4 H, Ar-Hortho), 6.99 —6.96
(m, 4 H, Ar-Hmeta), 5.60 (dd, 343 = 3.4, 3J45 = 0.9 Hz, 2 H, H-4), 5.27 (dd, 3/23 = 10.5, 3/,1 = 8.0 Hz, 2 H,
H-2), 5.14 (dd, 3./3,2 = 10.4, 3./3,4 =3.4 Hz, 2 H, H-3), 4.81 (d, 3]1,2 = 8.0, 2 H, H-l), 4.41 (dd, 4Jc|-|2,c|-| =23 Hz,
2Jemaciz = 0.9 Hz, 4 H, CH2C=CH), 4.22 (dd, 3Jeaso = 9.1 Hz, 3Jeas = 5.8 Hz, 2 H, H-6a), 4.15—4.11 (m, 2 H,
H-5), 4.07 (dd, *Jeb6a = 9.1 Hz, *Jen5 = 6.6 Hz, 2 H, H-6b), 2.48 (t, *Jen,cn2 = 2.4 Hz, 2 H, CH,C=CH), 2.12 (s,
6 H, 2 CH5C=0), 2.09 (s, 6 H, 2 CH5C=0), 2.01 (s, 6 H, 2 CH5C=0) ppm; 3C NMR (126 MHz, CDCl3) & =
170.2 (CHsC=0), 170.1 (CH3C=0), 169.6 (CH3C=0), 160.1 (Ar-Cpara), 147.5 (Ar-Cipso), 124.4 (Ar-Cortho),
114.9 (Ar-Crmeta), 98.8 (C-1), 78.2 (CH,C=CH), 75.4 (CH,C=CH), 71.7 (C-5), 71.0 (C-3), 68.6 (C-2), 67.3 (C-
4), 65.8 (C-6), 56.0 (CH,C=CH), 20.8 (CHsC=0), 20.7 (CH5C=0), 20.6 (CHsC=0) ppm; IR (ATR): § = 3283,
1750, 1599, 1501 1369, 1223, 1079, 764 cm™; ESI-MS m/z: calc. 867.28184 for [CaHas013N>+H]*; found
867.28052 for [C42H45018N2+H]+.

Macrocyclyzation general procedure:

A solution of the precursor (25.0 mg, 28.8 umol) 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 umol) and N,N,N’,N”,N"-
pentamethyldiethylenetriamine (90.0 uL, 432 umol) 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 MgSO.. 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.

a-Glucoside macrocycle 64:
Made from 41 to give 12.0 mg (13.8 umol, 48 %) of 64.

[a]®=-200 (c= 1.03 in CHCl,); *H NMR (500 MHz, CDCl3) & = 7.99 — 7.93 (m, 4 H, Ar-Hortno), 7.10 — 7.06
(m, 4 H, Ar-Hmets), 5.38 (dd, 3/5, = 10.1 Hz, 3J34 = 9.4 Hz, 2 H, H-3), 4.92 — 4.84 (m, 4 H, H-1, H-4), 4.79
(dd, 353 = 10.2 Hz, 3J21 = 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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2Jena,ciz2 = 3.1 Hz, 4 H, CH,C=C), 2.13 (s, 6 H, 2 CH5C=0), 2.01 (s, 6 H, 2 CH5C=0), 2.00 (s, 6 H, 2 CH3C=0);
13C NMR (151 MHz, CDCl5) § = 170.2 (CH3C=0), 170.1 (CH3C=0), 169.9 (CH3C=0), 158.1 (Ar-Cpara), 147.6
(Ar-Cipso), 124.5 (Ar-Cortho), 117.3 (Ar-Cmeta), 94.1 (C-1), 72.7 (CH,C=C), 70.2 (4 C, C-2, CH,C=(), 69.9 (C-
4), 69.7 (C-3), 66.8 (C-6), 65.2 (C-5), 55.0 (CH,C=C), 20.8 (CH3C=0), 20.7 (4 C, CH3C=0); IR (ATR): 0 =
1744, 1207, 1019, 846 cm™; ESI-MS m/z: calc. 865.26619 for [C42H24018N,+H]*; found 865.26495 for
[C42Ha6018N2+H]*.

B-Glucoside macrocycle 65:
Prepared from 42 (20.0 mg, 23.1 umol) to give 13.7 mg (15.8 umol, 68 %) of 65.

[0]2%=+458 (c= 0.25 in CH,Cl,); 'H NMR (600 MHz, CDCls) 6 = 7.90 — 7.84 (m, 4 H, Ar-Hrets), 7.14 — 7.08
(M, 4 H, Ar-Howno), 5.16 (dd™t, 35> = 2Js.a = 9.5 Hz, 2 H, H-3), 4.96 (dd™t, ¥Jas = *Jas = 9.7 Hz, 2 H, H-4),
4.86 (dd, 35 = 9.6 Hz, /5.1 = 8.1 Hz, 2 H, H-2), 4.46 (dd, Yes.eo = 13.3 Hz, 3Jess = 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, CH,C=Ca), 3.57 (d, Ucrz.cHz = 14.9 Hz, 2 H, CH.C=Ch),
2.10 (s, 6 H, 2 CH5C=0), 2.00 (s, 6 H, 2 CHsC=0), 1.99 (s, 6 H, 2 CH;C=0); 13C NMR (151 MHz, CDCls) & =
170.2 (CHsC=0), 169.7 (CH3C=0), 169.3 (CH3C=0), 160.6 (Ar-Cpara), 147.8 (Ar-Cipso), 124.2 (Ar-Cortho),
117.3 (Ar-Crets), 98.4 (C-1), 74.3 (C-5), 73.3 (CH>C=C), 72.7 (C-3), 70.8 (C-2), 70.3 (CH,C=C), 69.1 (C-4),
67.3 (C-6), 55.5 (CH,C=C), 20.7 (4 C, CHsC=0), 20.6 (CHsC=0); IR (ATR): U = 2944, 1749, 1596, 1497,
1367, 1212, 1036, 841 cm™; ESI-MS m/z: calc. 865.26619 for [CazH4401sN2+H]*; found 865.26508 for
[C42Ha6018N2+H]*.

B-Galactoside macrocycle 66:
Prepared from 43 (26.6 mg, 30.7 umol) to give 15.5 mg (17.9 umol, 58 %) of 66.

[0]?°=.4697 (c= 0.90 in CH,Cl,); *H NMR (500 MHz, CDCl3) 6 = 7.88 — 7.83 (m, 4 H, Ar-Hortho), 7.13 = 7.09
(m, 4 H, Ar-Hpara), 5.40 (d, 3Ja3 = 3.5 Hz, 2 H, H-4), 5.12 (dd, 3/5,3 = 10.3 Hz, 3J,1 = 8.0 Hz, 2 H, H-2), 4.95
(dd, 33, = 10.3 Hz, /34 = 3.5 Hz, 2 H, H-3), 4.48 (dd, Yeasp = 13.1 Hz, 3Jea5 = 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, %z, cv2 = 15.3 Hz, 2 H, CH,C=Ca), 3.65 (d,
2Jenz, cuz2 = 15.3 Hz, 2 H, CH,C=Cb), 2.20 (s, 6 H, 2 CH5C=0), 2.01 (s, 6 H, 2 CH3C=0), 1.98 (s, 6 H, 2 CH3C=0);
13C NMR (126 MHz, CDCls) & = 170.4 (CH3C=0), 170.1 (CHsC=0), 169.4 (CH3C=0), 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 (CH,C=C), 71.0 (C-3), 70.5
(CH,C=C), 68.4 (C-2), 68.1 (C-4), 68.0 (C-6), 55.8 (CH,C=C), 20.8 (CHsC=0), 20.7 (CHsC=0), 20.6
(CHsC=0); IR (ATR): U = 1746, 1596, 1496, 1368, 1212, 1149, 1055 cm; ESI-MS m/z: calc. 865.26619
for [CazHa4018N»+H]*; found 865.26532 for [CayHasO18N2+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 pL) 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
guantitative yields.
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a-Glucoside macrocycle 28 from 64:
trans-28:

[a]**p= -408 (c= 0.08 in DMSO); *H NMR (500 MHz, DMSO-ds) 6 = 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, Ygae = 12.7
Hz, 3Jeas = 2.1 Hz, 2 H, H-6a), 4.48 (d, 3J1, = 3.7 Hz, 2 H, H-1), 4.14 (dd, Yep,6a = 12.9 Hz, 3Jep5 = 10.3 Hz,
2 H, H-6b), 3.82 (ddd~td, 3Jse, = 3J54 = 10.3 Hz, 3J562 = 2.3 Hz, 2 H, H-5), 3.67 (d, Jchz,ch2 = 15.3 Hz, 2 H,
CH,C=Ca), 3.29 (dd™t, 334 = 3J5, = 8.5 Hz, 2 H, H-3), 3.24 — 3.14 (m, 4 H, H-2, CH,C=Cb), 3.01 (dd™t, *Ja3
=3J45=9.0 Hz, 2 H, H-4) ppm; 3C NMR (126 MHz, DMSO-ds) & = 158.4 (Ar-Cpara), 146.4 (Ar-Cipso), 123.8
(Ar-Cortho), 117.5 (Ar-Cmeta), 97.8 (C-1), 74.5 (CH,C=C), 73.1 (C-3), 71.6 (C-4), 71.3 (C-2), 68.5 (CH,C=0),
67.9 (C-6), 65.7 (C-5), 53.8 (CH,C=C) ppm; IR (ATR): & = 3366, 2920, 1594, 1495, 1145, 1032, 846 cm™%;
ESI-MS m/z: calc. 613.20280 for [C3oH32012N2+H]*; found 613.20215 for [C3oH32012N2+H]*.

Cis-28:

[a]p= -684 (c= 0.08 in DMSO); *H NMR (600 MHz, DMSO-de) 6 = 6.92 — 6.84 (m, 4 H, Ar-Hmets), 6.86 —
6.74 (m, 4 H, Ar-Homno), 5.35 (bs, 2 H, OH), 5.10 (bs, 2 H, OH), 4.99 (bs, 2 H, OH), 4.75 (d, 3/ = 3.6 Hz, 2
H, H-1), 4.39 — 4.27 (m, 4 H, H-6a, CH.C=Ca), 4.15 (d, Ycrz,chz = 16.7 Hz, 2 H, CH2C=Cb), 4.05 (dd, Jeb6a
=11.5Hz, , *Jes = 7.7 Hz, 2 H, H-6b), 3.76 (dd™t, 356 = 354 = 8.9 Hz, 2 H, H-5), 3.47 —3.38 (m, 2 H, H-3),
3.25 (dd, 3/23 = 9.6 Hz, 351 = 3.5 Hz, 2 H, H-2), 3.11 (dd™t, 345 = /a3 = 9.4 Hz, 2 H, H-4) ppm; 13C NMR
(151 MHz, DMSO-ds) & = 157.2 (Ar-Cpara), 146.7 (Ar-Cipso), 122.3 (Ar-Cortho), 114.4 (Ar-Creta), 99.3 (C-1),
76.5 (CH.C=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 (CH,C=C) ppm.

B-Glucoside macrocycle 29 made from 65:
trans-29:

[a]?*b= +474 (c= 0.08 in DMSO); *H NMR (500 MHz, DMSO-ds) & = 7.81 — 7.70 (m, 4 H, Ar-Hortno), 7.27 —
7.12 (m, 4 H, Ar-Hmeta), 5.30 (bs, 2 H, OH), 5.19 (bs, 4 H, OH), 4.54 (dd, 2Jeaep = 13.1 Hz, *Jeas = 7.8 Hz, 2
H, H-6a), 4.46 (dd, Jep6a = 13.1 Hz, 3Jebs = 2.2 Hz, 2 H, H-6b), 3.92 (d, 3/1,, = 7.8 Hz, 2 H, H-1), 3.85 (d,
2Jena,cz = 15.1 Hz, 2 H, CH,C=Ca), 3.46 (d, Jcra,cvz = 15.2 Hz, 2 H, CH,C=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, 353 =3J,1 = 8.2 Hz, 2 H, H-2) ppm; 3C NMR (126 MHz, DMSO-
ds) 8 = 161.7 (Ar-Cpara), 146.4 (Ar-Cipso), 123.3 (Ar-Cortho), 117.2 (Ar-Crmeta), 100.9 (C-1), 76.6 (C-5), 76.4
(C-3), 75.0 (CH,C=C), 72.8 (C-2), 70.1 (C-4), 68.6 (CH,C=C), 67.8 (C-6), 54.2 (CH,C=C) ppm; IR (ATR): U =
3369, 1586, 1498, 1225, 1073, 1046, 1028, 841 cm*; ESI-MS m/z: calc. 613.20280 for [C3oH3,01,N+H]*;
found 613.20209 for [C50H32012N2+H]".

cis-29:

[a]?**p= +1959 (c= 0.08 in DMSO); *H NMR (600 MHz, DMSO-ds) & = 6.95 — 6.85 (m, 4 H, Ar-Hmeta), 6.85
—6.73 (M, 4 H, Ar-Hortno), 5.35—=5.13 (m, 6 H, OH), 4.36 (d, Ycha,ci2 = 16.7 Hz, 2 H, CH,C=Ca), 4.31 - 4.23
(m, 6 H, H-1, H-6a, CH,C=Cb), 4.08 (dd, %Jen,6a = 11.3 Hz, , 3Jens = 7.7 Hz, 2 H, H-6b), 3.53 —=3.41 (m, 2 H,
H-5), 3.19 (dd~t, 3J34 = 3J3, = 8.8 Hz, 2 H, H-3), 3.13 (dd~t, 3J45 = 343 = 9.2 Hz, 2 H, H-4), 2.97 (dd~t, 3/2,3
=3J,1=8.3 Hz, 2 H, H-2) ppm; *C NMR (151 MHz, DMSO-ds) & = 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 (CH,C=C), 75.2 (C-5), 73.2 (C-2), 70.2 (C-4), 69.4
(CH,C=C), 67.7 (C-6), 56.4 (CH,C=C) ppm.
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B-Galactoside macrocycle 30 from 66:
trans-30:

[a]**p= +893 (c= 0.08 in DMSO); *H NMR (600 MHz, DMSO-ds) 6 = 7.80 — 7.74 (m, 4 H, Ar-Hortno), 7.19 —
7.13 (M, 4 H, Ar-Hmets), 5.02 (bs, 2 H, OH), 4.93 (bs, 2 H, OH), 4.74 (bs, 2 H, OH), 4.70 (dd, ¥Jgs,60 = 13.0
Hz, 3J6a5 = 9.5 Hz, 2 H, H-6a), 4.23 (dd, 2Jebea = 12.9 Hz, 3Jen5s = 1.8 Hz, 2 H, H-6b), 3.84 (d, Ycha,cHz = 15.4
Hz, 2 H, CH,C=Ca), 3.81 (d, 3J1,2= 7.6 Hz, 2 H, H-1), 3.69 (d, 3/56. = 8.8 Hz, 2 H, H-5), 3.65 (d, 3J4,3 = 3.0 Hz,
2 H, H-4), 3.40 (d, Y,z = 15.4 Hz, H-2, CH,C=Cb), 3.25 (dd, 332 = 9.4 Hz, 3/54 = 3.2 Hz, 2 H, H-3) 3.21
—3.15(m, 2 H, H-2) ppm; *C NMR (151 MHz, DMSO-ds) & = 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 (CH»C=C), 73.1 (C-3), 70.0 (C-2), 68.8 (2 C, C-6,
CH,C=(), 68.7 (C-4), 54.3 (CH,C=C) ppm; IR (ATR): O = 3389, 1598, 1496, 1209, 1080, 1034, 843 cm'%;
ESI-MS m/z: calc. 613.20280 for [C3oH32012N2+H]*; found 613.20215 for [C3oH32012N2+H]*.

cis-30:

[a]*p= +1693 (c= 0.08 in DMSO); 'H NMR (600 MHz, DMSO-ds) & = 6.91 — 6.85 (m, 4 H, Ar-Hmets), 6.84
—6.73 (M, 4 H, Ar-Hortno), 5.06 (bs, 2 H, OH), 4.94 (bs, 2 H, OH), 4.74 (bs, 2 H, OH), 4.34 (d, Ycua,cv2 = 16.6
Hz, 2 H, CH.C=Ca), 4.28 — 4.16 (m, 6 H, H-1, H-6a, CH.C=Cb), 4.12 (dd, Yevsa = 11.3 Hz, , Jens = 2.6 Hz, 2
H, H-6b), 3.76 (dd, 3Js 6. = 8.7 Hz, 3Jsg = 2.1 Hz, 2 H, H-5), 3.68 (dd, 3Js3 = 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; 3C NMR (151 MHz, DMSO-ds) & = 157.7 (Ar-Cpara), 146.8
(Ar-Cipso), 122.0 (Ar-Cortho), 114.8 (Ar-Cmet), 102.8 (C-1), 76.3 (CH,C=C), 73.9 (C-5), 73.0 (C-3), 70.3 (C-2),
69.5 (CH,C=C), 68.8 (C-4), 68.0 (C-6), 56.1 (CH,C=C) ppm.
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NMR spectra of synthesized compounds
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Figure 6.9: 'H NMR spectrum of 38 (500 MHz, DMSO-ds, 298 K).
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Figure 6.10: 13C NMR spectrum of 38 (126 MHz, DMSO-ds, 298 K).
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Figure 6.11: *H NMR spectrum of 39 (600 MHz, CDCls, 298 K).
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Figure 6.12: 13C NMR spectrum of 39 (151 MHz, CDCls, 298 K).
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Figure 6.13: *H NMR spectrum of trans-41 (500 MHz, CDCls, 298 K).
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Figure 6.14: *C NMR spectrum of trans-41 (126 MHz, CDCls, 298 K).
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Figure 6.15: *H NMR spectrum of trans-42 (600 MHz, CDCls, 298 K).
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Figure 6.16: 1*C NMR spectrum of trans-42 (151 MHz, CDCls, 298 K).
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Figure 6.17: *H NMR spectrum of trans-46 (500 MHz, DMSO-ds, 298 K).
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Figure 6.18: 1*C NMR spectrum of trans-46 (126 MHz, DMSO-ds, 298 K).
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Figure 6.19: '"H NMR spectrum of 48 (500 MHz, DMSO-ds, 298 K).
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Figure 6.20: *C NMR spectrum of 48 (126 MHz, DMSO-ds, 298 K).
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Figure 6.21: *H NMR spectrum of 49 (500 MHz, DMSO-ds, 298 K).
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Figure 6.22: 1*C NMR spectrum of 49 (126 MHz, DMSO-ds, 298 K).
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Figure 6.23: *H NMR spectrum of 53 (500 MHz, MeOH-d,, 298 K).
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Figure 6.24: *H NMR spectrum of 54 (500 MHz, DMSO-ds, 298 K).
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Figure 6.25: 13C NMR spectrum of 54 (126 MHz, DMSO-ds, 298 K).
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Figure 6.26: *H NMR spectrum of 55 (500 MHz, MeOH-d,, 298 K).
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Figure 6.29: *H NMR spectrum of 59 (600 MHz, CDCls, 298 K).
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Figure 6.30: 1*3C NMR spectrum of 59 (151 MHz, CDCls, 298 K).
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Figure 6.31: *H NMR spectrum of 60 (600 MHz, CDCls, 298 K).
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Figure 6.32: 1*C NMR spectrum of 60 (151 MHz, CDCls, 298 K).
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Figure 6.33: 'H NMR spectrum of 61 (500 MHz, DMSO-ds, 298 K).
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Figure 6.34: 1*C NMR spectrum of 61 (126 MHz, DMSO-ds, 298 K).
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Figure 6.42: 1*C NMR spectrum of trans-65 (151 MHz, CDCls, 298 K).
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Figure 6.44: *C NMR spectrum of trans-66 (126 MHz, CDCls, 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.
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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.
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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.
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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 € 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 Amax(g) against the number of times the sample was irradiated.
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The decay of the absorbance of the n-mt* band Anax 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

20
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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 UM, 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 pL of a
10 mM stock solution in DMSO of the respective compound was added to 1990 pL water and mixed
vigorously right before measuring the first spectrum.
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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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A combination of the Mitsunobu reaction and Glaser coupling was used
to achieve a new glycoazobenzene macrocycle. This photosensitive
macrocycle can be efficiently and reversibly switched between two
stable conformational isomers, which are characterized with photo-
switchable shape, chiroptical and solubility behaviour.

Macrocycles are an interesting class of molecules with unique
properties and a broad scope of applications, both for their natural
representatives and synthetic counterparts.'"™ Carbohydrates are
especially suitable as components for macrocycles, due to their
natural abundance and biocompatibility on one hand, and their
synthetic potential, based on their defined stereochemistry, multi-
functionality and structural diversity, on the other hand."” In
recent years, azobenzenes have been increasingly implemented in
macrocycles in order to allow for temporal and spatial control of
the physicochemical properties through irradiation with light.” "
Azobenzenes are indeed an ideal class of photoswitches, as they
undergo fast, efficient and reversible trans—cis isomerisation with
high quantum yields and robustness against photobleaching, while
undergoing a significant change in molecular size, geometry and
polatity upon switching.'®'® Although azobenzene glycoconjugates
are already known for their excellent properties and applications
in bicorganic chemistry,">* carbohydrate-based macrocycles con-
taining azobenzene units have only recently become a subject of
interest.”** We showed that the combination of azobenzenes with
rigid pyranoside units leads to macrocycles that are able to change
remarkably in form and function by switching between two defined
structural shapes.** Importantly, a transfer of chirality proceeds
from the carbohydrate(s) to the azobenzene unit, resulting in a
remarkable chiroptical behaviour and a unidirectional photo-
isomerization of the azo bond.**™"

To broaden the collection of photoswitchable glycomacro-
cycles and thereby modulate further molecular properties upon

Otto Diels Institute of Organic Chemistry Christiana Alberting University of Kiel
Otto-Hahn-Platz 3/4, 24118 Kiel, Germany. E-mail: gdespras@oc.uni-kiel.de

1 Electronic supplementary information (ESI) available: Expetimental procedures,
characterization data and copies of 'H and "*C-NMR spectra of new compounds,
details on photoswitching experiments, See DOT: 10.1039/¢8cc03724h

This journal is © The Royal Society of Chemistry 2018
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A two-step approach to a glycoazobenzene
macrocycle with remarkable photoswitchable

and Guillaume Despras = *

shape switching, in this communication we report on an alter-
native design based on the straightforward connection of the
azobenzene moiety at the 6-position of a o-propargyl mannoside
and a subsequent cyclisation via intramolecular Glaser coupling
(compound 1, Fig. 1).**** In fact, we chose this method for its
high efficiency and because it requires simple reaction conditions
and stable alkyne-based reactants. Also, we reasoned that the stiff
1,3-diyne linkage may provide rigidity to the target macrocycle as
well as hydrophobicity, in balance with the hydrophilicity of the
carbohydrate units.

We started our synthesis with the known o-n-propargyl
mannoside 2, which can be obtained in three steps from
p-mannose.” From earlier studies carried out by Lindhorst’s
group on the preparation of azobenzene glycoconjugates, we knew
of the advantages of the Mitsunobu reaction for the regioselective
protecting group-free substitution at the primary alcohol of
sugars.”® Here, with successfully applied this methodology to
the synthesis of the macrocycle precursor 4 (Scheme 1). In a
first step, 4,4'-dihydroxyazobenzene 3*° was reacted at both ends
with 2, and activated in the presence of triphenylphosphine and

2 Steps
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Fig. 1 Reversible trans/cis isomerisation of the azobenzene unit leads to
shape-switching of the macrocycle 1.
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Scheme 1 Synthesis of macrocycle 1. Reagents and conditions: (a) 3, PPhz, DIAD, THF, 0 °C to RT; (b) AcO, pyridine, RT, 50% over two steps; (c) TsCl,
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Table 1 for yields); (h) NaOMe, MeOH/DCM, RT, gquant. PMDETA: N,N,N' . N'' N -pentamethyldiethylenetriamine.

diisopropyl azodicarboxylate {DIAD). After separation of the
Mitsunobu reagents, the crude product was acetylated in order
to remove the excess of unreacted 2, hence affording the linear
azobenzene bis-glycosyl conjugate 4 in 50% yield over two steps.
Alternatively 2 was converted into 5 via tosylation and subsequent
acetylation™ in a yield of 61%, in order to test if a Williamson
etherification would be more effective for the synthesis of 4.*
Although 4 was isolated in 70% yield, the pathway involving the
Mitsunobu reaction is preferable as it requires one step less and
leads to a higher overall yield.

The cyclisation was performed in pyridine under high dilution,
using copper(1) bromide and the ligand N,N,N' N/ ,N"-pentamethyl-
diethylenetriamine {(PMDETA) for catalysing the intramolecular
Glaser coupling (Scheme 1 and Table 1). Conveniently, the photo-
switching properties of the azobenzene moiety were used in this
step to our advantage: the solution of the linear precursor 4 was
irradiated at 365 nm for 20 min prior to the addition of the catalyst,
transforming {rans-4 to cis-4 and thus enabling a closer proximity
for the propargyl groups.”! As a result, the target macrocycle 6
was isolated in a satisfying yield of 42% (Table 1, entry 1}. The
significance of the preliminary geometrical arrangement of
the open substrate was confirmed by running a test reaction
omitting the irradiation step, which produced the desired cycle
only in traces (Table 1, entry 2). With a view to improve the
reaction, the cyclisation was carried out at different concentra-
tions {Table 1, entries 3-5) but it was not possible to raise the
yield higher than 50%. Cleavage of the acetyl groups was
performed using sodium methoxide in methanol to vield the
target compound 1 in quantitative yield. The macrocyclisation
was confirmed using mass spectrometry and NMR spectroscopy
(see the ESI}). Indeed, the "H NMR spectrum of ¢rans-1 shows a
single set of signals for both sugars and benzene rings, as
expected for a symmetrical molecule, and the absence of the

Table 1 Conditions and resulting yields for the macrocyclisation of 4

Entry Pre-irradiation (nm) Concentration (mm) Yield (%)
1 365 5 42

2 — 5 59

3 365 2 50

4 365 1 26

5 365 7 39

“ Yield determined by NMR,

8564 | Chem. Commun., 2018, 54, Bh63-8566

acetylene proton. Moreover, in comparison with the open pre-
cursor 4, the high difference in the chemical shifts of the CH,
protons at the sugar primary position and the propargyl moiety
supports an increase in conformational restriction, as a result of
the cyclisation (see the ESIt).

The photoswitching ability was investigated using UV/visible
absorption and NMR spectroscopy. trans-1 shows a strong
T — T* transition [/, = 360 nm) and a very weak forbidden
n — 7* transition (Ay.x = 450 nm) (Fig. 2a). After irradiation
with a 365 nm LED for 5 min, the macrocycle switched readily
to its corresponding cis isomer with a photostationary state
(PSS) of cisftrans 98:2 (measured by "H-NMR, see Fig. 523,
ESI¥), leading to a decrease in the hypsochromic shift of the
© — m* band to 315 nm and an increase of the n — 7n* band at
450 nm. According to the previous reports on glycoazobenzene
macrocycles, complete back switching to trans-1 is not possible
by irradiation with visible light, due to the overlap of the
n — n* bands of both isomers, leading to a simultaneous
trans — cis isomerisation.”*** However, a close look to the UVAvis
spectrum of ¢is-1 reveals that the two transitions are almost
resolved in the green range and it is therefore possible to reach
a good PSS of cis/trans 12: 88 by irradiation at 525 nm (Fig. $23,
ESIT). Full relaxation to trans-1 was realized by heating a solution
of the cis isomer in the dark (40 °C for 16 h), whereas the half-life
of the metastable c¢is-1 at 27 “C was measured to be 114 h (see the
ESIY). Finally, 1 showed excellent resistance to switching fatigue
after alternating irradiation with 365 nm and 525 nm light within
19 cycles (see Fig. §22, ESIT). To verify whether a chirality transfer
operates from the carbohydrate blocks to the azcbenzene unit,
we measured circular dichroism (CD) spectra in DMSO (Fig. 2b).

a) — trans-1 b) — trans-1
=2 — PSS 365 nm 6 — PS5 365 nm
S — PSS525nm T3 PSS 525 nm
3 § .
gt T 20 N\
Q =
5 w’a
2 <
< -6
260 360 460 560
A [nm] A [nm]

Fig. 2 (a) Absorption spectra of 1 (100 uM in DMSO) at 298 K; (b} CD
spectra of 1 (50 uM in DMSQ) at 293 K; black line: trans-1, red line: PSS
after irradiation with 365 nm for 5 min, and blue line: PSS after irradiation
with 525 nm for 15 min.

This journal is © The Royal Society of Chernistry 2018
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trans-1 shows a negative Cotton effect at 360 nm and a weaker
one at 440 nm corresponding to the respective n — m* and
n — 7* transitions of the UV/visible spectrum. After irradiation
with 365 nm light, the spectrum changes significantly to show a
positive Cotton effect at 320 nm and a strong negative band at
440 nm, indicating a major change in chirality upon irradiation, as
previously observed with photoswitchable glycomacrocycles.**** In
accordance with the UV/vis measurements, addressing cis-1 with
green light leads to a PSS in which the CD pattern corresponding to
the pure trans-1 is nearly recovered. It has been demonstrated that
azobenzenes embedded in chiral frames can selectively generate
either a P or an M helical conformation, corresponding to a trans/cis
isomerisation in a single direction.”*™" Our results suggest a
similar behaviour for the macrocycle 1.

The fact that the isomerisation from ¢rans-1 to cis-1 leads to
a change in the shape of the molecule is visible via NMR. The
H-6a and H-6b signals are shifted upfield, while the H-1 and the
propargyl-CH, proton signals are shifted downfield, suggesting
a shielding and a deshielding effect respectively due to a closer
proximity or an increased distance to the aromatic rings. In the
case of the propargylic protons, this is supported by the
significant decrease in intensity of the NOE cross-peaks with
the aromatic protons upon photoisomerization (Fig. 3a, b and
Fig. S15, S20, ESI{). Additionally, energy-minimized structures
were calculated to give an approximation of the shapes for 1 in
trans and cis configurations (Fig. 3¢ and d).*’

While attempting to record spectra in water despite the poor
solubility of trans-1 in any solvent besides DMSO, we noticed that
after irradiation with UV light, the aqueous suspension turns to a
clear solution. If frans-1 is added to water from a concentrated
stock solution in DMSO, the prepared suspension (0.5% DMSO in
water) shows a Tyndall effect, which disappears with triggering
solvation upon irradiation at 365 nm. This phenomenon, also
visible with the naked eye at higher concentrations, is reversible

Fig. 3 (a) Expansion of the NOESY spectrum for trans-1 and (b) PSS at
365 nm in DMSO at 300 K; (c) force field-minimized structures of trans-1
and (d) cis-1.%"

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Reversible switching of the solubility: (a) trans-1 in water (1.0 mg mL %)
and after irradiation with 365 nm for 3 min and 525 nm for 10 min; (b) *H-NMR
spectra of 1 (2.5 mg mL *in D,0); (c) CD spectra of 1 (0.3 mg mL *in H,O with
0.5% DMSO) at 293 K; (d) absorption spectra of 1 (0.3 mg mL *in H,O with 0.5%
DMSO) at 298 K; black line: trans-1, red line: PSS after irradiation with 365 nm for
5 min, and blue line: PSS after irradiation with 525 nm for 5 min.

by switching back with 525 nm light, leading to a sudden
precipitation of the macrocycle, and is repeatable for at least
10 cycles (Fig. 4a). Moreover, heating the solution obtained after
UV irradiation, and thus relaxing the cis isomer, also leads to
the formation of a suspension. These observations led us to the
following hypothesis: in water, trans-1 is largely insoluble, while
cis-1 is soluble, making the irradiation with different wavelengths
a solubility switch for the macrocycle.®®

To support our assumption and get more insight into the
solubility switching, we measured 'H-NMR, CD and UV/vis
spectra in aqueous suspensions before and after irradiation with
UV and green light (Fig. 4b-d). Hence, the "H-NMR spectrum of
trans-1 shows very weak signals that can barely be distinguished
from the background noise, while the spectrum after switching
at 365 nm reveals strong resonances in the regions corres-
ponding to the sugars and the azobenzene (Fig. 4b). Switching
back to the frans isomer with 525 nm light provides a spectrum
similar to the one observed before irradiation with UV light.
Regarding the CD spectra, the pattern of trans-1 (Fig. 4¢) is more
complex than observed in pure DMSO, while the signal corres-
ponding to the PSS at 365 nm rather fits to the one shown in
Fig. 2b. Remarkably, the back photoisomerization with 525 nm
light leads to a pattern that does not fit any longer to the one of
the pure t¢rans-1, in sharp contrast with the same experiment
carried out in DMSO. UV/vis measurements before and after
irradiation showed the same trend (Fig. 4d). Indeed, the spectrum
of {rans-1 exhibits a broad band for the n — n* transition, along
with a raised-up baseline, whereas the spectrum recorded in the
UV PSS looks very similar to the one measured in a DMSO
solution (Fig. 2a). Taken together, these spectroscopic data
provide the qualitative evidence that the solubility behaviour
of trans- and cis-1 sharply differs in water. In particular, the CD
and UV/vis spectra hint for a possible aggregation process of
the trans isomer. Moreover, two distinct aggregation states may
occur whether the ¢rans macrocycle is directly suspended in

Chem. Commun., 2018, 54, 8563-8566 | 8565
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water or formed by irradiation of the solution containing the
cis isomer, as suggested by the two different patterns observed
in CD (Fig. 4c) and also by the different appearance of the
suspension in the vial (Fig. 4a).

In summary, we have described a short synthesis process of
a new photoswitchable glycoazobenzene macrocycle using a
combination of the Mitsunobu reaction, for forming the linear
precursor, and a photo-assisted intramolecular Glaser coupling,
for the cyclisation. It could be shown using NMR, UV/visible and
CD spectroscopy that the cycle exhibits excellent photochromic
properties, leading to a significant change in shape and chirality.
Intriguingly, it was found that irradiation of 1 in water with light
of two different wavelengths acts as a solubility switch, which
will be investigated further.
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General Information

Methods:

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
(3.0g vanillin and 0.5 mL H2S04 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 3A molecular sieves under a nitrogen atmosphere.

Instrumentation:

Optical rotations were measured with a PerkinElmer 241 polarimeter with a sodium b-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. Proton (*H) nuclear magnetic resonance spectra and carbon (**C)
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, g=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 (*H - *H COSY and 'H - **C HSQC and HMBC. Infrared (IR) spectra were
measured with a PerkinElmer FTIR Paragon 1000 (ATR) spectrometer and were reported in cm™. ESI
mass spectra were recorded on a Thermo Scientific"" Q Exactive’™. 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/cm?® Cis = trans photoisomerization experiments were
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performed using a LED emitting a 525 nm light from Nichia Corporation with a FWHM of 45 nm and
intensity of 1 mW/cm?. UV/Vis absorption spectra were measured on PerkinElmer Lambda-241.

Synthesis

Trans-Precursor 4.

From 2-propynyl a-D-mannopyranoside 2*:

A suspension of 2 (500 mg, 2.29 mmol), 4,4’—dihydroxyazobenzenelz] {3) {225 mg, 1.05 mmol) and
triphenylphosphine {1.37 g, 5.22 mmol) in dry tetrahydrofurane {11.0 mL) under nitrogen was cooled
to 0 °C and diisopropyl azodicarboxylate (1.00 mL, 5.22 mmol) was added dropwise. The mixture was
allowed to warm to room temperature and stirred for 4 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 2. The crude mixture was dissclved 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 3:2) to give 4 (450 mg, 519 pumol, 50% over two steps) as an orange foam.

From 2-propynyl 2,3,4-tri-O-acetyl-6-O-tosyl-a-D-mannopyranoside 5.

A suspension of 5 (100 mg, 200 umol), 4,4’-dihydroxyazobenzene” (3) (16.0 mg, 75.0 pmol) and
Cs,C0; (75.0 mg, 231 pmol) in dry DMF (8.00 mL) under nitrogen was stirred at 70 °C for 16 h then
diluted with ethyl acetate (50 mL), washed with 2N HCI, brine and water (50 mL each) and dried over
MgS0,, filtered and concentrated to dryness. The crude residue was purified by flash
chromatography {cyclohexane/ethyl acetate 3:2) to give 4 (46 mg, 53 pumol, 70%) as an orange foam.

[a]®p= +112 (c= 0.41 in CHCL,); '"H NMR (500 MHz, CDCl;) 8 = 7.90 — 7.84 (m, 4 H, Ar-Homno), 7.05 —
6.96 (M, 4 H, Ar-Hpeta), 5.45 — 5.37 (m, 4 H, H-3, H-4), 5.32 (dd, */,3 = 2.9 Hz, *J,, = 1.8 Hz, 2 H, H-2),
5.08 (d, /1, = 1.6 Hz, 2 H, H-1), 4.33 (d, “/cua,ci = 2.4 Hz, 4 H, CH,C=CH), 4.25 —4.13 (m, 6 H, H-5, H-
6a, H-6b), 2.47 (t, “Jouciz = 2.4 Hz, 2 H, CH,C=CH), 2.18 (s, 6 H, 2 CH5C=0), 2.05 (s, 6 H, 2 CH,C=0),
2.02 (s, 6 H, 2 CH5C=0); *C NMR (126 MHz, CDCls) & = 170.0 (CH5C=0), 169.9 (2 C, CHsC=0), 160.4
(Ar-Cpora), 147.3 (Ar-Ciso), 124.4 (Ar-Conno), 114.9 (Ar-Crew), 96.0 (C-1), 77.9 (CH,C=CH), 75.6
(CH,C=CH), 69.5 (C-5), 69.4 {C-2), 68.9 (C-3), 67.5 (C-6), 66.8 (C-4), 54.8 (CH,C=CH), 20.9 (CH,C=0),
20.8 (CH;C=0), 20.7 (CH5C=0); IR {(ATR): 0 = 2363, 1746, 1369, 1215, 1135, 1043, 973, 841, 492 cm'l;
ESI-HRMS m/z: calc. 867.28184 for [CsHas015N,+H]T; found 867.28077 for [CayHasQisNo+H] .

Trans-Macrocycle 6:

A solution of the precursor 4 (25.0 mg, 28.8 pumol) in dry pyridine (15.0 mL) 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 mmol) and
N,N,N’,N"”,N"-pentamethyldiethylenetriamine (90.0 pL, 432 umol) 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 MgS0Q,. After filtration and concentration under reduced pressure, the residue was
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purified by flash chromatography (cyclohexane/ethyl acetate 3:2) to give 6 (12.4 mg, 14.3 umol, 50%)
as an orange foam.

[a]®5=-182 (c= 0.12 in CHCL,); "H NMR {500 MHz, CDCls) § = 7.90 — 7.84 (m, 4 H, Ar-Horno), 7.05 — 6.99
(m, 4 H, Ar-Hpet), 5.18 (dd, *J3, = 10.0 Hz, *J3, = 3.4 Hz, 2 H, H-3), 5.09 — 5.02 (m, 4 H, H-2, H-4), 4.53
(s, 2 H, H-1), 4.36 (dd, “Jgae0 = 13.0 Hz, *Jo,5 = 9.1 Hz, 2 H, H-6a), 4.28 (dd, YJsp60 = 13.1 Hz, *Jgp5 = 2.3
Hz, 2 H, H-6b), 4.13 —4.06 (m, 2 H, H-5), 3.47 (d, “Joua, a2 = 15.4 Hz, 2 H, CH,C=Ca), 3.43 (d, Yo, cnz =
15.5 Hz, 2 H, CH,C=Cb), 2.07 (s, 6 H, 2 CH5C=0), 2.06 (s, 6 H, 2 CH5C=0), 1.91 (s, 6 H, 2 CH,C=0); **C
NMR (126 MHz, CDCl3) & = 170.0 (CH;C=0), 169.7 (CH;C=0), 169.6 (CH;C=0), 158.4 (Ar-Cyara), 147.7
(Ar-Cipso)s 124.4 (Ar-Corno), 117.5 (Ar-Crneta), 96.0 (C-1), 72.8 (CH,C=C), 70.3 (CH,C=C), 69.2 (C-2), 68.6
(C-3), 67.3 (C-6), 67.2 (2 C, C-4, C-5), 54.8 (CH,C=C), 20.8 (2 C, CH,C=0), 20.6 (CH;C=0), IR (ATR): i =
2923, 2360, 1747, 1209, 1068, 1040, 967, 847, 492 cm™; ESI-HRMS m/z: calc. 865.26619 for
[C42H44015N2+H]"; found 865.26543 for [Cy4yHa60:5N,+H]".

Trans-Macrocycle 1:

To a solution of the protected macrocycle 6 (55.0 mg, 63.6 pumol) in a mixture of dichloromethane
and methanal (1:1, 4.00 mL), NaOMe (5.4 M in methanol, 30 pL) was added and the solution was
stirred at room temperature for 16 h. The mixture was neutralized with Amberlite® IR120 H" and
concentrated to dryness to give the macrocycle 1 (38.8 mg, 63.3 umol, quantitative) as a yellow
amorphous solid.

[a]**5=-146 {c= 0.08 in DMSO); 'H NMR (500 MHz, DMSO-d6) & = 7.90 — 7.83 (m, 4 H, Ar-Ho o), 7.19 —
7.11(m, 4 H, Ar-Hera), 5.23 (bs, 2 H, 2 OH), 4.99 (bs, 4 H, 4 OH), 4.74 (dd, “Jes60 = 12.8 Hz, *Jga5 = 2.0
Hz, 2 H, H-6a), 4.44 (d, *J15 = 1.3 Hz, 2 H, H-1), 4.19 (dd, gy 6. = 12.8 Hz, *Jg, s = 10.0 Hz, 2 H, H-6b),
3.70 (ddd, *Js g, = *Js.0 = 9.5 Hz, >S54 = 1.6 Hz, 2 H, H-5), 3.65 (d, YJcuzcrz = 15.3 Hz, 2 H, CH,C=Ca), 3.49
(d, *112= 0.9 Hz, 2 H, H-2), 3.32 - 3.28 (m, 4 H, H-3, H-4), 3.25 (d, “Jauo.cn2 = 15.4 Hz, 2 H, CH.,C=Cb); C
NMR (126 MHz, DMSO-d6) & = 158.7 (Ar-Cpar), 146.4 (Ar-Cineo), 123.8 (Ar-Conno), 117.6 (Ar-Croera), 99.0
(C-1), 74.4 {CH,C=C), 70.6 (C-3), 69.6 (C-2), 68.5 {(CH,C=(), 67.9 (C-6), 67.7 (C-4), 67.6 (C-5), 53.2
(CH,C=C), IR (ATR): U = 3371, 2916, 2363, 1595, 1210, 1065, 1040, 851, 556, 485 cm™; ESI-HRMS m/z:
calc. 613.20280 for [CyH3,013N,+H]; found 613.20237 for [CyoH3.013N;+H]™.

Cis-Macrocycle 1:

[a]*;=-576 {c= 0.08 in DMSO); "H NMR (500 MHz, DMSO-d6) & = 6.90 — 6.85 (m, 4 H, Ar-Hnets), 6.84 —
6.78 (M, 4 H, Ar-Houno), 5.22 (bs, 2 H, 2 OH), 4.99 (bs, 4 H, 4 OH), 4.71 (s, 2 H, H-1), 4.36 (d, Jsa e, =
10.8 Hz, 2 H, H-6a), 4.29 (d, YJeracrz = 16.5 Hz, 2 H, CH,C=Ca), 4.16 (d, YJeuzcnz = 16.6 Hz, 2 H,
CH,C=Cb), 4.03 (dd, *Jep6. = 11.3 Hz, *Jgu 5 = 8.0 Hz, 2 H, H-6b), 3.68 (dd, *Jsa = Js e = 8.0 Hz, 2 H, H-5),
3.61 (s, 2 H, H-2), 3.46 - 3.43 (m, 2 H, H-3, H-4); C NMR (126 MHz, DMSO-d6) & = 157.2 (Ar-Coara),
146.5 (Ar-Cipso), 122.1 (Ar-Corno), 114.3 (Ar-Cpera), 100.2 (C-1), 76.2 (CH,C=C), 71.8 (C-5), 70.6 (C-3),
69.7 (C-2), 69.6 (CH,C=C), 67.6 (C-6), 66.8 {C-4), 54.7 (CH,C=C).
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NIVIR spectra of the synthesized compounds
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Figure $2: °C NMR spectrum of trans- 4 (126 MHz, CDCls, 300 K).
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Figure $6: °C NMR spectrum of trans-macrocycle 6 (125 MHz, CDCl, 300 K).
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Figure $7: HSQC spectrum of trans-macrocycle 6 (CDCl;, 300 K).
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Figure $11: HSQC spectrum of trans-macrocycle 1 (DMSO-d;, 300 K).
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Figure $12: HMBC spectrum of trans-macrocycle 1 (DMSO-dg, 300 K).
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Figure $13: NOESY spectrum of trans-macrocycle 1 (DMISO-dg, 300 K).
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Figure S16: HSQC spectrum of cis-macrocycle 1 (DMSO-ds, 300 K).
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Figure S18: NOESY spectrum of cis-macrocycle 1 (DMSQO-dg, 300 K).
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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, then the respective
measurement was performed immediately afterwards.

Absorption spectroscopy

Photostationary states (PSS) were reached after irradiating the respective sample for 3 min at 365
nm or 14 min at 525 nm. Extinction coefficients (g) were calculated using the Beer-Lambert law {see
equation below), plotting the absorbance at the respective A.,.x versus the concentration (6 - 8
different concentrations in a range of 2.10” to 10 mol-L™"). In the case of PSS 365 nm, the Am. of the
n-* band was used. A linear fitting gave the value of £ as the slope of the linear plot.

A=g-c-|
A = absorbance
£ = extinction coefficient = slope of the plot
¢ = molar concentration in mol-L*
| = optical path length in cm
2,4 0,28
N ]
c 22 g 026 .
c c 0,24
o2 -~ 2 .
2 D022 e
% 1,8 e 5 02 R
a w
g 16 A o 2018 -
8 o« S 0,16
5 14 - s 0 o
E . R?=0,9994 2014 R R? = 0,9981
1,2 {1 e < . A
£=22516,880+ 238,166 0,12 €= 2646,560+ 52,060
1 0,1
0,00005 0,00006 0,00007 0,00008 0,00009 0,0001 0,00005 0,00006 0,00007 0,00008 0,00009 0,0001
Concentration [mol/L] Concentration [mol/L]l

Figure S19: Plot of the absorbance at the A, versus the concentration; the slope of the linear curve
gives the value of the molar extinction coefficient €. Measured at 298 K in DMSO in concentrations
from 5.10” to 10™* mol-L™* (a) trans-1, absorbance at 365 nm; (b) PSS after irradiation at 365 nm,
absorbance at 450 nm.
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Switching cycle experiments were performed by irradiating the sample alternatively for 3 min at 365
nm and 14 min at 525 nm, within 19 cycles. The value of the absorbance at Anayransy Was plotted
against the number of times the sample was irradiated.

* ¢

Absorbance
=
= %]

e
wn

Switching Cycles

Figure S20: Measured absorbance after alternating photoirradiation with 365 nm and 525 nm.
Measured at 298 K in DMSO at a concentration of 100 uM.

NMR spectroscopy

PSS was reached after irradiating the respective sample for 3 min with 365 nm or 17 min with 525
nm and the cis:trans ratios were measured by 'H NMR spectroscopy. The PSS were determined by
integration of one aromatic signal of each isomer.
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Figure S21: NMR spectra of trans-1 after heating at 45 °C in the dark for 20h (black), after irradiation
with 365 nm for 3 min (red) and after irradiation with 525 nm (blue).
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Thermal cis=>trans relaxation

The kinetics of thermal cis>trans relaxation process was determined by ‘H NMR. After irradiation,
the spectra of the samples were recorded in regular intervals, keeping the sample inside the probe at
a constant temperature of 300 K, over a period of 7 days. The decay of the integral of the cis form
was plotted versus the time, and an exponential decay of first order fitted to the data, according to
the following equation:

= line + Avexp™*
| = integral of the cis isomer
lint = integral of the cis isomer 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:

In(l - Iing) = In{A) —kt

The half-life of the cis isomer (t,/,) was determined as ty;; = In2/k.
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®e |_ g R? =0,9996
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‘q... — T,,=114h
.... = 045
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Figure $22: Kinetics of the cis—>trans thermal relaxation process at 300 K investigated by 1H NMR
spectroscopy. (a) Exponential decay of the integral of an aromatic signal of ¢is-1 (300
MHz, DMSO-d6); {b) Linearization of the exponential decay of cis-1.

Specific rotation and circular dichroism

The optical rotation and the circular dichroism spectra were measured at 293 K after irradiating the
respective sample at 365 nm for 10 min. The CD signal was recorded as ellipticity (B), expressed in
units of millidegrees (mdeg). The ellipticity was converted into difference in molar absorption
coefficient (Ag), expressed in M™-cm™, by using the following equation:

Ag =0 /(32980-c-1)

Ag = difference in molar absorption coefficient
O = ellipticity

¢ = molar concentration in mol-L™

| = aptical path length in cm
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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 6-0 arylation of different carbohydrates with dihydroxy azobenzene
proceeded with varying success, hence reaction conditions had to be adapted for each reaction

HO HO HO
© \'_D N o HO C D N o
% HQ N OH N OH
Ho~2 A oH Ko o
0
How OH trans-27 4 OH HO trans-28 J OH
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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 mt-it 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 fir die Padagogik der
Naturwissenschaften und Mathematik an der Universitat Kiel), the Wohlk 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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Abstract

The Mitsunobu reaction basically consists in the conversion of an alcohol into an ester under inversion ol conliguration, employing
a carboxylic acid and a pair of two auxiliary reagents, mostly triphenylphosphine and a dialkyl azodicarboxylate. This reaction has
been frequently used in carbohydrate chemistry for the modification of sugar hydroxy groups. Modification at the anomeric posi-
tion, leading mainly to anomeric csters or glveosides, is of particular importance in the glycosciences. Therefore, this review
focuses on the use of the Mitsunobu reaction for modifications of sugar hemiacetals. Strikingly, unprotected sugars can often be
converted regioselectively at the anomeric center, whereas in other cases, the other hydroxy groups in reducing sugars have to be
protected to achieve good results in the Mitsunobu procedure. We have reviewed on the one hand the literature on anomeric esteri-
fication, including glycosyl phosphates, and on the other hand glycoside synthesis, including S- and N-glycosides. The mechanistic
details of the Mitsunobu reaction are discussed as well as this is important to explain and predict the stereoselectivity of anomeric
modifications under Mitsunobu conditions. Though the Mitsunobu reaction is often not the first choice for the anomeric modifica-

tion of carbohydrates, this review shows the high value of the reaction in many different circumstances.

Introduction

Fifty years ago, Oyo Mitsunobu reported a preparation of esters ~ “Mitsunobu reaction”, being a frequently utilized tool in
from alcohols and carboxylic acids supported by two auxiliary — organic synthesis. In 1981, Mitsunobu published a first review
reagents, diethyl azodicarboxylate (DEAD) and triphenylphos-  about this reaction, entitled "The Use of Diethyl Azodicarbox-
phine [1]. This reaction has ever since become known as the  ylate and 'I'riphenylphosphine in Synthesis and Iransformation
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of Natural Products” [2]. Thereafter, several further general
reviews have appeared [3-6], owing to the spectacular develop-
ment of diversified synthetic applications of the Mitsunobu
reaction, whilst the long term debate about the mechanism of
this reaction was still ongoing |7-12].

The standard Mitsunobu reaction involves coupling of an
alcohol and a nucleophile in a dehydrative SN2 process acti-
valed by a reactive combination of a triaryl- or trialkylphos-
phine as reducing agent and a dialkyl azodicarboxylate as
oxidant. In a redox process, the phosphine specics is oxidized to
the respective phosphine oxide and the azo rcagent is reduced to
the corresponding 1.2-hydrazinodicarboxylate (Scheme 1). As
we have [requently utilized this valuable reaction in carbo-
hydrate chemistry, in this account we have compiled literature,
where the Mitsunobu reaction was used for the anomeric modi-
fication of carbohydrates.

The reaction proceeds under mild, neutral conditions that are
compatible with a wide range of functional groups. In the case
where a stereogenic center is involved, the reaction takes place
with stereochemical inversion [6]. The reaction partners are
mostly primary or sccondary alcohols, while the nucleophilic
species needs to be acidic [13] with a pK, < 11. Otherwisc the
azo reagent would compete with the acidic nucleophile and
participate in the substitution reaction |14]. Various com-
pounds comply with that condition: carboxylic acids, phenols.
hydrazoic acid, some other NH acids, and thiols. The standard
azo reagents used are diethyl- (DEAD) or diisopropyl- (DIAD)
azodicarboxylate. However, alternative reagents such as azodi-
carboxamides [15,16] or stabilized phosphoranes were also de-
veloped to allow reaction with nucleophiles of weaker acidity.
The typical phosphine reagents are triphenyl- (PhsP) or tributyl-
phosphine (n-BusP). In recent years, advances have been made
using solid supported reagents, thus facilitating work-up condi-
tions [17.18]. The polarity of the commonly aprotic solvents
used in the Mitsunobu reaction, including toluene, tetrahydro-
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furan or dimethylformamide, has been shown to be influential
in terms of efficacy and stercoselectivity [19].

Since its infancy, the Mitsunobu reaction has found applica-
tions in carbohydrate chemistry, as its broad scope and mild
conditions arc ideal for the formation of conjugates with sensi-
tive natural products. Standard applications of the Mitsunobu
reaction in glycochemistry have mostly dealt with the function-
alization of the primary hydroxy group of sugars and, to a lesser
extent, with modifications of the secondary alcohol array in
carbohydrate rings [2-6], for example for halogenation [20].
However, the Mitsunobu reaction can also be profitably utilized
for the anomeric modification of carbohydrates. ITence, we have
focused this review on the utilization of the Mitsunobu reaction
for manipulations of the carbohydrate hemiacetal, where
reducing (anomerically unprotected) sugars react as the alcohol
component to be cither converted into glycosides or into other
anomcrically modificed carbohydrate derivatives. We intend to
provide a critical survey as well as a source of inspiration, even
more so as glycosylation remains a challenge in carbohydrate
chemistry.

Review

Mechanistic considerations

Since Mitsunobu’s postulate of a three-reaction-step mecha-
nism in 1981 |2| many further mechanistic investigations have
been performed and reported |3.7.8,19]. To rationalize the
outcome of the Mitsunobu reaction with reducing sugars,
special mechanistic considerations have to be taken into
account. On the onc hand, the cquilibrium between the azo-
dicarboxylate, the phosphine, and the acidic component,
Nu-OH, is important (cf. Scheme 2, left dashed box). On the
other hand, mutarotation of the sugar hemiacetal has to be dis-
cussed to predict the stereochemical outcome of the reaction.
Mutarotation results in an equilibrium of both, a- and
B-anomers (Scheme 2, right dashed box). However, full
anomerization is often not observed as the rate and the extent of
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Scheme 1: Left: The Mitsunobu reaction is essentially a nucleophilic substitution of alcohols occurring with inversion of configuration at the alcohol
stereocenter. The auxiliary reagents are involved in a redox process. Right: Original correspondence with Professor Oyo Mitsunobu (letter to P.R. in

1993).
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Scheme 2: Mechanistic considerations on the Mitsuncbu reaction with carbohydrate hemiacetals (depicted in simplified form). Two equilibria are rele-
vant for this reaction (top dashed boxes), (i) the formation of the “Mitsunobu reagent” from the employed azedicarboxylate, phosphine and the acidic
nucleophile, and (i) the mutarotation equilibrium of the reducing sugar in solution. These can give rise to at least two different reaction pathways, A
and B, as explained in the main text. Depending on various parameters, the anomerically medified sugar, a glycoside or an anomeric ester, respec-
tively, is obtained with full inversion of anomeric configuration or as anomeric mixture (A), or with retention of the anomeric configuration via O-alkyl-
ation (B). For clarity both reaction pathways are exemplified with only one sugar anomer.

mutarotation depends on various parameters such as anchimeric
elfects of neighboring groups and the reaction conditions.
Hence it has been frequently observed in Mitsunobu reactions
with carbohydrate hemiacetals, that sugar anomerization is
cither absent or slower than the formation of the (O-glycosyl-
oxyphosphonium salt, which can play the intermediate during
the reaction (Scheme 2, pathway A) |21]. Another possible ex-
planation for limited anomerization lies in the dilTerent stability
of anomeric glycosyloxyphosphonium salts, where one anomer
can be sterically favored over the other. thereby pushing the
equilibrium to a product with the respective anomeric configu-
ration. Regardless of the rate of mutarotation, the Mitsunobu
reaclion can proceed through a mechanistic pathway A or B as
depicted in Scheme 2. Lspecially when the sugar alcohol is not
sterically hindered, phosphorus transfer occurs to vield a phos-
phine-activated anomeric alcohol (a glycosyloxyphosphonium
ion, pathway A). This in turn can be attacked by the deproto-
nated nucleophile resulting in an anomerically modified carbo-

hydrate with inversion of configuration at the anomeric center,

according to a Si2 mechanism. Pathway A can also proceed

through a Sy 1 mechanism when the intermediate glycosyloxy-
phosphonium ion is less stable. Then, il can decompose into the
corresponding anomeric oxocarbenium ion and phosphine
oxide. The oxocarbenium ion would then react with the NuQO
anion in a Syl mechanism. While this would lead to racemiza-
tion under normal circumstances, in most carbohydrates, partic-
ipation effects of neighboring groups in the vicinity (typically at
the 2-position of the sugar ring) affect the reaction outcome,
favoring nucleophilic attack from a preferred face of the sugar
ring [22,23]. Grynkiewicz and colleagues have discussed
anchimeric assistance even when no protecting group is present
at C-2, assuming a Brigl’s anhydride type intermediate [24]. In
the absence of a substituent at C-2, however. typically poor
stercoselectivity is observed in Mitsunobu reactions with carbo-
hydrate hemiacetals, indicating a Syl-type pathway A of the
reaction [25].

The Mitsunobu reaction can also follow a different pathway B

{Scheme 2), as first suggested by Hughes |13] and later by Ahn
et al. [26]. Assuming that the aleohol is sterically hindered
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and thus represents a relatively weak nucleophile, the
deprotonated acidic partner, NuQG™, can react with the
phosphonium intermediate [irst to afford an intermediate
Nu-O-PR’;. In the case where a carboxylic acid is used,
Nu-0-PR’5 represents an acyloxyphosphonium ion. This in turn
reacts with the anomeric oxyanion to furnish the anomerically
modified sugar with retention of configuration via anomeric
O-alkylation. This mechanistic proposal is in agreement with
observations by Lubineau et al., who could correlate the acidity
of the employed nucleophile with the anomeric outcome of the
Mitsunobu reaction [27].

Both reaction pathways, A and B, have a “raison d’étre™ in
addressing difTerent outcomes ol the Milsunobu reaction, which
vary depending on the substrates used. While these variables
make the already complex Mitsunobu reaction even more
demanding, they can also be manipulated to onc’s advantage,
for example for the stercoselective formation of B-mannosides
[28].

Reactions with protic acids te achieve
anomeric esters

The first application of the Mitsunobu reaction involved esteri-
fication of a sccondary alcohol. Although an anomecric
OII group cannot be regarded as a classical secondary alcohol
group but as a hemiacetal OH, it can be success(ully involved in

Beilstein J. Org. Chem. 2018, 74, 1619-1636.

Mitsunobu reactions to achieve 1-O-acyl glycoses. Thus,
searching for an efficient protocol for the preparation of com-
plex, multifunctional glycosyl esters in the context of the total
synthesis of phyllanthostatin antitumor agents, A. B. Smith and
colleagues soundly investigated the suitability of the Mitsunobu
reaction [29]. They concluded alrcady back in 1986 that “the
anomeric hydroxyl group of various pyranose hemiacetals can
be esterified with inversion of configuration, conveniently,
mildly and on large-scale using Ph;P, with either DIAD or
DEAD and a carboxylic acid in THF at either =50 °C or at room
temperature”. Hence, several protected mono- and disaccha-
rides, such as 1-4 (Scheme 3) were sclectively esterificd with
simple benzoic acid to give 5-7 and 9, respectively. In addition,
4 was also converled with the phyllanthostatin aglycone 8 to
give 10 with inversion ol anomeric conliguration. Extension ol
this work to other more complex antineoplastic glycosyl esters
was successfully investigated by the same group [30-34].

De Mesmaeker et al. reported the stereoselective coupling of an
allyl glucuronide, in which all hydroxy groups except the
anomeric OH were O-acyl-protected, with carboxylic acids by a
Mitsunobu reaction [35]. The reaction was successful even
when a free phenolic function was present in the employed acid
and thc desired f-anomer of the 1-0O-acyl-B-D-glucuronide
products could be isolated in up to 30% yield. Similarly, regio-
selectlive esterification ol unprotected allyl glucuronide 11 was

OBz

OAc
AcO 0
AC&OH CoH
1 QAc
OBn
BnO C
BnQ OH
PhsP, DIAD, THF
2 OBn ~50 °Ctort
OAc
OAc
AcO -0 5 R
AcO OH
\ 3 ) 7 R!

a:p

=0Ac, RZ=H,R3=0Ac 80% 1:2
6 R'=0Bn, R2=H,R3=0Bn 54% 14
=H,R2=R3¥=0Ac

62% 1:4

| 3 _—
1=R-COH! AcO O 5T
T BnO IO\[,rR :

-50°Ctort

Scheme 3: Anomeric esterification using the Mitsunobu procedure [29].

PhsP, DIAD or DEAD, THF

" - AcO 9 L
BnO

9,10 p-anomer only, 80-95%
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performed by Juteau et al. with the acids 12-16 yielding
anomeric mixtures of the respective 1-O-acyl-B-D-glucuronides
18-22 in quite acceptable yields even with complex acids like
16 (Scheme 4) [36]. The same approach was chosen in the
Stachulski group for the anomeric modification of glucuronides
with the anti-inflammatory drug diclofenac (17) to give the

respective product 23 (Scheme 4) [37].

Bourhim et al. reported that the Mitsunobu reaction with native
D-glucose, D-GleNAc or D-maltose resulted in regioselective
csterification of the primary OH group, leaving all other
hydroxy groups including the anomeric OH unmodified [38].
On the other hand, other authors have reported that the
anomeric position can be selectively modified in a Mitsunobu
reaction without concomitant modification of the primary 6-OH
(vide infra). Apparently, fine-tuning of reaction conditions can

alter the sclectivity of the Mitsunobu reaction and in addition,

different regioselectivities might origin in the structure of the
sugar substrate.

1

|

Br Br GOH Y :
CL,., CL S .
COH COgH P ST "COM

13 N” 14 15 !

OH

HO OH
HO.,L=O
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In the course of a synthesis of carbocyclic lignan variants
related to podophyllotoxin, a pseudo-anomeric stereospecific
inversion of a carbasugar was achieved in good yield in
Nishimura's group [39]. More recently, the Mitsunobu proce-
dure was applied in the context of gold-catalyzed glycosylation
in order to install a reactive anomeric ester function in a scrics
of O-benzylated glycoses (2, 24, 25) employing the branched
carboxylic acid 26 (Scheme 5) [40]. The produced esters 27-29
were oblained as anomeric mixtures.

Lubincau ct al. [27] investigated the stercosclectivity of the
anomcric Mitsunobu coupling of 2,3,4,6-tctra-(O-chloroacctyl-
D-glucose (30) as well as its galacto-configured analogue with
the carboxylic acids 31-34 to obtain products 35-38 which are
related to various pesticide agents (Scheme 6). Their results
supported the theory that, along with an effect of the reaction
temperature, an increase of the pK, of the employed acidic reac-
tion partner can lead to predominant formation of the B-contig-
ured product, whereas stronger acidic reagents can favor the

12
C' Roog
7-chlaro- §/X\002H AL
quinolinyl : NH |

L ! OH
O HO COH, r””o"'o o OH

0 0\ o

1

PhzP, DIAD, THF, 0 °C

18-23
wpfp=12t015
2040%

Scheme 4: Conversion of allyl glucuronate into various 1-O-esterified allyl glucurcnates using anomeric Mitsunobu esterification [36,37].

OBn
BnO Q R
BnO OH ! ho__o i
2 OBn : & .
oBn , NC ! = R-CO,H!
Oan | 6
BnO - N ! Q - ~"—=~ \
BnO OH Lo R,
24 PhsP, DIAD, THF, rt m Tol/ :
I
OBn
BnO 27-29
0 gluco-, manno-, galacto-series
BnO OH 78-97%
25 OBn

Scheme 5: Synthesis of anomeric glycosyl esters as substrates for Au-catalyzed glycosylation [40].

1623



176

Other Publications

Beilstein J. Org. Chem. 2018, 74, 1619-1636.

cl cl
o= o
0 o) ] ,
N  RooMoroHl o [
00 : OH PhsP, DIAD, THF 00 A\ O\H/R‘:
3P, , |
CI/\\< o Cl/\\< 0 :\ o |
© Oﬁ&,m © O;K,cn 77777
30 35-38
oo Vo T v T T rr e |
I o o CN | o o 0 o o
| [ i I
| I 1
| (| I I
: AN B B P ON c|
] 31 U 32 o 33 D 34 .
pK, 4.8 pK, 4.25 pK, 4.0 pK,s 3.4
yield 55%2 yield 54%5 yield 70%® yield 70%P
wp 01 ap 19 ap 3:2 wp 7:3

Scheme 6: Correlation between pKj value of the employed acids (or alcohol) and the favoured anomeric configuration of the respective product.

aCarried out at 0 °C; Pcarried out at rt [27].

formation of the respective ¢-anomers. These findings can be
explained by considering the two different reaction pathways A
and B3 as shown above in Scheme 2. The authors state that the
observed pK, effect is either due to the influence of the acidity
of the employed acid on the reaction mechanism or results from
the proton-catalyzed change of the anomeric ratio of the starting
material 30 in solution.

Very recently, anomeric phosphorylation via a Mitsunobu ap-
proach was concomitantly undertaken by groups from Japan
and Austria, respectively [41.42], aiming at the synthesis of the
bacterial metabolite and potent innate immune modulator
D-glycero-p-D-manno-heplose-1,7-bisphosphate (43, HBP,
Scheme 7). The group around Zamyatina emploved 2,3.4,6-
tetra-O-acetyl-mannopyranose (3) as a 9:1 o.pf-mixture in order

2.0n OAc
OAc HO" “OBn
OA OAc in pyridine: 57%, a:p = 4:1
0 AcQ & O in THF: 69%, wp = 1:1
AcO OH PhsP, DIAD AcO O“Pi : s o :
AcO solvent | OBn
3 0 39q,p BnO
p-OBn OBn
OBn HO™ “OBn éol
OBn o)
- BnO O 74%, ap = 59:41
BnO 8] n-BusP, DIAD BnO O\P{: 0, i
BnO EtsN, CH,Clo, rt | ~OBn
400, BnO
24
o}
0
p=0 0’\F§50 HO D
© \O ("),OBn o) HO-P-q
2 separation and
BnO.. " oBn HO™ OBn BnO.. OBOH reduction HO.. Ol'é
-Q BnO - o HO -
Bné:,o OH n-BusP, DIAD BnO O-g” HO 0., OH
EtsN, CH,Cl, rt b OBn o
4 42 4 43
56%
o =40:60

Scheme 7: Synthesis of the B-mannosyl phosphates for the synthesis of HBP 43 by anomeric phosphoerylation according to Mitsunobu [41,42].
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to optimize the reaction conditions for the Mitsunobu reaction
with phosphoric acid dibenzyl e¢ster. The anomeric mannosyl
phosphate derivatives 39a and 39 were obtained in 57% total
yield when pyridine was used as the solvent, as depicted in
Scheme 7. In THF, the same reaction furnished a 1:1-anomeric
mixture in 69% yicld. The authors thus considered the
Mitsunobu reaction as unsatisfactory for the synthesis of HBP.
On the other hand, Inuki et al. optimized the Mitsunobu condi-
tions with 2.3.4,6-tetra-0-benzyl-mannopyranose (24) and
found that the addition of trimethylamine in dichloromethane
improved the Mitsunobu process, leading to 40a and 40p in
morc than 70% yicld. When such optimized conditions were
applied to the mannose-6-phosphate derivative 41, the desired
bisphosphate 42 was oblained in 56% yield as a 40:60 o.p-
anomeric mixlure before work-up, and in a 33:47 ratio aller
work-up due to slight anomerization. As 42 can be easily con-
verted into the target molecule, the authors concluded. that in
spite of the poor stercosclectivity, the Mitsunobu reaction
constitutes a key step in a successful access to f-mannosy!
phosphales such as 43.

Reactions with phenols to achieve aryl
glycosides

Not only anomeric esters, but also glycosides can be obtained
through the Mitsunobu reaction. Dehydrative glycosylation ap-
proaches with reducing sugars were previously reviewed
[43,44]. As phenols are weak acids, they are suitable reaction
partners in the Mitsunobu reaction, leading to aryl glycosides

with reducing sugars as the alcohol components. Grynkiewicz

OH
HO Q OH
H&OH
OH
or
OH
&
HO -
HO OH

DMF, rt

n-BusP, DEAD

Beilstein J. Org. Chem. 2018, 74, 1619-1636.

can be called the pioneer of Mitsunobu glycosylation, as having
explored the Mitsunobu reaction for the synthesis of various
aryl glycosides [24,45]. Thus, native sugars such as D-glucose
and D-mannose (Scheme 8) were converted into the respective
unprotected phenyl glycosides 44 and 45 with phenol in just one
step in moderate to good yields.

Recently, the scope of this synthetic approach was expanded by
the Lindhorst group employing D-mannose and hydroxyazoben-
zene 46 for the synthesis of the photoswitchable azobenzene
a-D-mannoside 47 (Scheme 9) [46]. Notably, in this reaction,
traces of an anomeric mixturc of the respective furanoside 48

were detected.

The Mitsunobu synthesis ol aryl glycosides was also applied to
p-nitrophenol [47], naphthols [48,49], or multifunctional
phenols [27,50]. Such arylglycosylation was also extended tor
the synthesis of aurcolic acid antibiotics [21,51,52]. In scarch of
convenient methods for the synthesis of arvl sialosides, Gao et
al. explored the scope of the Mitsunobu reaction with the sialic
acid derivalive 49, employing a range ol phenols 50-58 in
acetonitrile to achieve sialosides 59—67, albeit with modest
anomeric selectivity (Scheme 10) [25].

Interestingly, no correlation between the pK, of the emploved
acids and the stereoselectivily ol the reaction could be estab-
lished in this case, since similar anomeric mixtures were ob-
tained throughout all experiments. In this case, the absence of a

neighboring group in position 3 of the sugar ring could account

HO
HO

-0
)
R2
44 R'=H;RZ2=0H; 47% only B

45 R'=OH;RZ=H; 68%onlya

Scheme 8: Synthesis of phenyl glycosides 44 and 45 from unprotected sugars [24].

I
Q
z

_____ ! ogH OH .
. HO O—_ LoR!
HC')_|O ° + OH H -=7
'OR|
a7 33% 48 5%

Scheme 9: Synthesis of azobenzene mannocsides 47 and 48 without protecting group chemistry [46].

1625



178

Other Publications

_———

Beilstein J. Org. Chem. 2018, 74, 1619-1636.

1
AcO, CO5CHs R-OH ,
AcO™ 0~7*0H
AcHN o PhsP, DEAD
C CH4CN, 0 °C
49

VI \ L, T TT T TEE T A - il s T T T~ N
| Lo yield v yield s ‘o yield
1 HsCO : ' PhO E E i
! ' 50:50 50% | I 604 % ! ' 59:41 o
: EolOH: 6 o | 60:40 67% | oH :59 76%
: ! : 58 | %

| I I
iAGHN i i ! | Br l
i | 6238 65% | o | TH26 T6% | \© 164:36 72%
. 5 oM . 54 : : OH |
: : | | | o

1OHC '

| NC | L O |
! \©\ | 62:38 83% OH ' 60:40 89% | \©\ '55:44  90%
| OH | | ! | OH |
|\ _____ ?2_____[1 l\ _____ 5_5____/, |\ 58 ’1

Scheme 10: Synthesis of various aryl sialosides using Mitsunobu glycosylation [25].

for low stereoselectivity. To explain the lack of stercoselectivi-
ty, the authors considered a Syl reaction mechanism, involving
the respective oxocarbenium ion or, alternatively, the formation
of both a- and B-confligured glycosyloxyphosphonium ions,
which are in turn displaced by the nucleophile in the expected
Sn2 fashion, resulting in a respective anomeric mixture of prod-
ucts (cf. Scheme 2).

In contrast to this, the yields of the obtained aryl sialosides
strongly correlated with the pK, of the utilized phenols, with
stronger acids leading to higher yields. This yield-lo-pK, corre-
lation is in accordance with earlier findings in the synthesis of
aryl glucuronides where the yields were cqually affected by
the pK, of the chosen phenols, while the neighboring group
etfect was found to govern the stereochemical outcome
of the reaction towards B-confligured products |53]. In
this case, phenolic chromium tricarbonyl complexes of
weaker acids such as p-cresol were employed to improve the
yield.

The challenge of glycoside synthesis using sugars devoid of a
C-2 participating group is also highlighted by a total synthesis
of various jadomycins [54]. Whereas the Mitsunobu glycosida-
tion of 68 with the phenolic aglycon 70 yields the pure 1,2-
frans-glycoside 71, the 2-deoxy sugar 69 yields the glycoside
72 as a 6:1 a.f-anomeric mixture {Scheme 11). In contrast to
this, the jadomycin B carbasugar analogue 75 was formed
stereoselectively from the 2-deoxy-carbasugar 73 in a
Mitsunobu reaction with the aglycon 74 [553].

Benzyl protection, which does not exert neighboring group
effects in classical glycosylations, resulted in the predominant
formation of 1,2-trans glycosides in the Mitsunobu reaction
with catechol. In lact, benzyl-protected reducing glucose deriv-
ative 2 gave the fi-glucoside 76 with good stereoselectivity, and
the respective mannose derivative 24 resulted in the pure
o-mannoside 77 in good yield (Scheme 12} [36].

In a general approach to coumarin-derived inhibitors of gyrase
B. a group working at Hoechst Marion Roussel developed a
Mitsunobu process Lo connectl noviose with a broad range of
7-hydroxycoumarins [37]. Similarly, Imamura and colleagues
uscd 4-methylumbelliferone (79) as acidic reaction partner in a
Mitsunobu glycosylation with a reducing galabioside 78
{Scheme 13} [22]. Advantage was taken of the bulky DTBS
protecting group to enforce a-stereoselection despite of the
anchimeric elTect of the vicinal N-Troc protecling group Lo
achieve the a-glycoside 80 in high yield. Nevertheless. this
reaction needed optimization, such as an unusually high reac-
tion temperature.

Also weakly acidic phenols were used by Vaccaro et al. |58] for
Mitsunobu glycosylation in the D-glucuronic series, employing
the reagent pair n-BusP-ADDP (1.17-(azodicarbonyl)dipiperi-
dine) developed by Tsunoda et al. [59]. Interestingly, Davis
and co-workers could employ 2,3:4,6-di-O-isopropylidene
mannopyranose 81 in a Mitsunobu reaction with phenol to
stereoselectively achieve the respective f-mannoside 82 in good
yield (Scheme 14} [60].
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Scheme 11: Mitsunobu synthesis of different jadomycins [54,55]. BOM: benzyloxymethyl.
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Scheme 12: Stereoselectivity in the Mitsunobu synthesis of catechol glycosides in the gitico- and manno-series [56].

This stereo-differentiating effect of isopropylidene protecting
groups was also observed in other cases with D-mannopyra-
nose [46,61]. Tt might be used as a key to a reliable approach to
otherwise difficult 1o synthesize B-mannosides using the
Mitsunobu procedure. This approach to 1,2-cis-mannosides is
equally effective when cyclohexylidene protecting groups are
uscd [28.47.62].

Mitsunobu glycosylation was also a successful method in total
synthesis. In the course of a 17-step synthesis of hygromycin A,
Donohoe et al. used a Mitsunobu glycosylation of 84 with the
arabinose derivative 83. This reaction could be tuned to deliver
the required p-arabinofuranoside building block 85 with high
slereoselectivily and under the assistance of triisopropylsilyl
(TIPS) protecting groups (Scheme 15) [63].
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Scheme 13: Formation of a 1,2-¢is glycoside 80 assisted by steric hindrance of the B-face of the disaccharide through the DTBS protection. DTBS:

di-tert-butylsilylene; Troc: 2,2,2-trichloroethoxycarbonyl [22].
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Scheme 14: Stereoselective f-D-mannoside synthesis [60].
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Scheme 15: TIPS-assisted synthesis of 1,2-cis arabinofuranosides [63]. TIPS: triisopropylsilyl.

Similar reaction conditions were applied by Nie et al. in the
total synthesis of the nucleoside antibiotic A201TA [64].
Notably, the n-BuzP-ADDP reagent system led here to the for-
mation of the pure u-glycoside. Likewise, a Mitsunobu glyco-
sylation of complex phenols was successfully implemented in
the preparation of novobiocin analogues |65], and formed a key
step in the synthesis of new glycosidic PDE4 (phosphodi-
esterase type 4) inhibitors [66]. Also calix[4]arenes could be
selectively mono- or diglycosylated by means of the Mitsunobu
methodology [67,68].

The Mitsunobu reaction was also employed with glycals like 86
and 87 reacting with p-methoxyphenol as an alternative to the
Ferrier rearrangement in the synthesis of 2-C-methylene glyco-
sides and other rearrangement products 88-92. some of which
cannot be obtained in a classical Ferrier reaction (Scheme 16)
[69-72]. The results outlined in Scheme 16 are consistent with
early findings of Guthrie et al. exploring the Mitsunobu
benzoylation of 4,6-0O-benzylidene-D-allal [73].

Reactions with alcohols to yield alkyl
glycosides

In contrast to aryl ethers, the formation of alky! ethers is not ob-
served under Mitsunobu conditions. Likewise, standard alco-
hols are typically poor reaction partners in Mitsunobu glycosyl-
ations. Due (o their high pK, values, the formation of the tran-
sient phosphonium betaine is hampered [43]. In an effort to
overcome this drawback, several decades ago, Szarek et al.
tested mercuric halides to assist the betaine formation in such
cases, and indeed cyclohexyl glycosides could be formed in
various sugar series with decent vields [74]. Consequently. this
approach was explored in a Mitsunobu-type disaccharide syn-
thesis reacting 93 with the alcohol components 94-96 to give
97-99, albeit with moderate success (Scheme 17) [75].

Contradictory results were reported on the Mitsunobu glycosyl-
ation of 1,3.4,6-tetra-O-protected fructofuranosides. In contrast
to Guthrie et al, |76], Bouali and colleagues claimed an effec-
tive synthesis of alkyl fructofuranoside 101-103 from 100 using
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Scheme 16: The Mitsunobu reaction with glycals leads to interesting rearrangement products [69].
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Scheme 17: Synthesis of disaccharides using mercury(ll) bromide as co-activator in the Mitsunobu reaction [75].

simple alcohols (Scheme 18) [23]. The reaction was rational-
ized by participation of the C-3 neighboring group (structure
104) with intermediate formation of a dioxolanium derivative
105 23].

On the other hand, the Mitsunobu reaction was advantageous
for the acetalization of the antimalarial drug dihvdroartemisinin
106 to give 107 with trifluoroethanol, having a pK, of 12.4
(Scheme 19) |77]. The efficiency of the Mitsunobu glycosyla-
tion with fluorinated alcohols with pK, values between 9 and 12
was demonstrated with several other examples [78].

Also thiols, according to their pKj, value range between 10 and
11 should be qualilied appropriate reagents for a Mitsunobu
thioglycosylation. However, a competitive redox reaction with
the PR3-azodicarboxylate reagent system precludes this applica-

tion [79.80]. In spitc of that. thioglycosides 111-113 could be
prepared via a Mitsunobu-type condensation of thioglycosides
such as 108 and 109 with simple alcohols (Scheme 20) |81.82].
In this case, of course, the sugar thioglycoside takes the role of
the nucleophile rather than of the alcohol component in the
Mitsunobu reaction.

Reactions with NH acids to achieve
N-glycosides

Larly on, phthalimide was regarded as a good Mitsunobu
reagent, owing to its NH acidity with a pK, of 8.3, thus offering
the opportunity for the synthesis of N-glycosides of the
N-glycosylimide type [83]. However, along with the [ormation
of N-glycosylphthalimides, a side-reaction takes place, produc-
ing both glycosyl carbonates and N-glycosyl-1.2-dialkoxycar-

bonylhydrazines [84]. This anomeric A-phthalimidation was
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Scheme 18: Synthesis of various fructofuranosides according to Mitsunobu and proposed neighbouring group participation [23].

b Ho e,
H,C T
~  DEAD, PhsP
H 74%
CH,
HO
106 107

93% B-anomer
(7% o not shown)

Scheme 19: The Mitsunobu reaction allows stereoslective acetaliza-
tion of dihydroartemisinin [77].

later implemented by Nishimura ct al. for the iminosugar 114
with phthalimide to give 115 in a high yield, en route to a new
family of a-L.-fucosidase inhibitors (Scheme 21) |85].

More generally, the preparation ol modilied glycosylamines
under Mitsunobu conditions requires a sufficiently acidic
NH nucleophile. A particularly illustrative procedure was
disclosed by van Boom’s group, who used A-nosyl-activated
amino-acid esters for anomeric modification of sugars in order
to produce substrates for a novel route to Amadori rearrange-
ment products |86]. The same approach was recently adopled in
a total svnthesis of aurantoside G, involving the Mitsunobu liga-
tion of a D-xylopyranose derivative 116 and N-nosylated
methyl asparaginate 117 to give 118 (Scheme 22) [87].

Compared to ¥-sulfonylation, N-carbamoylation can also prove
eflective o enhance the acidity of a NH group. Hence, the
trichloroethoxycarbonyl {Troc) protection/activation of the
amino group of questiomycin 119 allowed Igarashi et al. to
access the N-glucosylated derivative 120 in good yield and
complete P-stereoselectivity from hemiacetal 1 (Scheme 23)
|88].

R1 OAC 2H50H, or C5H170H OAc
R2 0 Sainiaiaiutaiateiaintelateiatnteliaiatntalniete 0 T
AcO SH Si-R |
RS R3 [
108 R' =H, R2=R? = OAc 111-113
61%—85%

109 R'=R3=0Ac,R2=H
110 R' = H, R2 = OAc, R® = NHDde

Scheme 20: Synthesis of alkyl thioglycosides by Mitsunobu reaction [81].
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PPh;, DEAD o0
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114 115 95%

Scheme 21: Preparation of iminoglycosylphthalimide 115 from 114
[85].

Also some aza-heterocycles bearing a free NII group possess a
low enough pK, Lo allow Mitsunobu coupling. In the course of
the synthesis of the hexasaccharidic [ragment of landomycin A,
the L-rhodinose derivative 121 underwent glycosylation with
1 H-tetrazole to give 122, which has a pK, that compares to
carboxylic acids (Scheme 24) [89].

In spite of the fact that parent indole is too weak an acid to
undergo Mitsunobu conversions, a model maleimide—indole
hybrid was investigated by Ohkubo and colleagues to pave the
way for the synthesis of indolo[2,3-a]pyrrolo[3.4-c]carbazole
compounds with anticancer activity [90,91]. N-Glycosides of
indole derivatives were also approached by Zembower et al.

employing 2.3,4,6-tetra-O-benzyl glucopyranose in a

Beilstein J. Org. Chem. 2018, 74, 1619-1636.

Mitsunobu reaction [92]. In the same period. Prudhomme’s
group followed closely related approaches for the N-glycosyla-
tion of indolic structures. Various rebeccamycin analogues were
efficiently synthesized from indolo[2.3-c]carbazole frame-
works using the methodology previously developed by Voldoire
ct al. [93]. I'urther applications to 7-aza-indolic analogucs of
rebeccamycin [94-96], granulatimide and isogranulatimide [97-
100] were also reported. In addition, vsing the same Mitsunobu
methodology, the rebeccamycin analogue 124 was synthesized
in high yield and complete f3-stereoselectivity by Wang et al.
from the glucose derivative 2 and 123 (Scheme 25) [101].

Application of the anomeric Mitsunobu coupling in nucleoside
synthesis was pioneered by Szarek et al. |102], who reacled
6-chloropurine with various reducing sugars using methyldi-
phenylphosphine as activator. Extension to the D-ribo series
with 6-chloro- and 2,6-dichloropurines was later reported by
Hertel and co-workers [103]. In the course of an exploration of
modified L-nucleosides, 6-chloropurin-9-y1 derivatives were
obtained in moderate yields [104]. Aiming at an improved pto-
cedure to synthesize nucleosides with glycosylation of the
nucleobase, De Napoli et al. used the BusP-ADDP system to
connect inosine and uridine derivatives with D-ribofurano and
D-glucopyrano moictics [105]. Hocek’s group in 2015
published a direct one-pot synthesis of exclusively B-config-
ured nucleosides from unprotected or 5-O-moneprotected

Nso,
NH
L
o]
PMBO Q MeQ 0 PMBO
PMBO OH 17 PMBO
OPMB PhsP, DIAD PMBO \_ons
116 THF, —78°C—rt ﬁOMe
HoN"g ©
118 69%

Scheme 22: Mitsunobu reaction as a key step in the total synthesis of aurantoside G [87].

ClC_O_N 'r
E N ;
\ﬂ/ : /N i _“
0 : I\ ___ -7 OAc N
OAc |O O \ IR
19 ' _ | AcO Q S+
AcO Q on AcO NYO\/CCIa
AcO PhaP, DEAD, THF, 0 °C— rt OAc
OAc
1 120

Scheme 23: Utilization of an N—H acid in the Mitsuncbu reaction [88].
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f THF, 0 °C— 1t
cl cl 122 70%

121

Scheme 24: Mitsunobu reaction with 1H-tetrazole [8S].

D-ribose using optimized Mitsunobu conditions with various
purine- and pyrimidine-based heterocycles. Here, DBU was
applied lirst, followed by DIAD and P(#-Bu); [106]. Two years
later Seio and colleagues set out to systematically study the
cffect of phosphine, azodicarbonyl reagent, and solvent on the
yield and «/P ratio in the synthesis of 2'-dcoxynucleosides
[107]. They reported that the highest vield and B-selectivity
were oblained using (n-Bu)sP and 1,1'-(azodicarbonyl)dipiperi-
dine in DMF. In a model study directed towards the synthesis ol

Beilstein J. Org. Chem. 2018, 74, 1619-1636.

guanofosfocin, Sugimura et al. used the Mitsunobu N-glycosyl-
ation to attach a glucopyranosyl donor on either 6-N-trityl-8-
oxoadenosine or 6-O-benzyl-8-oxoinosine [108].

Reactions with N-OH acids to yield
NO-glycosides

Because of its well-suited pKj, (6.3), N-hydroxyphthalimide was
carly considered in Mitsunobu reactions, for example by
Grochowski and Jurczak to form an anomeric phthalimide—oxy
bond as shown in several sugar series [109-111]. This gives
access to new O-glycosylhydroxylamines, namely for the con-
struction of glycosidic N—O linkages in calichcamycin oligosac-
charides [112,113]. This option was applied in the synthesis of
trichostatin D involving glucose derivalive 2 and A-hydroxy-
hexahydrophthalimide as the glycosyl acceplor to give 125
(Scheme 26) [114].

By using diverse N-hydroxylated azahcterocycles in the
Mitsunobu glycosylation, Grochowski explored the synthesis of
new nucleoside analogues. 1-Hydroxy-benzotriazole,

1-hydroxy-2-cyanobenzimidazole, 1-hydroxyuracil. and

OBn OBn ,——-,
|
R1 |
BnO 0 on O
BnO PhsP, DIAD, THF, rt BnO R
OBn OBn
2 124 95%
Scheme 25: Formation of a rebeccamycin analogue using the Mitsuncbu reaction [101].
(0]
N-OH
OBn
OBn Q
BnO Q
O —
B OH PhsP, DIAD  BnO O—N
° OBn
OBn toluene, 100 °C 4
2 125
83%
wp =51

Scheme 26: Synthesis of carbohydrates with an alkoxyamine bond [114].
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l-hydroxythymine were used to prepare the respective

NO-furanosides in the manno- and ribo-series [115-117].

Miscellaneous

The Mitsunobu reaction was also applied for other anomeric
modifications, such as fluorination, reported by Kunz ct al. for
the synthesis of the g-D-mannoturanosy! fluoride 126, however,
in moderate yield (Scheme 27) [118]. The advantage of this ap-
proach lies in the mild [luorine source, triethyloxonium tetra-
fluoroborate. which, in combination with the Ph3P-DEAD
system, leaves the acid-labile protecting groups of 127 intact,
other than when HI is used. Zbiral’s group on the other hand,
developed the synthesis of glycosyl azides such as 128 in a
Mitsunobu procedure with 127, using hydrazoic acid as the
azide source (Scheme 27) [119].

This approach was cxtended by Besset ct al. to D-fructose and a
range of unprotccted mono- and disaccharides, again showing a
preference of the reaction for the anomeric position instead of
the primary | 120]. Anomeric azidation was also investigated on
diverse unprolected hexopyranoses by Larabi et al. using a
modified Appel-type procedure [121].

A striking oxidation rcaction of alcohols to carbonyl com-
pounds was disclosed by Mitsunobu and colleagues, involving
the sterically hindered nitrophenol 130 [122]. With sugars like
129, the Mitsunobu glycosylation is hampered, and instead an
anomeric aci-nitroester 131 is formed, which is converted into

< <

o PhsP
5 oy  DEAD
- Et30+BF4_
F
57%

126

Beilstein J. Org. Chem. 2018, 74, 1619-1636.

the corresponding gluconolactone 133 under elimination of a

quinone monoxime 132 (Scheme 28).

Conclusion

In this account, 15 years after Professor Mitsunobu has passed
away, we have surveyed the literature on the Mitsunobu recac-
tion for anomeric modifications of carbohydrates. As in clas-
sical glycosylation reactions, not all mechanistic details of the
anomeric conversion of sugars in a Mitsunobu process are
known and well understood. Hence until today, surprising
results and unexpected side reactions are being observed in
Mitsunobu type conversions of hemiacetals. In addition, the
reaction conditions of a Mitsunobu process often require partic-
ular optimization efforts. Thus, the Mitsunobu reaction has not
become a standard procedure in glycoside synthesis nor in
anomeric esterification, but on the other hand, it was demon-
strated to serve as a key step in many cases of carbohydrate
modification including total synthesis of scnsitive natural prod-
ucts. This is also due to the mild and neutral conditions under
which the Mitsunobu reaction occurs. Additionally, it has a
rather broad scope as many building blocks are acidic enough 1o
react with reducing sugars representing the alcohol component
of the reaction. The stercochemical outcome of a Mitsunobu
glycosylation is often advantageous such as in the synthesis of
B-D-mannosides. which are otherwise difficult to prepare. [Tow-
ever, often, the stereoselectivity of the reaction is less definite
than our text books claim. Unfortunately, the Milsunobu reac-
tion is uneasy to scale up and this is probably one of the biggest

>

PhzP N3
o 3 o
H
5 VO DEAD 5 (7
_ HN3 _
75%
127 128

Scheme 27: Synthesis of glycosyl flucrides and glycosyl azides according to Mitsunobu [118,119].

NOH
5 X@ﬁ<
OH
OBz OH OBz 5 132 OBz
BzO o} 130 Bzoﬁ ¢ _ . B0 R
OH BzO O-N= OH BzO
820 OBz PPhy, DEAD, rt OBz @ Et3N, THF, reflux o
129 131 133 OBz

Scheme 28: Anomeric oxidation under Mitsunobu conditions [122].
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obstacles for a broad and also technical use of this reaction.

Nevertheless, this review proves that in the glycosciences, the
Mitsunobu reaction must not be overlooked as it is an impor-
tant method in the synthetic toolbox for anomeric modification

of sugars and glycoconjugate preparation.
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Wie kann der Lactosegehalt von
Milchprodukten im Schulexperiment sichtbar

gemacht werden?

Die Wiederentdeckung der Wohlk-Probe fiir den Chemieunterricht

Klaus Ruppersberg*™ und julia Hain*®!

1. Einleitung

Vicele Menschen meiden Milchprodukte, weil sic aus verschic-
denen Griinden keine Lactose (Milchzucker) vertragen [1, 2].
Mit einem historischen Experiment von Alfred Wohlk aus
dem Jahr 1904 lasst sich herausfinden, wicvicl Lactose in un-
terschiedlichen Milchprodukten enthalten ist [3].

Lactosc ist cin Disaccharid, das sich von Saccharose durch
einen anderen molekularen Autbau unterscheidet (Abb. 1).
‘Wihrend Saccharose leicht in verdiinnter Salzsdure hydroly-
siert werden kann, ist dies bei Lactose nicht moglich. Der
Grund dafiir liegt in der Stabilitdt der (3-1,4-glycosidischen
Bindung, die nur enzymatisch oder in groer Hitze und mit
starken Sduren gespalten werden kann [4].

OH
Q
HO
OH _OH - -
A5 0 Ho &
e oH HO o oHo
OH OH
HO

Abb. 1: Die Abbildung zeigt links die Sessel-Konformation von Lacto-
se und rechts die von Saccharose. Die beiden Disaccharide sind aus
unterschiedlichen Monomeren zusammengesetzt: Lactose ist nach
IUPAC-Nomenklatur eine 4-O-(3-D-Galactopyranosyl)-D-glucopyrano-
se, Saccharose ist ein a-D-Glucopyranosyl-(1-2)-3-D-fructofuranosid.

2. Experimentelles

Versuch 1: Nachweis von Lactose mit Ammoniak
(Wohlk-Probe)

Gerite und Chemikalien: Ammoniak-Losung (,.Salmiak-

geist*), w(NH;) =10%, (Abzug) (GHS0S5, GHS07), Kalilauge,

c(KOH)=1molL™" (GHS05, GHS07) [5], Heizplatte,

1000 mL-Becherglas, Thermometer (0 bis 100°C), Wasser,
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wasscrfester Stift zum Beschriften, Einmalpipetten, 12 Rea-
genzgldser mit passenden Stopfen, Reagenzglasstéinder,
Smartphone oder cine Kamera fiir dic Fotodokumentation,
verschiedene, moglichst naturbelassene Milchprodukte, zum
Vergleich folgende Reinstoffe (je 50 mg) Lactose, Fructose,
Glucose, Galactose, Saccharosc (Abb. 2).

Zeitbedarf: ca. 45 Minuten

Abb. 2: Milchprodukte, mit denen die Wahlk-Probe durchgefiihrt
wurde

Hinweis: Mit der (Smartphone-) Kamera werden zu Doku-
mentationszwecken Aufnahmen von allen wichtigen Schritten
und Verdnderungen erstellt.

Durchfiihrung: In einem 1000 mL-Becherglas werden 300 mL
Wasser auf 60°C erhitzt.

Von unterschiedlichen Milchprodukien aus einem Supermarkt
werden je 2 mL mit Einmalpipetten in nummerierte Reagenz-
gliser pipettiert. Je nach Viskositdt der Milchprodukte miissen
die Spitzen der Einwegpipetten etwas gekiirzt werden. Damit
der Nachweis nicht gestort wird, diirfen die Milchprodukte
keine roten Farbstoffe oder Glucose oder Fructose enthalten.
Wir verwendeten : 1) Vollmilch, 2) lactosefreie Milch, 3) But-
termilch, 4) Kefir, 5) Naturjoghurt, 6) Kalfeesahne, 7) Saure
Sahne (Abb. 3)

In [iin[ weilere Reagenzgliser werden die oben genannten
Zucker gegeben und jeweils in 2 mL Wasser gelost. Anschlie-
Bend werden jeweils 2 mL Ammoniak-Losung sowie 3 Trop-
fen Kalilauge hinzu pipettiert. Vorsichtig, aber griindlich
schiitteln, damit sich alles gut durchmischt! Dann werden die

CHEMKON 2016, 23, Nr. 2,90-92
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Abb. 3: Reagenzglaser vor der Wohlk-Probe
1-7: Milchprodukte (links), 8—12: Zucker-Losungen {rechts)

Reagenzgliser in das heile Wasserbad gestellt und fiir mindes-
tens 15 Minuten dort belassen, bis sich dic Farben der Proben
gut entwickelt haben. Nach jeweils 5 Minuten erfolgt eine
Sichtkontrolle mit Fotodokumentation.

Wihrend der Wartezeit kénnen begriindete Hypothesen fiir
den erwarteten Ausgang des Experiments angefertigt werden.
Nach spitestens 30 Minuten werden alle Reagenzgldser aus
dem Wasserbad geholt.

Beobachtung: Je nach Lactosegehalt des untersuchten Milch-
produkts ergibt sich eine unterschiedlich starke rote Farbung.
Losungen von Fructose, Glucose und Galactose ergeben in
Nuancen unterschiedliche Gelbfirbungen, die Saccharose-
Losung bleibt klar und farblos (Abb. 4).

Abb. 4: Reagenzglaser nach der Wéhlk-Probe

Von links nach rechts befanden sich in den Reagenzglasern 1) Voll-
milch, 2) lactosefreie Milch, 3) Buttermilch, 4) Kefir, 5) Naturjoghurt,
6) Kaffeesahne, 7) Saure Sahne, 8) Lactose, 9) Fructose, 10) Glucose,
11) Galactose, 12) Saccharose

Auswertung: Mit reiner Lactose ergibt sich die typisch lachsro-
te Fiarbung, die schon von Alfred Wohlk im Jahre 1904 beob-
achtet wurde und die er damals , krapprot* nannte [3]. Mono-
saccharide wie Fructose, Glucose und Galactose ergeben gelb-
liche Farbungen. Mit ihnen findet zwar eine Reaktion statt,
aber es kommt nicht zur Entstehung des lachsroten Farbstoffs,
weil keine Verkniiplung mit einem zweiten Monosaccharid
vorhanden ist. Mit Saccharose ergibt sich keine Reaktion, da
diese kein anomeres C-Atom enthélt. Dadurch ist die Entste-
hung einer offenkettigen Form mit einem reduzierenden Ende
ausgeschlossen. In den Milchprodukten erscheint eine dunkel-
rosa bis rote Féarbung, wenn viel Lactose vorhanden ist (Voll-
milch, Buttermilch, Kaffeesahne). Bei einem geringeren Lac-
tosegehalt wird die Farbung schwicher. In lactoselreier Milch
wurde Lactose enzymatisch in Galactose und in Glucose ge-
spalten, daher ergibt sich eine gelbe Férbung, die auch bei
einem Losungsgemisch von Glucose und Galactose zu beob-
achten ist.

CHEMKON 2016, 23, Nr. 2, 50-92
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Schwierige Hydrolyse und widerspriichliche Angaben

Wihrend man das Disaccharid Saccharose mit verdiinnter
Salzsdure problemlos hydrolysicren kann, ist dies bei Lactose
nur mit besonderem Aufwand méglich, denn die 3-1.4-Bin-
dung zwischen Galactose und Glucose ist stabiler als die 1,2-
Bindung zwischen Glucose und Fructose [4]. Allerdings ldsst
sich das Vollacetal mit dem Enzym Lactase (richtiger Name:
f-Galactosidasc) spalten. Dieses Enzym wird bei der Herstel-
lung lactosefreier Milch eingesetzt und ist dariiber hinaus in
der Apotheke in Tablettenform erhéltlich.

Es ist anzumerken, dass cs cinige Internet-Fundstellen gibt,
bei denen eine angebliche Hydrolyse von Lactose im Rea-
genzglas beschricben wird. Dieser Irrtum ist bereits in der Ori-
ginal-Veroffentlichung von Alfred Wohlk [3] enthalten; dort
ist in einer Tabelle ,hydrolysicrter Milchzucker* mit dem Er-
gebnis | hellgelb® aufpefiihrt. Dicses (falsche) Ergebnis crhiclt
auch der Autor, als er versuchte, Lactose dhnlich wie Saccha-
rosc mit Salzsdurc zu hydrolysicren: man crhélt aber kein Hy-
drolysat, sondern lediglich eine Lésung mit einem fiir die
Wohlk-Reaktion zu niedrigen pH-Wert. Neutralisiert man das
vermeintliche Hydrolysat und fiihrt dann die Wohlk-Reaktion
nach o.a. Versuchsanleitung durch, dann ergibt sich wieder die
lachsrote Farbung. Wic Alfred Tépel [4] ausfithrlich darlegt,
lasst sich Lactose namlich gerade nicht , mit schwacher Salz-
séurc” hydrolysicren. Wire dics der Fall, hédtten Millionen von
Menschen keine Lactoseunvertriglichkeit mehr, denn dann
wiirde die Lactose bereits im Magen hydrolysiert. Axel
Schunk [6] fiihrt in seinem Experiment des Monats November
2012, fuBend auf P. Grob [7]. eine falsche Erkldrung an: ,,Im
stark basischen Miliew wird Lactose zu Glucose und Galactose
hydrolysiert. Galactose wird durch Lufisauerstoff zu Schleim-
saure (eine Dicarbonsiure) oxidiert und diese reagiert weiter
mit Ammoniak zu einem roten Farbstoff (,Pyrrolrot-Reakti-
on“)“[6].

Ein Kontrollexperiment mit Schleimsdure erbrachte keine
Firbung. In einem weiteren Kontrollexperiment lief3 sich die
Wohlk-Probe auch bei Sauerstoffabschluss (unter Stickstoff-
atmosphire) erfolgreich durchfithren. Nach allem, was die Au-
toren bisher dargelegt haben, miissen die Erkldrungen aus [6]
und [7] falsch sein. Wahrscheinlich liegt eine Verwechslung
mit einer Anleitung zur Pyrrol-Herstellung aus dem wohl be-
kannten Lehrbuch von Gattermann und Wieland vor [8], wo
Pyrrol aus Ammoniummucat hergestellt und anschliefend mit
einem salzsauren Fichtenspan nachgewiesen wird. Diese Re-
aktion setzt jedoch ganz andere Versuchsbedingungen voraus,
niamlich Temperaturen von 170-300“C. Weiterhin ist in [7] die
Verwendung von 25%iger Ammoniak-Losung und 32 %iger
Natronlauge aufgefiihrt. Solch hohe Konzentrationen sind un-
notig und konnen dazu fithren, dass die Reaktion mit einer un-
ansehnlichen schwarz-braunen Farbe endet.

Eine weitere Unkorrektheit ist bei Ch. Fleiss in ,, Kohlenhy-
drate im Unterricht [9] zu finden: , Da Vollmilch eine Rotfir-
bung aufweist, ist der Test auf Lactose (oder Galactose) positiv.
Die Farbreaktion der laktosefreien Milch zeigt eine leichte
Orangefirbung. Daraus ist zu schlieflen, dass in dieser Galacto-
se enthalten ist.“ Wie oben bereits mehrfach dargelegt und wie
sogar auch die Abbildung in [9] veigl, ist bei lactoselreier
Milch oder bei Galactose oder bei Glucose oder bei einer Mi-
schung von beiden lediglich eine Gelbfirbung zu erkennen,
die je nach Konzentration unterschiedlich intensiv ist. Galac-
tose fiihrt, wie auch schon von A. Wohlk im Jahre 1904 festge-
stellt, zu keiner lachsroten Firbung; sogar eine Mischung von
Galactose und Glucose ergibt keine ,,Wohlk-Féarbung”. Das
bedeutet, dass [iir die Bildung des lachsroten Farbstolfes unbe-
dingt das Disaccharid Lactose (oder Maltose) vorhanden sein
muss.
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Etwas unbefriedigend und Gegenstand weiterer Untersuchun-
gen ist die fchlende Antwort auf dic berechtigte Frage, ...
worauf aber die Bildung der roten Farbe beruht... da sich nim-
lich der Farbstoff nicht ausschiitteln ldsst und durch Zusarz von
Sduren zersetzt wird" [3]. An der Losung dieses Problems ar-
beiten die Autoren derzeit. Ein moglicher Mechanismus be-
ginnt sichcrlich mit ciner Offnung der Lactosc am anomeren
C-Atom (Abb. 5).

OH
on o OH OH OH
Q
&/O (o] —_— HO o OH
° HO S on HO H
OH Ho
OH 5

Abb. 5: Gleichgewicht zwischen ringférmiger und offenkettiger Form
bei Lactose nach [10]

H

AnschlieBend ist durch den erheblichen Ammoniak-Uber-
schuss dic Bildung ciner Schiffschen Base oder cines Enamins
moglich [11]. Wegen des stark alkalischen pH-Werts muss
aber auch an eine Lobry-de-Bruyn-van-Ekenstein-Umlage-
rung gedacht werden [12]. Dic Autoren untersuchen derzeit
verschiedene Mechanismen und hoffen auf ein baldiges Ei-
gcbnis.
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Abb. 1 Die
Wohlk-Probe
funktioniert mit
Lactose und Mal-
tose, nicht aber
mit Schleimséure
(ganz links) oder
mit den Mono-
meren Glucose
(mitte-rechts)
und Galactose
(ganz rechts).

Der geheimnisvolle lachsrote Farbstoff

Die Wiederentdeckung
der Wohlk-Probe

KLAUS RUPPERSBERG | JULIA HAIN

er kann man im Chemieunterricht den Lactosegehalt von weise harmlosen Milchstau zu unterscheiden. Da die in

Milchprodukten anschaulich, iiberzeugend und mit einfachen ~ 8¢ kommenden Zucker Glucose und Lactose beide auf
Fehling- oder Benedict-Reagenz positiv reagieren, war

Mitteln sichtbar machen? Hierzu eignet sich hervorragend die 1, froh. die Lactose durch eine leuchtende lachsrote
fast in Vergessenheit geratene Wohlk-Probe, die im Jahr 1904  Firbung (damals ,Krapp-Farbe* genannt) nachweisen zu

von ihrem Entdecker Alfred Wohlk an der Pharmazeutischen ~ <0mnen [21- o
Bis in die 1960er Jahre hinein, teilweise dariiber hinaus,

Lehranstalt Kopenhagen beschrieben wurde. Allerdings hiillt  rden in Arztiaboren hierzu 5 mL Urin mit Ammoniakls-
sich damals wie heute der lachsrote Farbstoff in ein scheinbar ~ sung und cinigen Tropfen Kalilauge im Wasserbad erhitzt.

unlésbares Geheimnis, denn er Idsst sich nicht mit organi- Eine Rotfirbung zeigle Lactose (aber auch Maltose) an. [3,
’ 4, 5]. In vielen Kliniklaboratorien wurde diese Methode

schen Losungsmitteln ausschiitteln und konnte bislang noch schon ab 1950 wieder abgeschafft, da sie durch andere re-

nicht sicher identiﬁziert werden. duzierende Zucker gestort wird und zuverlissigere spek-
troskopische Methoden zur Verfiigung standen [6].

Im Schulexperiment ist die Wohlk-Probe hingegen her-

ie Wohlk-Reaktion ist eine Nachweisreaktion auf Lactose und Maltose [1]. vorragend einsetzbar, sehr anschaulich, kostenglinstig und

Sie fand zunichst Anwendung in klinischen und idrztlichen Laboratorien, nicht zuletzt durch die dsthetischen Farben hochmotivie-

nimlich um eine gefihrliche Schwangerschaftsdiabetes von einem vergleichs-  rend. Es gibt verschiedene Varianten der Durchfiihrung; die
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urspriingliche von Alfred Wohlk selbst beschriebene funk-
tioniert mit ,0,7-0,5 g Milchzucker in einem schmalen Rea-
gensglas (sic!) in 10 cc 10-prozentigem Ammoniak® bzw.
20%iger Ammoniaklosung, sofern dasselbe Volumen fliissi-
ger Milch zugegeben wird [1].

Eine Verbesserung von Zeitablauf und Genauigkeit
brachte ab 1905 eine Variante von Hans Malfatti (1864-
1945, Rovereto und Innsbruck): ,Zu zirka 5 cm? (1/4 Eprou-
vette voll) des zu untersuchenden Harns fligt man etwa die
Hiilfte seines Volumens starke Ammoniakfliissigkeit und et-
wa finf Tropfen Kalilauge, worauf man das Ganze in ein hei-
f3es, aber nicht siedendes Wasserbad einstellt und die oft
schon nach fiinf Minuten auftretende, allmihlich sich ver-
stirkende Rotfirbung beobachtet® [7].

Es gibt auch noch Varianten mit Temperaturangaben bis
von 80 °C [4] oder mit 25%iger Ammoniaklosung und
20%iger Kalilauge [2]; je hoher die Temperatur ist und je
konzentrierter die Laugen sind, desto grofer ist die Gefahr,
dass die Reaktion in eine unkontrollierte Maillard-Reaktion
oder wissrige Karamellisierung liuft, was an einer un-
schonen Braunfirbung erkennbar wird. Im Schulunterricht
sind aus Sicherheitsgriinden immer moglichst niedrige Kon-
zentrationen von Laugen zu bevorzugen, um unnotige Ri-
siken zu vermeiden.

Wie bei vielen alten Nachweisreaktionen der medizini-
schen Laborchemie ist der genaue Mechanismus der Wohlk-
Malfatti-Reaktion, wie sie eigentlich heifden misste, nicht
bekannt und wie sich zeigt, auch nicht einfach zu kliren;
es ist aber einen Versuch wert, ein wenig Licht in das Dun-
kel zu bringen.

Eine sehr verwandte Nachweisreaktion ist der Fearon-
Test aus dem Jahr 1942 (benannt nach William Robert Fea-
ron, 1882-1959, Universitit Dublin), der sich in Irland,
Grof3britannien und USA grof3er Beliebtheit erfreute [8];
hier wird allerdings Methylamin-hydrochlorid (anstelle von
Ammoniak) verwendet und tiber der Brennerflamme fiir
30 Sekunden aufgekocht, wobei die Gefahr des Siedever-
zuges besteht.

Alfred Wohlk war nicht der einzige,

der Ammoniaklésung mit Milchzucker erhitzte
Beim Recherchieren fiel auf, dass es noch weitere Namen
gibt, die sich mit der Reaktion von Lactose und Ammoni-
aklosungen in Verbindung bringen lassen, sogar noch frii-
her als Alfred Wohlk. Er war zwar der erste, der die Reak-

WOHLK-PROBE

tion von reinen Zuckerlosungen mit Ammoniaklosung be-
schrieben hat, aber schon 1896 wurde die Reaktion von
Milch mit Ammoniak durch Nersess Umikoff und 1900
durch N. Sieber alias Nadina Ziber-Shumova, beide in St.
Petersburg, sowie 1896 durch Marchetti in Florenz unter-
sucht und publiziert [9, 10, 11].

Umikoff und Sieber untersuchten vor allem Mutter-
milch, die Ammen fiir das kaiserliche Findelhaus in St. Pe-
tersburg ablieferten. Bei Umikoff stand 1896 sicherlich der
Aspekt der Qualititskontrolle im Vordergrund, wihrend Sie-
ber vier Jahre spiter systematische Untersuchungen des als
Lviolett* bezeichneten Farbstoffes publizierte.

Muttermilch enthilt auBer Lactose tiber 130 verschie-
dene Oligosaccharide [12], zudem nimmt der Lactosege-
halt nach dem Beginn der Milchabgabe (Laktation) zu und
steigert sich bis zum 5. Laktationsmonat, von Umikoff und
Sieber missverstindlich als ,Alter der Milch“ bezeichnet.
Aus dem ,Alter der Milch“ und dem damit korrelierenden
Lactosegehalt, ggf. aber auch anderer Saccharide, erklirt
sich die zunehmend tiefere Farbgebung bei Muttermilch,
welche die Autoren aber eher als brombeerrot denn als vio-
lett bezeichnen wiirden.

Die Natur des lachsroten Farbstoffs

bleibt geheimnisvoll
Bei der Suche nach weiteren Details fiir einen Reaktions-
mechanismus der Wohlk-Reaktion lielen sich in Deutsch-
land und Osterreich mehrere Publikationen [13, 14, 15, 16]
finden, die den lachsroten Farbstoff einer ,Pyrrolrot-Reak-
tion“ zusprechen. Bei der genaueren Recherche lief3 sich
aber kein Hinweis auf das Vorhandensein von Pyrrol fin-
den. Eventuell sollte die Bezeichnung Pyrrolrot auf einen be-
kannten Farbstoff hinweisen, der dhnlich aussieht, ohne ei-
ne direkte chemische Klassifizierung vorzunehmen.

Vielleicht liegt auch eine Verwechslung mit einer Ver-
suchsanleitung aus dem Lehrbuch von Gattermann und
Wieland [17] vor, bei der Pyrrol aus Ammoniummucat her-
gestellt wird. Durch Abspaltung von Kohlenstoffdioxid ent-
steht aus der 1,6-Dicarbonsiure eine 1,4-Dicarbonsiure, aus
der sich wie in Abbildung 3 dargestellt das farblose Pyrrol
bildet.

Die Reaktion setzt allerdings Temperaturen zwischen
170 und 300 °C voraus, wihrend die Wohlk-Probe bei nur
60 °C stattfindet und keine Kohlenstoffdioxidentwicklung
zu beobachten ist.

Abb. 2 Wéhlk-Reaktionen verschiedener Milchprodukte und Referenzsubstanzen: Von links nach rechts befanden sich in den
Reagenzgliisern jeweils 2 mL 1) Vollmilch, 2) lactosefreie Milch, 3) Buttermilch, 4) Kefir, 5) Naturjoghurt, 6) Kaffeesahne,
7) Saure Sahne; sowie als Referenz 2,5%ige Losungen von 8) Lactose, 9) Fructose, 10) Glucose, 11) Galactose, 12) Saccharose.
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Schleimsiure (Mucinsiure) oder deren Salz Ammoni-
ummucat Lisst sich zwar aus Lactose herstellen, ansonsten
gibt es aber keinen weiteren Zusammenhang zur Wohlk-
Probe, Schleimsiure kann auch deshalb kein Zwischen-
produkt bei der Wohlk-Reaktion sein, da sie mit Ammoni-
aklosung im Wasscrbad nicht dic geringste Farbinderung
zeigte (siche Abbildung 1).
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Beim Nachforschen fanden sich leider weitere Fehler:
LDas Disaccharid Lactose ... wird durch verdiinnte Siuren
zu Glucose und Galactose hydrolysiert® [18]. Lactose lisst
sich - im Gegensatz zu Saccharose - aber gerade nicht
durch Zugabe von schwachen Siauren hydrolysicren. Wire
dics der Fall, durfte ¢s beim Menschen keine Milchzucke-
runvertraglichkeit [19, 20] geben, weil dann die Lactose
bereits durch die im Magen befindliche Salzsidure hvdroly-
siert wiirde. Sie wird aber erst im Diinndarm enzymatisch
hydrolysiert, sofern dort das Enzym vorhanden ist [21]. Der
Grund licgt darin, dass dic B-1,4-Bindung bei Lactose viel
stirker ist als dic o,B-1,2-Bindung bei Saccharose. Lactose
lisst sich daher entweder mit dem Enzym B-Galactosidase
(oft lapidar , Lactase” genannt) oder durch einstiindiges Er-
hitzen bei 90 °C mit 1,5 molarer Salzsiure hydrolysieren
[211.

Weiterhin heift ¢s in Bezug auf dic Wohlk-Reaktion:
,Galaktose wird durch Luftsauerstoff zu Schleimsiure (ei-
Auch dies konnten
wir widerlegen: Fiihrt man die Wohlk-Probe unter inerter

ne Dicarbonsiure) oxidiert (... [13].

Atmosphire mit entgasten Komponenten durch, ist kein
Unterschicd in der Farbgebung zu erkennen, Saucrstoff ist
somit fiir die Reaktion nicht essenziell.

Fiihrt man die Reaktion jedoch im wasserfreien Milieu
durch (die wissrige Ammoniaklosung wird dabei durch me-
thanolisches Ammoniak ersetzr), ist nach anfinglicher
Schwerloslichkeit der Lactose lediglich eine Gelbfirbung

ABB.5 | LOBRY-DE-BRUYN-VAN-EKENSTEIN-UMLAGERUNG VON LACTOSE IM ALKALISCHEN MILIEU
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Abb. 7 Wéhlk-Probe mit Losungen von verschiedenen reinen
Zuckern und Zucker-Gemischen, von links nach rechts:

1. Lactose, 2. Lactose mit HCI-Zugabe, nach 20 Min. neutrali-
siert, 3. Glucose, 4. Fructose, 5. Galactose, 6. Saccharose,

7. Saccharose mit HCl, nach 20 Min. neutralisiert, 8. Mannose,
9, Glucose und Galactose, 10. Glucose und Fructose.
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zu beobachten. Selbst nach einer Lingeren Reaktionszeit
bleibt die markante rote Farbe aus. Wasser ist also anschei-
nend wichtig fiir die Reaktion.

ALFRED WOHLK (1868-1949)

Alfred Wohik (Schreibweise auch englisch: Woehlk oder dinisch: Wahlk) war
ein ddnischer Chemiker, Apotheker und Pharmazeut. Er wurde am 25.7.1868
in Frederikshavn als achtes von 11 Kindern der Eheleute Carl Andreas Nicolai
Wahlk und Clara Wilhelmine Knutzen geboren. Nach seinem Studium und
anschlieRender Arbeit an der Pharmazeutischen Lehranstalt Kopenhagen war
er von 1910 bis zu seinem Tod am 2.3.1949 Leiter der Trianglen-Apotheke,
die auch heute noch in der Nordre Frihavnsgade 3, 2100 Kopenhagen

Bevor er ab seinem 43. Lebensjahr die Trianglen-Apotheke leitete, arbeitete
Alfred Wohlk an der Pharmazeutischen Lehranstalt Kopenhagen, wo er in
deutscher Sprache publizierte und zum Beispiel ein Herstellungsverfahren fiir
AcrylsGure aus Glycerin erfand oder ein Nachweisverfahren fir Lactose und
Maltose beschrieb, das vielen Pharmaziestudenten als Wohlk-Probe bekannt
ist. Im Krankenhauslabor haben spektrometrische Methoden die Wéhik-
Probe ersetzt, aber sie eignet sich hervorragend, um im Schulexperiment den

besteht. Gehalt von Lactose in Milchprodukten sichtbar zu machen (siehe Abb. K4).

Abb. K4 Die Wéhlk-Probe als anschauliches und kostengiinstiges
Schulexperiment.

Abb. K1 Alfred Wéhlk (links) und Mitarbeiter vor der Trianglen-

Apotheke. Alfred Wohlk wurde auch bekannt durch ,Magny!*, einem ddnischen Konkur-

renzprodukt zu Aspirin®, bei dem die Acetylsalicylséure durch Magnesium-
oxid neutralisiert wurde (siehe Abb. K2). Weiterhin war er aktiv bei der Dani-
schen Pharmazeutischen Gesellschaft (Danmarks Farmaceutiske Selskab), wo
er regelmdRig Vortrdge hielt. Er wurde 80 fahre alt und wiirde am 25.7.2018
seinen 150. Geburtstag feiern.

Suap—

Smertestillende

Magnyl" DAK {zusammengefasst aus personlichen Unterlagen von Poul Nissen durch Klaus
Yy

Ruppersberg, IPN Kiel)

acetylsalicylsyre
)0 enterotablett

z Ao _AP( ‘,‘:, [ !\ - ~_|  Furdie Uberlassung der Fotos und die biografischen Angaben bedanken wir
%139 : T TRIANGLE < uns ganz herzlich bei Herrn Apotheker Poul Nissen, dem gegenwdrtigen Leiter
v e e s e s s der Trianglen-Apotheke in Kopenhagen!

Abb. K2 Magnyl =
ASS+MgO.

Abb. K3 Historisches Rezept-Kuvert
aus der Trianglen-Apotheke.
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Auf welchem Wege kénnte aus Lactose

ein Chromophor entstehen?

Bei der Suche nach dem Mechanismus fiir die Wohlk-Re-
aktion vermuten die Autoren, dass die Lactose (chemisch
korrekt: 4-O-(B-D-Galactopyranosyl)-D-glucopyranose) nicht
hydrolysicrt, sondern als Vollacetal vorliegt, bei dem der
Ring des reduzierenden Zuckers im Gleichgewichtszustand
zwischen zwei anomeren Formen temporir gedffnet ist (Ab-
bildung 4).

Durch eine Keto-Enol-Umlagerung am offenen Aldehyd-
Ende des Disaccharids, auch Lobry-de-Bruyn-van-Ekenstein-
Umlagerung genannt [22], entsteht eine Keto-Gruppe an
C (Abbildung 5).

Was nun folgt, ist hypothetisch und muss noch iiber-
priift werden: Durch den Uberschuss an NH; kommt es zur
Bildung eines Imins an der Keto-Gruppe des umgelagerten
Zuckers. Dicses kann zu cinem Aldchyd und cinem sckun-
diren Amin tautomerisieren, welches mit einer Aldehyd-
gruppe eines weiteren Lactosemolekiils zu einem Imin kon-
densieren konnte. Durch Wasserabspaltung entstehen kon-
jugierte Doppelbindungen, die durch ihr konjugiertes
T-System cin Chromophor bilden (Abbildung 6).

Was passiert, wenn man Lactose

durch andere Zucker austauscht?

Durch weitere Untersuchungen haben wir versucht, das
Problem einzukreisen: Da der lachsrote Farbstoff mit reiner
Galactose oder mit reiner Glucose oder mit ciner 1:1-Mi-
schung von Galactose und Glucose nicht entsteht (Abbil-
dung 7), ist die Unversehrtheit der 1,4-glykosidischen Bin-
dung im Lactosemolekiil offenkundig essentiell.

Sowohl die Wohlk-Probe als auch der Fearon-Test erge-
ben mit Maltose cbenfalls den schonen lachsroten Farbstoff.
Es ist also gleichgiiltig, ob 4-O-(f-p-Galactopyranosyl)»-D-glu-
copyranose oder 4-O-(f--Glucopyranosyl)-nD-glucopyrano-
se zur Reaktion kommt.

Tnteressant ist nun das Verhalten der Cellobiose, die wie
Maltose aus zwei Molekiilen Glucose zusammengesctzt ist,
aber cine andere Verkniipfung aufwcist. Sic heidt korrekt
4-0-(B-D-Glucopyranosyl)-B-(1—4)-D-glucopyranose  und
zeigt in der Whlk-Probe eine dunkelgelbe bis orange Fir-
bung. Eventuell konkurriert hier die Wohlk-Reaktion mit
der alkalischen Hydrolyse von Cellobiose, die bei dersel-
ben Temperatur, nimlich 60 °C durchgefihrt werden kann
[23].

Nicht-reduzierende Disaccharide wie Saccharose und
Trehalose zeigen in der Wéhlk-Probe keine Reaktion: Die
Losungen bleiben klar und farblos, ebenso wie bei der mit-
getesteten Alkoholvariante Isomalt. Gentiobiose, obwohl
reduzicrendes Disaccharid, fihrt lediglich zu ciner gelben
Firbung. Reduzierende Monosaccharide zeigen in Nuancen
unterschiedliche Gelbfirbungen. Erhtht man die Konzen-
tration der eingesetzten Lactoseldsungen im Bereich von
0,1 bis 5 %, tritt wie erwartet eine Farbvertiefung ein. Bei
Zuckerkonzentrationen iiber 5 % gibt ¢s jedoch keine wei-
tere Farbverticfung (Abbildung 8).

Chem. Unserer Zeit, 2017, 51, 106-111
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Was passiert, wenn man Ammoniak

durch verschiedene Amine ersetzt?

Der Austausch von Ammoniak durch andere stickstoffhal-
tige Verbindungen fithrt bei der Wohlk-Probe zu interes-
santen Varianten, die ebenfalls Hinweise auf den Reakti-
onsmcchanismus lictern kénnen (Abbildung 9). Auf den
ersten Blick ist ein offensichtlicher Zusammenhang zwi-
schen der Art des Amins und einer positiven Wéhlk-Probe
nicht zu finden, es ist aber auffillig, dass immer ein Stick-
stoffatom mit mindestens zwel Wasserstoffatomen und mit
gegchenenfalls clektronenschichenden Substituenten vor-
handen sein miissen, so dass cin gutes Nucleophil entsteht.
Eine Ausnahine von dieser Regel ist Piperidin.

Mit Benzylamin ergibt sich ein blutroter Farbstoff, der
sich mit Diethylether oder Chloroform ausschiitteln lLisst.
Mit Glycin ergab sich im Kontrollexperiment keine Firbung,
Fcaron hingcgen heschreibt lachsrot, fithrt ¢s aber auf cine
Decarboxylierung der Aminosiure zuriick. Weiterhin be-
schreibt Fearon eine lachsrote Farbe bei der Reaktion mit
2-Hydroxyethylamin [8].

Wohlk selbst war auch schon iiber die Natur des Farb-
stoffes ratlos: , Worauf dic Bildung der roten Farbe beruht,
ist eine Frage, die schwierig zu beantworten ist, da sich der
Farbstoff ... nicht ausschiitteln Lisst und beim Zusatz von
Siuren zersetzt wird® [1].

Bei chromatografischen Untersuchungen an der Uni-
versitit Bristol wurde ein auferordentlich komplexes Ge-
misch (,an cxceedingly complex mixture®) aus der Reakti-
on von Lactose und Ammoniaklosung gefunden [24]. Dies
konnte einem nun fast den Mut nehmen, weiter zu for-
schen. Dennoch glauben die Autoren, dass die Struktur des
lachsroten Farbstoffes aufgeklirt werden wird.

Dank
Iir freundliche Beratung, Unterstitzung und hillreiche Diskussion
bedanken wir uns ganz herzlich bei Dr. Oksana Sereda, Prof. Dr.
Thisbe K. Lindhorst, beide CAU Kiel, bei Prof. Dr. Petra Mischnick,
TU Braunschweig und Prof. Dr. Lothar Jaenicke, Kdln.

Zusammenfassung

Die Wéhik-Probe ist eine Nachweisreaktion fiir Lactose und
Maltose aus dem Jahre 1904. Sie wurde zundchst klinisch fiir
die Analyse von zuckerhaltigem Urin verwendet. Im Schulun-
terricht kann sie auf einfache Weise den Lactosegehalt von
Milchprodukten zeigen; dies ist insofern interessant, da viele
Menschen mit einer Unvertrdglichkeit auf Milchzucker rea-
gieren. Der genaue Reaktionsmechanismus der Wéhik-Reak-
tion (dGhnlich: Umikoff-Reaktion, Wéhik-Malfatti-Nachweis,
fearon’s Test) ist trotz vieler Bemithungen noch unbekannt,

Summary
Woehik’s test is a detection reaction for lactose and maltose
from 7904. It was first used clinically for the analysis of sug-
ars in urine. In science education the test can show in a@ sim-
ple way the lactose content of dairy products. This is inter-
esting because many people react intolerant to lactose. The
exact reaction mechanism of Woehlk reaction (similarly:

Chem. Unserer Zeit, 2017, 51, 106-111

WOHLK-PROBE | DAS EXPERIMENT

Umikoff reaction, Woehlk-Malfatti-proof, Fearon’s test) is still unknown despite
many efforts.

Schlagwérter
Wohlk-Probe, Wohlk-Malfatti-Nachweis, Umikoff-Reaktion, Fearon-Test, Lacto-
scnachweis, Chemicgeschichte
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Auf der Spur der roten Farbe: Ein historischer
Lactose-Nachweis wiederentdeckt

Klaus Ruppersberg, ™ Julia Hain™™ und Petra Mischnick!”

Zusammenfassung: Chemicgeschichte(n), Medizin und Grundlagenforschung — diese drei Zugénge fir ganz
unterschiedliche Interessen- und Motivationslagen bei Schiilerinnen und Schiilern lassen sich iber einen ge-
meinsamen Kontext zusammenfiithren, in dessen Mittelpunkt ein roter Farbstoff steht. Schwangerschaftsdiabe-
tes und Lactoseunvertriglichkeit erfordern geeignete Nachweise, deren Entdeckung, Nutzung und Aufklirung
der zugrundcelicgenden Mechanismen spannende Fragen fiir den Chemicunterricht im Themenfeld Kohlenhy-
drate bereithalten, verbunden mit einem Blick zuriick in europdische Forschungsgeschichte{n) und mit einem
Blick nach vorn auf heute noch offene Forschungsfragen.

Stichworte: Lactose- und Maltosenachweis - Chemieunterricht - Kohlenhydrat-Ammoniak-Reaktion - Wohlk-
Mallatti-Probe

Abstract: Chemistry history, medicine and basic research - these three approaches can be combined using
a common context focused on a red dye when dealing with students’ different interests and motivation levels.
Diabeles during pregnancy and lactose intolerance require appropriale methods, the discovery, application and
elucidation of which provide exciting questions for chemistry lessons in the field of carbohydrates, when kee-
ping in mind European research history and today’s open research questions.

Keywords: Lactose and maltose detection - Chemistry Education - Carbohydrale ammonia reaction - Woehlk-
Malfatti-Test

1. Eine euroviiische Detektiveeschichte: diesem Experiment eine interessante Reise durch die europii-
* P g : sche Chemicgeschichte, grundlegende Fragestellungen zur

Warum ist die Wéhlk-Ma!fattl-Probe Aufklarung des tatsichlichen Mechanismus der Farbreaktion

interessantﬁjr den Unterricht? und ein Projekt in einem Schiilerlabor. Wie so oft in der For-
schung sind Resultate und Entwicklungen nicht immer ge-

plant, fithren aber oftmals zu interessanten und unerwarteten
Einen kontextbasierten, alltagsrelevanten Zugang zur Chemie Kooperationsmoglichkeiten und Folgefragen, die mit Hilfe der
der Kohlenhydrate »u linden ist heute leicht maglich: Vor  Arpeitsblitter im Anhang dieses Artikels auch von Schiilerin-
dem Hintergrund einer zunchmenden Sensibilitdt gegeniiber 0 und Schiilern weiterverfolgt werden kénnen.
Nahrungsmittelunvertriglichkeiten, bspw. der Lacloseunver- Ausgangspunkt war die so genannte , Whlk-Malatti-Probe*,
triglichkeit, 14sst sich eine ganze Reihe von motivierenden  {ie cinst fiir Krankenhaus- und Arztlabore von eroBer Bedeu-

Fragen aufwerfen: ) ) ) tung war [1]. Es handelt sich dabei um einen optisch anspre-
- Wie unterscheiden sich verschiedene Zucker, in welchen  chenden, von Schiilerinnen und Schiilern gut durchfiihrbaren
Le‘bensr‘nltteln kommen \.Nelche Kohlenhydrate.vor? _ nasschemischen Nachweis [iir den Zucker Lactose (aber auch
— Wie weist man heute Diabeles oder Laclosurie nach, wie  apdere 14-verkniipite Disaccharide, wie Maltose und Cello-
wurde dies 1‘:r'uhcr gemacht? ) o ) biose), der mehr als 100 Jahre nach seiner Einfithrung auch fiir
— Weshalb tritt Lactoseunvertriglichkeit in verschiedenen ;e Forschung noch offene Fragen bereithilt [2-4]. In einer
Gebicten gehduft (nicht) auf? Zusammenarbeil zwischen Chemiedidaktik, Organischer

Im Rahmen des hier zugrundelicgenden Projekts war es ¢i-  Chemie, Lebensmittelchemie und einem Schiilerlabor wurde

gentlich das Zicl, cinen cinfachen und fiir Schiilerinnen und  Jjeses historische Experiment genaver unter die Lupe genom-

Schiiler sclbst durchfithrbaren Lactosenachweis fiir einen  en und mit Hilfe von FachdidaktikerInnen, Fachwissen-

Schulversuch aufzuberciten — herausgekommen sind neben  gehaftlerlnnen und am Ende sogar Schiilerlnnen fiir den Che-
mieunterricht bearbeitet.

[a] K. Ruppersberg
Leibniz-Institut fiir die Pidagogik der Naturwissenschaften und
Mathematik an der Christian-Albrechts-Universitit zu Kiel (Abt. 2. Dem Mechanismus der Wéhlk-Probe aufa'er
Chemiedidaktik), Olshausenstr, 62, 24118 Kiel ,
* E-Mail: ruppersberg@ipn.uni-kiel.de Spl"" — was steckt dahinter?

[b] J. Hain
Otto-Diels-Institut fur Organische Chemie an der Christian-
Albrechts-Universitat zu Kiel, Arbeitsgruppe Lindhorst, Otto-

Ein Nachweis fiir Milchzucker, die Lactose, lieB sich in der Li-
teratur finden: die so genannie Wohlk-Probe [5]. Dieser funk-

Hahn-Platz 4, 24118 Kiel tionierte gut und schien auch fiir Schiilerversuche geeignet —

* E-Mail: jhain@oc.uni-kiel.de bis der Versuch unternommen wurde, das Ergebnis mit einer
[c] Prof. Dr. P. Mischnick einfachen mechanistischen Deutung zu verbinden!

Technische Universitat Braunschweig, Institut fiir Eine zunichst vorgenommene verlielle Literaturrecherche

Lebensmittelchemie, Schleinitzstr. 20, 38106 Braunschweig ergab, dass sich auch andere Forscher am Waéhlk-Mechanis-

* E-Mail: p.mischnick@tu-braunschweig.de mus die Zihne ausgebissen haben, da der Farbstolf instabil ist
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und sich bisher nicht isolieren lie [6]. Dennoch fiihrte gerade
diese Recherche zu interessanten Quellen und Informationen
iiber die Nutzung der Reaktion, auch ohne die Struktur des
Farbstoffs und den Mechanismus seiner Bildung genauer zu
kennen. Eine anschauliche und alltagsrelevante Aufbereitung
des historischen Experiments aus der Pharmazeutischen Lehr-
anstalt Kopenhagen, das in dhnlicher Form auch in St. Peters-
burg (Umikoff 1896 [7], Sieber 1900 [8]) und spéter in Dublin
(Fearon, 1942 [9]) durchgefiihrt worden war, kann problemlos
auch mit Schulexperimenten realisiert werden [2]. Erginzend
genutzt werden konnen Quellen aus Amsterdam, denn auch
dort war die rote Farbe schon aufgefallen, aber nicht weiter-
verfolgt worden (van Leent 1894, publiziert in Basel, [10]).
AngestoBien durch diese mehrfache Entdeckung bei gleichzei-
tig fehlender klarer Deutung des Mechanismus wurden die
Autorinnen und Autoren selbst noch einmal forschend titig,
und zwar in einem Team aus einem Lehrer und Chemikerin-
nen aus den Bereichen der Organik und Lebensmittelchemie.
Uber einen Zeitraum von mehreren Wochen wurden viele ge-
meinsame Experimente durchgefiihrt, die eine Annédherung
an den Mechanismus bringen sollten und iiberraschende
Fehler in Publikationen zu diesem Thema aufzeigten. Durch
die Diskussionen wurde die Komplexitdt des Themas mehr
und mehr offensichtlich und es stellte sich die Frage, ob es
iiberhaupt ,,einen Wohlk-Farbstoff gibt oder ob es sich nicht
letztlich um ein Gemisch handelt. Die nachfolgenden Ausfiih-
rungen bieten einen kurzen Einblick in diesen Ausflug in die
Grundlagenforschung.

Von der Uberpriifung historischer Befunde ...

Bei der Suche nach einem Mechanismus fiir die Wohlk-Malf-
atti-Reaktion gab es zundchst einige Unstimmigkeiten zu
kldaren. So sollte der prachtvolle rote Farbstoff ,,Pyrrolrot*
heiBen und durch Oxidation von Galactose zu Schleimsédure
(auch: Galactarsdure, Mucinsédure) gebildet werden [11-13].
Welche Anhaltspunkte konnen zur Aufkldrung des tatsdchli-
chen Reaktionsmechanismus herangezogen, welche ausge-
schlossen werden?

Beim Nachforschen fand sich eine grundlegende Fehlannah-
me: ,,Durch das Kochen im Wasserbad mit NaOH und NH;
erfolgt eine hydrolytische Spaltung von Lactose in D-Glucose
und D-Galactose. [13]. Unter alkalischen Bedingungen ist
aber keine Hydrolyse zu erwarten, sondern hier finden Umla-
gerungen statt, wie sie schon 1885 von Cornelis Adriaan
Lobry van Troostenburg de Bruyn und Willem Alberda van
Ekenstein beschrieben wurden [14]. Hydrolysieren lésst sich
Lactose entweder mit dem Enzym (-Galactosidase (,,Lacta-
se*) oder z.B. durch einstiindiges Erhitzen auf 90°C mit 1,5 M
Salzsdure, also unter viel heftigeren Bedingungen als bei der
Hydrolyse von Saccharose [15]. Anstelle einer hydrolytischen
Spaltung in die Endprodukte Glucose und Galactose kann es
aber im Reaktionsverlauf zu Umlagerungen und Eliminierun-
gen kommen, wie wir noch sehen werden.

An anderer Stelle heif3t es in Bezug auf die Wohlk-Reaktion:
»Galaktose wird durch Luftsauerstoff zu Schleimsidure (eine
Dicarbonsiure) oxidiert (...)* [12]. Auch dies konnten die Au-
toren widerlegen: Fithrt man die Wohlk-Probe unter inerter
Atmosphére mit entgasten Komponenten durch, ist kein Un-
terschied in der Farbentwicklung zu erkennen, Sauerstoff ist
somit fiir die Reaktion nicht essenziell.

Wird die Reaktion jedoch im wasserfreien Milieu durchge-
fuhrt (die wiassrige Ammoniaklosung wird dabei durch me-
thanolisches Ammoniak ersetzt, 60°C, Riickflusskiihlung), ist
nach anfanglicher Schwerloslichkeit der Lactose lediglich eine
Gelbfiarbung zu beobachten (siche Abb. 1). Selbst nach einer
Stunde Reaktionszeit bleibt die markante rote Farbe aus. Das
Vorhandensein von Wasser ist also offensichtlich wichtig fiir
die Reaktion [16].

CHEMKON 2017, 24, Nr. 4, 302324
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Die Pyrrolbildung aus Schleimsdure, wie sie im bekannten
Lehrbuch von Gattermann beschrieben wird, setzt Temperatu-
ren zwischen 170 °C und 300 °C voraus und findet unter Koh-
lenstoffdioxidabspaltung statt, wihrend die Wohlk-Probe bei
nur 60°C-80°C stattfindet und keine Kohlenstoffdioxident-
wicklung zu beobachten ist [17].

Schleimsdure (Mucinséure) und deren Salz Ammoniummucat
lassen sich zwar aus Lactose herstellen, ansonsten gibt es aber
keinen weiteren Zusammenhang zur Wohlk-Probe.

Abb. 1: Reaktionsprodukt von Lactose und wasserfreiem Ammoniak,
60°C, Riickflusskiihlung.

Wie lasst sich die Reaktion genauer aufkldaren? Dazu wurden
weitere systematische Reihenuntersuchungen mit verschiede-
nen Kohlenhydraten durchgefiihrt.

... zu systematischen Analysen der Wirksamkeit ...

Die bisher getesteten Zucker (s. Abb. 2), die im Wohlk-Test
die charakteristische rote Farbe ergaben, haben eines gemein-
sam: Es sind reduzierende Disaccharide, die iiber die OH-
Gruppe in Position 4 verkniipft sind.

Die Stereochemie der Glycosidbindung (o, wie in Maltose
oder {3, wie in Lactose und Cellobiose) scheint hingegen keine
Rolle zu spielen. Die Stereochemie am nicht reduzierenden
Ende (Galactose in Lactose versus Glucose in Maltose und
Cellobiose) wirkt sich nicht erkennbar auf die Farbstoffbil-
dung aus. Es stellt sich folglich die Frage, ob die Blockierung
der OH-Gruppe am C-4 den Reaktionsverlauf so ,kanali-
siert*, dass letztlich ein lachsroter Farbstoff entsteht, der von
Wohlk als ,,Krapprot™ bezeichnet wurde. Daher wurden wei-
tere verfiigbare Zucker getestet, darunter Lactulose (Gal-fB-
1,4-Fru), Maltulose (Glc-a-1,4-Fru), Gentiobiose (Glc-f3-1,6-
Glc) und Maltotriose (Glec-a-1,4-Gle-a-1,4-Glc) (s. Abb. 2).
Auch ein geschiitztes Monosaccharid, die 4,6-O-Benzyliden-p-
glucopyranose, stand zur Verfiigung. Das positive Ergebnis fiir
Lactulose und Maltulose bestitigte noch einmal, dass die im
Alkalischen zu erwartende Isomerisierung der Glucoseeinheit
zur Fructose ohnehin im Rahmen der Reaktion ablduft, zu-
mindest aber, zumal reversibel, die Reaktion nicht erkennbar
verandert. Auch Maltotriose reagierte positiv, was anzeigt,
dass es egal ist, ob die Kette um eine weitere Glucoseeinheit
verlidngert wird. Die 1,6-verkniipfte Gentiobiose zeigt hinge-
gen keine rote Farbe, obwohl sie auch ein reduzierendes Di-
saccharid ist.

Das 4,6-iiberbriickte und so an zwei Positionen geschiitzte
Glucosederivat ergab eine orange Farbung. Eine fotometri-
sche Uberpriifung ergab keine Absorption, die auf den typi-
schen roten Farbstoff schlieBen lieBe. Da die Benzylidenbrii-
cke den Zucker in seiner Flexibilitét einschrénkt und nicht nur
die 4-Position, sondern auch die 6-Position schiitzt, kann
dieser Befund die Frage, ob 4-OH lediglich blockiert sein
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muss, egal ob mit einem weiteren Zucker oder einer Schutz-
gruppe, leider nicht abschlieBend beantworten.

Wenngleich der visuelle Eindruck bei den rot gefirbten
Proben unabhingig vom Substrat gleich war, sollte ein Ver-
gleich der UV/Vis-Spektren zeigen, ob sie auch dasselbe Ab-
sorptionsverhalten zeigen. Alle rot gefarbten Losungen zeig-
ten sehr intensive Absorptionen bei 306 und 362 nm sowie das
fiir den roten Farbeindruck verantwortliche Maximum bei
527 nm (sieche Abb. 3a).

Die Absorptionsbande bei 527 nm ist so symmetrisch und fiir
alle drei Zucker identisch (Abb. 3b), dass man eine einheitli-
che Komponente vermuten kann. Auch die positiv reagieren-
den Zucker Cellobiose, Maltulose und Mallotriose zeigen
dieses Absorptionsspektrum.

... und mechanistischen Uberlegungen

Wie kommt man nun von den Beobachtungen zu mechanisti-
schen Uberlegungen? Auf Basis der bis dahin gesammelten
Beobachtungen konnten die im Folgenden ausgefiihrien Er-
kenntnisse festgehalten werden und diese dienten im An-
schluss als Ausgangspunkl fiir weitere Uberlegungen »um Me-
chanismus der Wohlk-Probe. Die Autoren gehen davon aus,
dass die Lactose (chemisch korrekt: 4-0O-f3-p-Galaclopyrano-
svl-p-glucopyranose) unter den Versuchsbedingungen nicht
hydrolysiert wird. Damit in Einklang steht, dass eine Mi-
schung von Glucose und Galactose im Experiment lediglich
cine Gelbfarbung zeigt (siche Abb. A2.7). Weiterhin kann die
Galactose auch durch Glucose erselzt sein. Dies wird dadurch
bewiesen, dass die ,,prachtvolle rote Farbe* auch bei Cellobio-
se und Mallose entsteht. Die positiven Reaktionen von Malto-
se und Maltlotriose zeigen, dass auch die Stereochemie der 1.4~
Glycosidbindung keine Rolle spielt.

304

Wiley Online Library

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

orange farbliches Ergebnis im Wohlk-Test.

In wissriger Losung offnet und schlieft sich das Halbacetal
am reduzierenden Ende, sodass im Gleichgewichtszustand
neben den anomeren Pyranosen und ggf. auch Furanosefor-
men auch eine offenkettige Form mit reaktionsfreudiger Alde-
hydgruppe vorliegt (Mutarotation, Abb. 4).

Im alkalischen Milicu kann es nun zu ciner Vielzahl von Re-
aktionen und Reaktionsprodukten kommen:

a) Durch eine Keto-Enol-Umlagerung des Aldehyds, auch
Laobry-de-Bruyn-van-Ekenstein-Umlagerung  genannt  [14],
entsteht eine Keto-Gruppe an C-2 (Abb. 5). Die Riickreaktion
zur Aldose kann sowohl zur gluco- als auch zur manno-Konlfi-
guration fithren.

b) Bei der Wohlk-Reaktion wird aus Aldehyd (bzw. ggl. aus
der Keto-Form, s.a.), was hier nicht weiter betrachtet werden
soll) und Ammoniak ein Aminal gebildet, das nach Wasserab-
spaltung in die Schiff'sche Base (Imin) iibergeht. Durch Ama-
dori-Umlagerung — analog der Maillard-Reaktion zwischen
Zucker und Aminosiuren [18,19] - entsteht daraus die 1-
Amino-1-desoxy-ketose, im Fall von Ammoniak ein priméres
Amin, das dann weitere Folgereaktionen eingehen kann. Bei
Einsatz von Methylamin (in Form von Methylammoniumchlo-
rid) gemiB Fearon's Test [9], ebenso bei Sieber [8], bildet sich
analog ein sekundires Amin {Abb. 6).

Aber nicht nur Methylamin liefert eine Reaktion, die der
Wohlk-Probe dhnlich ist: Zur Bildung des roten Farbstofls
tragen ganz allgemein primire Amine bei, die einen elektro-
nenliefernden Rest besitzen (Methylgruppe, Ethylgruppe,
Benzylgruppe, ...). Dariiber berichteten auch schon Sieber
und Fearon [siehe 1,im Original: §,9].

c) Auch Cellobiose, Maltulose, Maltose und Maltotriose lie-
fern das lachsrote ,,Wohlk-Produkt“. Diese Beobachtung legt

CHEMKON 2017, 24, Nr. 4, 302 -324
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Abb. 3b: Uberlagerte Ausschnitte der UV/Vis-Spektren der , Wohlk-
Produkte® von Lactose, Maltose und Lactulose, Vergréferung der Ab-
sorption des roten Farbstoffs bei 527 nm.
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Abb. 4: o,p-Lactose (links) im Gleichgewicht mit der offenkettigen
Form der Lactose (rechts).

nahe, dass der Schutz an C-4 der reduzierenden Glucoseein-
heit durch einen offensichtlich austauschbaren Zucker die Re-
aktion in eine bestimmte Bahn lenkt. Hier setzte eine gezielte
Literaturrecherche an, deren Ergebnis diese Vermutung
stiitzt. Hollnagel und Kroh berichteten 2002 iiber die Umset-
zung von Glucose, Maltose und Maltotriose in Abwesenheit
und in Gegenwart der einfachsten Aminosidure Glycin [20].
Nur bei Maltose und Maltotriose, nicht aber bei Glucose und
verstarkt in Gegenwart der Aminokomponente wird die Bil-

Ho—x’ oH - Ho—

——

T
+0OH"

DDH) lenkt (s. Abb. 7). Durch Angriff von OH™ kann dic
tautomere Iminform unter C-C-Spaltung 3-DP liefern. Bereits
2000 beschricben Hollnagel und Kroh die ausgeprigte Bil-
dung des Vorlédufers 1.4-DDH als Eliminierungsprodukt von
Maltose [21]. Henle et al. beschreiben in verschiedenen Ar-
beiten cbenfalls besondere Reaktionswege von 1,4-Disaccha-
riden mit Aminoséduren [22-24]. Dabei weisen sie auch eine
34-Didcoxypentosulose (3.4-DDP) nach, deren Entstchung
man sich, alternativ zur Oxidation zur 3-DP, durch (3-Eliminie-
rung von Wasser aus der Vorstufe der 3-Desoxypentulose in
Abb. 8 vorstellen kann. Solche a-Dicarbonylverbindungen
konnen mit oder auch ohne Einbau von Stickstoff zu Hetero-
aromaten wie z.B. Furanen, Pyrrolen oder Oxopyridinderiva-
ten fithren, die als Vorstufen hohermolekularer farbiger Ver-
bindungen denkbar sind. Fiir weitere Forschungen wiére cs
daher interessant, diese bekannten Intermediate herzustellen
und fiir die Wohlk-Reaktion einzusetzen. Es sollte erwéhnt
werden, dass die genannten Modellstudien bei neutralem pH
durchgefiihrt wurden. Bei dem fiir die Wohlk-Reaktion not-
wendigen alkalischen pH mag der Reaktionsweg anders ver-
laufen. Aber diese Literaturbeispiele unterstiitzen sehr stark
die Hypothese, dass eine Abgangsgruppe an Position 4 die ent-
scheidende Weichenstellung fiir die gleiche Reaktion der 1.4-
verkniipften Disaccharide darstellt.

3. Von wissenschaftlichen Untersuchungen zu
Schiilerforschungsprojekten

Exemplarische Darstellung der Bearbeitung des Themas in
ciner Forscherlnnen-AG

Ein Ausgangspunkt fiir dic weitere Erarbeitung des Nachwei-
ses bictet der Befund, dass s bei Menschen unterschicdlich
ausgeprédgte Lactoscunvertriglichkeiten gibt: Bis zu 240 mL
Milch, entsprechend etwa 12 g Lactose, werden von Men-

/ —OH S +H0
o Ty HO-

BD-Gak1 ™ Ho )AL H O Lo~ /'y -om- o
OHG ) BD-Gakt HOS e 0.D-Gal ,o/\’ oH  Abb.5: Lobry-de-Bruyn-van-Ekenstein-
H'O 0O, FO- "'<; Umlagerung von Lactose zu Lactulose

-~ im alkalischen Milieu.
HO T
OH R—NH, HO
OH
8-D-Gal-1” 0 ' H
-D- - —_
a HO ~ _ B—D—Ga|-1/o “ Abb. 6: Reaktion von Lactose mit Am-
OHO J HO "R moniak (R=H) bzw. Methylamin
o) (R=CH,).
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HO sungen, die dann unter den von Ruppersberg und Hain ange-
OH R gebenen Bedingungen [2] umgesetzt wurden. Es ergab
/O NH sich ein linearer Absorptionsbereich im Bereich von

R’-D-Gal-1 HO OH

- R-D-Gal-1
HO
OH R
\ NH
HO ©
0 H,0 R
-
H)LOH HO N

\
0 o}
Abb. 7: Bildung von 1-Amino-1,4-didesoxyhexoson (1,4-DDH) und
Weiterreaktion zu 3-Deoxypentosulose (3-DP) nach Hollnagel und
Kroh 2002 [20]).

0,1-1,0%igen Losungen mit Absorptionen im Bereich 0-1.
Abb. 9 zeigt Paul beim Messen an dem kleinen Fotometer des
Agnes-Pockels-SchiilerInnen-Labors, Abb. 10 die von ihm er-
stellte Kalibrationsgerade.

Abb. 9: Schiiler im Agnes-Pockels-Schiilerlnnen-Labor bei der Mes-
sung am Fotometer zur Erstellung der Kalibrationsgeraden.

A 207
09 = 0.8645 s
schen, die tiber Lactoseintoleranz klagen, verteilt iiber den 08 - y‘%’;s f?,f;;;’;w’ (]
Tag oftmals vertragen, ohne dass Beschwerden auftreten [25]. 07 |
Fiir eine quantitative Bestimmung sollte daher die Konzentra- 06 |
tionsabhédngigkeit der Farbstoffbildung fotometrisch unter- !
sucht werden. Dieses Projekt wurde von einem Schiiler der 031
Forscherlnnen-AG am Agnes-Pockels-SchiilerInnen-Labor an 041
der TU Braunschweig durchgefiihrt. Die Schiilerinnen und 03 1
Schiiler dieser AG kommen seit der 4. Grundschulklasse wo- 0.2 1
chentlich an diesen auBerschulischen Lernort, wo sie nach An- 0,1 -
fanger- und Fortgeschrittenen-AG schlieflich in die gemischte 0,0 - - - - - . T r T )

ForscherInnen-AG miinden und dort ihren eigenen kleinen
Projekten nachgehen konnen. Die AGs wurden vor 10 Jahren
mit Unterstiitzung des FCI (Fonds der Chemischen Industrie)
ins Leben gerufen und haben sich als ein Projekt mit langem
Atem bewihrt, in dem die Kinder und dann Jugendlichen im
Labor heimisch werden, experimentelles Geschick erwerben
und die wissenschaftliche Arbeitsweise lernen sollen. Nach-
dem das Interesse von Paul Gardlos (14), Schiiler der 8.
Klasse, geweckt war, widmete er sich Woche fiir Woche der
Aufnahme einer Kalibrationskurve mit definierten Lactoselo-

N
HC—0—H

00 01 02 03 04 05 06 07 08 09 10
Lactose, g/100 mL

Abb. 10: Kalibrationsgerade fiir den aus Lactose gebildeten roten
Farbstoff der Wohlk-Probe; 2 mL Lésung. der angegebenen Lactose-
konzentration wurden mit 2 mL 10 %igem Ammoniak und 3 Tropfen
1-molarer KOH-Lsung umgesetzt und 15 Min. im Wasserbad bei
70°C erwdrmt. Die Absorption wurde dann bei Wellenlangen zwi-
schen 523 oder 527 nm gemessen. Die einzelnen Punkte sind die Er-
gebnisse von Messungen an verschiedenen AG-Tagen im Agnes-Po-
ckels-Schiilerinnen-Labor.

H,C—OH H,C—OH HE=0 HC=0
| |
6=0 ¢=0 Cl?_OH G—OH ¢=0

H—C—H ™ CcH .  C-H = C-H =—= CH,

H—(IZ—OH B-Elimination H—Ié H—lcl;\' H* (]:'Hz CHy Abb. 8: B-Elimination und Reaktionsweg
| | i | zur 3,4-Dideoxypentosulose (nach
CHOH CH,OH CH,0H CH,OH CHOH  Mavrik/Henle [22)).
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Dass man bei ciner solchen empirischen Methode, wie sie fiir
dic Lebensmittelchemic bis zur Entwicklung moderncer instru-
menteller Analytik typisch war, die Bedingungen strikt einhal-
ten muss, konnte auch der Schiiler feststellen, wenn cr bei ver-
schiecdenen AG-Terminen einzelne Lactose-Losungen umsctz-
te, deren Ergebnisse nicht immer ganz zusammenpassten
{Abb. 9). So spiclen der pH-Wert und dic Temperatur cine
wichtige Rolle fiir die Geschwindigkeit der Farbstoffbildung,
dic nach ciner exakt cinzuhaltenden Reaktionszeit gemessen
werden muss. Immer exakt 70°C in cinem cinfachen Wasser-
bad ohne Thermostat zu halten, ist nicht so einfach.

Einc dhnliche Kalibrationsgerade, allerdings nach Umsctzung
mit Methylamin anstelle von Ammoniak, hatten 1949 Mal-
press und Morrison verdffentlicht [16]. Angeregt durch dicse
Arbeit untersucht der Schiiler jetzt die Abhéngigkeit der Farb-
stoffbildung von verschiedenen Parametern.

Dic bisherigen Ergebnisse geben Anrcgungen fiir weitere
kleine Projekte, die von Schiilerinnen und Schiilern in einer
AG wic am Agncs-Pockels-SchiilerInnen-Labor oder in Fach-
arbeiten bearbeitet werden konnen. Eine quantitative Unter-
suchung der Maltooligosaccharide konnte aufzeigen, ob der-
selbe molare Umsatz wie bei Maltose erfolgt oder ob die Aus-
beute an Farbstoff hoher ausfallt, weil z. B, im Zuge der Farb-
stoffbildung Maltose freigesetzt wird und cbenfalls nach
Wohlk reagieren kann.

Natiirlich kann dic Mcthode auch zur Bestimmung des Lacto-
segehalts in Produkten angewandt werden.

Hinsichtlich der Struktur des roten Farbstoffs und der Bedeu-
tung der verkniipften 4-Position sind ebenfalls weitere Unter-
suchungen moglich, die den Forschergeist von Schiilerinnen
und Schiilern inspirieren kénnten. Auf jeden Fall bietet sich
hier ein &dsthetisch ansprechendes, von Schiilerinnen und Schii-
lern mit einfachen Mitteln durchfilhrbares Experiment, das zu
weiteren Expeditionen in die Forschung einlddt (siche hierzu
auch Arbeitsblitter 1 -6 im Anhang dieses Artikels).

4. Zusammenfassung und Mehrwert fiir die
Schule

Stand der Uberlegungen:

Obwohl das eigentliche Ziel, das Reaktionsprodukt und den
Reaktionsmechanismus der Wa&hlk-Reaktion zu finden, noch
nicht erreicht werden konnte, ergab sich eine ganze Reihe von
Ergebnissen, welche den kontextorientierten Experimentalun-
terricht erheblich bereichern: Durch die Auswahl von ver-
schiedenen Milchprodukien, die wegen der Gelahr einer Ver-
félschung des Ergebnisses oder Stérung der Reaktion mog-
lichst keine Farbstolfe oder Zuckerzusiilze beinhallen sollen,
kann nun anschaulich deren unterschiedlicher Lactosegehalt
gezeigt werden. Dariiber hinaus wird Chemiegeschichte mit
umfangreichem Arbeitsmaterial, teilweise als Faksimile-Ab-
druck, als spannende Detektivarbeit herausgehoben. Weiter-
hin wird wissenschaltliches Arbeiten durch die Kooperations-
beispiele [iir Schiilerinnen und Schiiler transparent und nach-
vollzichbar gemacht.

Mehrwert fiir die Schule:

Der Tatsache, dass Interessen von Schiilerinnen und Schiilern
sehr unterschiedlich ausgeprigl und aktiviert werden konnen,
kann in diesem Thema in viellacher Weise Rechnung getragen
werden. Fiir geschichtlich und an Personen Interessierte
bieten die historischen Entwicklungen, die das hiufig aultre-
tende Phidnomen paralleler wissenschaftlicher Erkenntnisse in
Abhingigkeit von den jeweiligen gesellschaltlichen Bedarlen
zeigen, einen Zugang — in diesem Fall etwa die Diagnose der
Schwangerschaltsdiabetes und der Lactosurie, die theoreti-
schen und methodischen Zuginge sowie die Rollen verschic-
dener Wissenschaltler und (seltener) Wissenschaltlerinnen
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(Arbeitsblatt 2). An chemischen Grundlagen Interessierte
konnen mechanistische und analytische Fragen weiter untersu-
chen, wie nachfolgend am Beispiel einer ForscherInnen-AG
skizziert wird {Arbeitsbliatter 1, 3, 4, 5). Dic Ausgangsfrage
der Lactoscunvertriglichkeit fithrt schlicBlich auch in den
Kontext von Medizin, Gesundheit und Gesellschaft und bietet
damit intcressante facherverbindende Zugdnge — nicht nur
zur Biologie, sondern auch in die Geschichte und Geografie
iber die Rolle von Milchvichwirtschaft und dem Vorkommen
der Vertréiglichkeit fiir Milchzucker (Arbeitsblatt 6).

Als besonderes Highlight ergeben sich aus den bisherigen
Schlussfolgerunpen weitere Forschungsfragen, dic von Schiile-
rinnen und Schillern selbsttitic oder mit Hilfe gefunden
werden kénnen und z. B, im Rahmen ciner extracurricularen
Forderung bei der Arbeit in cinem Schiilerlabor erforscht
werden konnen. Das heifit mit anderen Worten: Genetisches
Lernen wird durch forschendes Lernen crsctzt.

Es bleiben folgende Aufgaben offen, zu dessen Klirung die
Autoren gerne ermuntern wollen:

a) Es sollte der Hypothese nachgegangen werden, dass auch
Glucose mit ciner anderen Abgangsgruppe als cinem zweiten
Monosaccharid an Position 4 unter Waéhlk-Bedingugngen zur
Rotfarbung fiihrt.

b) Offcn ist weiterhin, ob dic Stercochemic der reduzierenden
Zuckerkomponentes des 1.4-verkniipften Disaccharids eine
Rolle spielt.

Die zu erwartenden Ergebnisse sind kleine Puzzlesteine, die
Mut zur Weiterarbeit an der Aufklirung des ,,Wohlk-Reakti-
onsmechanismus® machen sollen.
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