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Summary

In the present thesis, the synthesis, self-assembly, and carbonization of glycosylated, amphiphilic

oligo(ethynylene)s was investigated with the aim to develop a novel “wet-chemical” approach for the

preparation of functionalized carbon nanostructures under mild conditions.
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For this purpose, a novel, mild and copper-free synthesis for carbon sp-sp heterocoupling

reactions was developed which was subsequently used for the preparation of glycosylated

oligo(ethynylene)s up to the hexa(ethynylene) on the multi-gram scale. Additionally, a dimerization

reaction of bromine-terminated oligo(ethynylene)s in the solid state was discovered which had not

been reported before.

Aggregation of a glycoslyated hexa(ethynylene) in aqueous solution was proven by dynamic light

scattering as well as UV spectroscopy. With the aid of cryogenic transmission electron microscopy,

the hexa(ethynylene)s were found to form vesicles. Using a vesicle extruder, the size of the vesicles

was adjusted on the nanometer scale, and their polydispersity was reduced considerably. UV irradi-

ation at 1 ◦C allowed to transform the vesicles in aqueous solution into hollow carbon nanocapsules.

These carbon nanocapslues were subsequently characterized with cryogenic transmission electron

microscopy, dynamic light scattering, small angle X-ray scattering, Raman and X-ray photoelectron

spectroscopy, as well as 1H NMR spectroscopy.

Furthermore, the behavior of a glycosylated hexa(ethynylene) at the air-water interface was in-

vestigated. The formation of stable films at the air-water interface was observed by tensiometric

measurements. The films were subsequently characterized by infrared reflection-absorption spec-

troscopy, Brewster angle microscopy, and transmission electron microscopy. A cross-linking of the

reactive hexa(ethynylene) moiety was induced by UV irradiation, which yielded carbonized films at

the air-water interface.
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Zusammenfassung

Im Rahmen dieser Arbeit wurden die Synthese, die Selbstorganisation sowie die Carbonisierung von

glycosylierten, amphiphilen Oligo(ethinylen)en im Hinblick auf die Entwicklung eines neuartigen

“nass-chemischen” Verfahrens zur Herstellung von funktionalisierten Kohlenstoffstrukturen unter

milden Bedingunen untersucht.
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Zunächst wurde eine neuartige, milde und kupferfreie Synthesemethode für Kohlenstoff-

Kohlenstoff sp-sp Bindungen entwickelt, welche anschliessend zur Darstellung von hochreaktiven,

glycosylierten Oligo(ethinylen)en bis zum Hexa(ethinylen) im Multigramm-Maßstab verwendet

wurde. Dabei wurde ferner eine bisher noch nicht beschriebene Dimerisierungsreaktion von brom-

terminierten Oligo(ethinylen)en im Festkörper entdeckt und untersucht.

Mit Hilfe dynamischer Lichtstreuung sowie UV Spektroskopie konnte die Aggregation eines gly-

cosylierten Hexa(ethinylen)s in wässriger Lösung gezeigt werden. Darüber hinaus wurde mit Cryo-

Transmissionselektronenmikroskopie die Bildung von Vesikeln beobachtet. Mit Hilfe eines Vesikelex-

truders gelang es, die Grösse der gebildeten Vesikel im Nanometerbereich einzustellen, sowie deren

Polydispersität erheblich zu verringern. Durch UV-Bestrahlung konnten die erhaltenen Vesikel in

wässriger Lösung bei Temperaturen von 1 ◦C in wasserlösliche, hohle Kohlenstoffkapseln verwan-

delt werden. Diese Kohlenstoffnanokapseln wurden anschliessend mittels Elektronenmikroskopie,

dynamischer Lichtstreuung, Kleinwinkelröntgenstreuung, Raman Spektroskopie, Photoelektronen-

spektroskopie sowie 1H NMR Spektroskopie charakterisiert.

Ferner wurde das Verhalten eines glycosylierten Hexa(ethinylen)s an der Wasser-Luft Grenz-

fläche untersucht. Mittels tensiometrischen Messungen konnte die Bildung von stabilen Fil-

men auf der Wasseroberfläche beobachtet werden, welche durch Infrarot-Reflektions-Absorptions-

Spektroskopie, Brewster-Winkel Mikroskopie und Transmissionselektronenmikroskopie charakter-

isiert wurden. Durch UV-Bestrahlung wurde eine Reaktion der reaktiven Hexa(ethinylen)e her-

vorgerufen, welche zur Bildung von quervernetzten kohlenstoffreichen Filmen auf der Wasserober-

fläche führte.



List of Abbreviations

AFM atomic force microscopy

anal. analysis

BAM Brewster angle microscopy

calcd calculated

13C NMR 13C nuclear magnetic resonance

CNT carbon nanotube

COSY correlation spectroscopy (NMR spectroscopy)

cryo-TEM cryogenic transmission electron microscopy

CTAB cetyltrimethylammonium bromide

CVD chemical vapor deposition

DCM dichloromethane

d doublet (NMR spectroscopy)

dd doublet of doublet (NMR spectroscopy)

ddd doublet of doublet of doublet (NMR spectroscopy)

DIPA diisopropylamine

DLS dynamic light scattering

DMF N,N-dimethylformamide

DMSO dimethylsulfoxide

EI electron impact ionization (MS)

ESI electrospray ionization (MS)

IX



X Contents

FBW Fritsch-Buttenberg-Wiechell

FVP flash vacuum pyrolysis

GIXD grazing incidence X-ray diffraction

HBC hexa-peri-hexabenzocoronene

HCP hexagonal columnar phase

HMBC heteronuclear multiple bond correlation (NMR spectroscopy)

1H NMR proton nuclear magnetic resonance

HRMS high resolution mass spectrometry

HRTEM high resolution transmission electron microscopy

HSQC heteronuclear single quantum correlation (NMR spectroscopy)

IR infra red

IRRAS infra red reflection-absorption spectroscopy

J J coupling constant (NMR spectroscopy)

m multiplet (NMR spectroscopy)

M molar

MWCNT multi-wall carbon nanotube

NMR nuclear magnetic resonance

PAH polycyclic aromatic hydrocarbon(s)

PMMA poly(methyl methacrylate)

ppm parts per million (NMR spectroscopy)

PPy poly(pyrrole)

PTFE poly(tetrafluoroethylene)

PVA poly(vinyl alcohol)

Rf retention or retardation factor (thin layer chromatography)

SAXS small angle X-Ray scattering



Contents XI

SEM scanning electron microscopy

s singlet (NMR spectroscopy)

SCWNT single-wall carbon nanotube

TBAF tetrabutylammonium fluoride

TEM transmission electron microscopy

TES triethylsilyl

THF tetrahydrofuran

TIPS triisopropylsilyl

TMEDA N,N,N’,N’-tetramethylethylendiamine

TMS trimethylsilyl

t triplet (NMR spectroscopy)

UV ultraviolet

Vis visible

XPS X-Ray photoelectron spectroscopy





1 Introduction

1.1 Motivation

The drastic changes in the properties of carbon materials depending on whether the carbon atoms

are predominantly connected by single, double or triple bonds give rise to materials as diverse as

diamond, which is a transparent insulator with the highest hardness known, on the one hand, or to

graphite, which is a black, lubricating semiconductor on the other hand.1,2 This versatility in combi-

nation with the high natural abundance of carbon, its low specific weight, as well as the chemical and

thermal robustness have led to intensive research efforts in the field of carbonaceous materials as well

as an increasing utilization of carbon materials in cheap, light-weight, and durable high-performance

materials.1,2 In particular, carbon nanostructures such as fullerenes, carbon nanotubes (CNT),

graphene and nanodiamond hold considerable promise to be used in technological applications in

a broad range of fields, such as novel energy sources, efficient energy storage, sustainable chemical

technology, high performance construction materials, or organic electronic materials (Figure 1.1).1,3,4

Fullerenes, for example, which rather belong to the molecular realm, have been investigated for

their potential in optical limiters or as dopants in polymeric photoconductive materials.5,6 CNT are

interesting candidates for applications in organic electronic devices as well as in non-linear optical

materials due to their high mechanical strength, elasticity, and 1D electric (semi-) conductivity.7–11

Single graphene layers are another highly promising material for electronic applications due to their

extraordinarily high charge carrier mobility (2 · 105 cm2V−1s−1),12 and their ambipolarity, which al-

lows to alter the Fermi Level by applying a gate bias.13–17 Moreover, nanodiamonds are promising

candidates for applications in biological systems due to their apparent low cytotoxicity, and doped,

functionalized nanodiamonds have been investigated as fluorescent labels.18

Besides these perfectly ordered structures less defined forms of carbon nanostructures have also

attracted interest for their possible use in applications. Carbon fibers have already become an impor-

tant component for the preparation of fiber-reinforced composites with applications in, for example,

the automotive and the aerospace industry due to their high tensile strength (3–7 GPa), high modu-

lus of elasticity (200–500 Pa) and low density (1.75–2.00 g cm−3).19–21 Activated carbon is a promising

1



2 1.1 Motivation

Figure 1.1. Fullerenes, single-wall carbon nanotubes, graphene and nanodiamonds are examples of the

currently most widely studied carbon nanostructures. Image reproduced from [36].

storage material for natural gases such as methane22 and hydrogen.23–25 Carbon materials have also

been investigated as anode material in rechargeable lithium batteries,26 and while graphite is already

used in commercially available lithium batteries, investigations on nanostructured, partially graphitic

and disordered carbons have indicated the possibility to prepare batteries with very high capacities.27

Moreover, the use of carbon materials as catalysts has shown promising results in certain chemical re-

actions such as hydroxylations and oxidative dehydrogenations,28–30 as reviewed recently,31–33 which

offers considerable prospects for the development of cost-efficient, sustainable, and environmentally

friendly catalyst systems.

The preceding examples serve to highlight the possible impact of carbon materials on materials

science and technology. Owing to the extensive research efforts, nanostructured carbon materials

ranging from zero-dimensional (fullerenes, diamond clusters), over one-dimensional (CNT, diamond

nanorods), to two-dimensional (graphene sheets, diamond nanoplatelets), and three-dimensional

structures (nanocrystalline diamond films, fullerite, CNT ropes),34 as well as “inverted” carbon nano-

structures in the form of mesoporous carbon materials35 are now synthetically available. They are

either prepared by purely “top-down” methods, “bottom-up” total organic synthesis of carbon nano-

structures, or mixed approaches.36 Despite the progress made, methods for the synthesis of function-

alized carbon nanostructures are rare, although they might extend the scope of possible applications

because of a broader range of processing methods, a better control of the supramolecular organiza-

tion of the carbon nanostructures, and the preparation of stimulus-responsive materials.

On the other hand, a number of simple methods has been developed for the preparation of inor-

ganic nanostructured materials from molecular precursors such as molten-salt syntheses, solvother-

mal procedures or wet-chemical approaches.37 Based on the idea that the field of carbon nano-

structures might benefit from similar methods starting from molecular precursors as conjectured al-

most 20 years ago,38,39 this thesis aims at the development of a novel approach for the preparation of

functionalized carbonaceous nanostructures under mild conditions with a controlled morphology.
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1.2 Approaches Toward Carbon-Rich Nanostructures

In the following, a brief overview of the “top-down” and the “bottom-up” synthetic methods for

carbon nanostructures such as fullerenes, CNT, graphene as well as nanodiamond will be given and

their scope will be discussed as a point of reference. Subsequently, combined “bottom-up” and “top-

down” approaches will be presented and their scope in terms of control over the morphology and the

surface functionalization of the carbon nanostructures will be examined.

1.2.1 Top-Down Approaches for Carbon Nanostructures

1.2.1.1 Fullerenes and Carbon Nanotubes

The discovery and preparation of fullerenes40–43 and CNT7,44–48 may be regarded as the starting

point for the rapid development in the field of molecular carbon nanostructures and nanostructured

carbon materials. Fullerenes and CNT are typically prepared via similar methods, as recently re-

viewed,4,49 which encompass arc discharge,44,45,48,50–55 laser ablation techniques,46,56–64 oxidative

combustion of molecular precursors,65,66 and chemical vapor deposition (CVD).67–71 With the ex-

ception of CVD, all these methods employ extremely harsh conditions to prepare carbon nano-

structures, which typically results in major concentrations of impurities such as catalyst contami-

nation, amorphous carbonaceous materials, defect structures, as well as mixtures of different CNT

modifications and fullerenes of different sizes and topologies. Furthermore, these harsh reaction

conditions prevent the presence of chemical functionalities. While for the fullerenes, separation

methods and a comprehensive set of organic-synthetic methods has meanwhile been developed for

their post-synthetic functionalization,72–74 the purification and functionalization procedures pub-

lished for CNT75–78 are often accompanied by structural changes, and there is little control over the

aggregation and self-assembly of the obtained carbon species.79 Moreover, processing of CNT is diffi-

cult due to their low solubility. As a result, the production of large quantities of pure material remains

an expensive task which has precluded the broad application of fullerenes and CNT to date.

1.2.1.2 Graphene

Graphene, that is, the single, constituent layers of graphite, was prepared with extremely high struc-

tural integrity for the first time by Geim and coworkers.80,81 The authors developed a mechanical

exfoliation protocol, which allowed to isolate single graphene layers after a multitude of steps in-

cluding repeated pealing with Scotch tape and several washing steps. While this method produced

“perfect” graphene layers ideal for studying its physical properties, it cannot be applied on the in-

dustrial scale. Chemical vapor deposition (CVD) of low molecular weight hydrocarbon precursors on
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heated transition metal surfaces has been identified as an alternative method, which would also al-

low for the incorporation of B or N to obtain p- or n-doped graphene.82 While sheets with a size on

the centimeter scale have been prepared with this method (Figure 1.2),83 film thickness is difficult to

control in some cases.84

a b

Figure 1.2. Photographs of a) a patterned82 as well as b) a continuous83 graphene sheet with a size on the

centimeter scale by synthesized by CVD. Images reproduced from [82] and [83].

A solution-based approach for the preparation of graphene relies on the oxidation of graphite ac-

cording to Hummers.85 Subsequent chemical reduction of the resulting graphite oxide in the pres-

ence of a stabilizing polymer86 or at elevated pH87,88 yields stable and processable colloidal suspen-

sions of graphene well-suited for the preparation of devices.17 This process, however, produces struc-

turally less perfect graphene the properties of which lag behind pristine graphene, as can be seen, for

example, in the reduced charge carrier mobility of less than 1 · 103 cm2V−1s−1.15 Thus, large-scale

syntheses for high quality graphene are not available yet.

1.2.1.3 Nanodiamond

Nanodiamonds were discovered independently in the 1960s in the former Soviet Union and in the

USA,89 and are produced on the technical scale by a process called “detonation synthesis”, in which

an oxygen-deficient explosive (such as a mixture of 3:2 TNT and hexogen) is ignited in an oxygen-

deficient atmosphere.90 Under optimal conditions, incomplete combustion furnishes up to 80% dia-

mond nanoparticles in the detonation soot, amounting to a 4–10% overall yield. After many different

purification steps, such as sieving, oxidative treatment with mineral acids, and bead milling, stable

colloidal dispersions of nanodiamonds with average diameters of about 5 nm and narrow size distri-

butions are obtained.89,91 As a result of the preparative and purification methods, the nanodiamond
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surfaces comprise carboxylic acid, lactone, ketone, and alcohol functions, among others, allowing for

a straightforward (though unselective) post-synthetic functionalization.92

1.2.1.4 Scope and Limitations of the Top-Down Approaches

In summary, the classical “physical” methods have provided access to a broad range of nano-

structured carbon materials employing short and simple processes. However, the physical methods

usually start from thermodynamically stable starting materials which demand harsh process con-

ditions. The issues associated with purification and processing of the different carbon allotropes

formed in these processes, the limited control over the morphology and, most importantly, the lim-

itations in regard of the chemical functionalization of the obtained carbon materials leave sufficient

room to explore alternative approaches starting from well-defined (molecular) precursors.

1.2.2 Total Organic Synthesis of Molecular Carbon-Rich Nanostructures

Following indications that the “physical” methods described for fullerenes and CNT may, in fact, pro-

ceed via molecularly defined intermediates,93 pure “bottom-up” approaches for the preparation of

molecularly defined, conjugated carbon-rich nanostructures have been developed, as opposed to the

“top-down” methods discussed above. Research on the step-wise organic synthesis of these carbon-

rich compounds, which represent fascinating and challenging targets for both synthetic chemists

and theoreticians, has produced a number of exciting results which will be reviewed in the follow-

ing section, followed by a discussion of the scope of these methods concerning the preparation of

carbon-rich materials.

1.2.2.1 Graphene Fragments

Müllen and coworkers reported a versatile step-wise synthesis of poly(phenylene) dendrimers via

Diels-Alder addition of acetylenes to tetraphenyl cyclopentadienone derivatives substituted with

triisopropylsilyl (TIPS) protected acetylene moieties (Scheme 1.1).94,95 This strategy allowed for the

preparation of huge dendrimers which were found to be monodisperse, shape-persistent, carbon-

rich molecular structures with sizes in the nanometer range.96,97 The subsequent planarization of

the poly(phenylene) dendrimer precursors by oxidative cyclodehydrogenation yielded graphene frag-

ments of different sizes, geometries, and peripheral topologies in the form of polycyclic aromatic hy-

drocarbons (PAH).98–100 Among the most impressive results realized following this pathway were a

highly fluorescent, triangularly shaped PAH incorporating five-membered rings in the periphery,101

graphite nanoribbons102,103 as well as a large, well-defined nanographene with 222 carbon atoms104
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(Scheme 1.1). The low solubility of the obtained PAH complicates the characterization as well as the

processing of these compounds and requires the attachment of solubilizing groups. Some of the sim-

pler representatives of functionalized PAH were investigated as molecular precursors for the prepa-

ration of carbon nanostructures or bulk carbon materials by self-assembly and subsequent pyrolysis,

as will be discussed in detail in Section 1.2.3.2.

– 108 H

a), b) c)

R

R

O

d)

O

R

R

R

R

+

Scheme 1.1. Total synthesis of a graphene fragment with 222 carbon atoms. Reagents and Conditions:

a) Ph2O, 200 ◦C, 11 days, 72%; b) Bu4NF, THF, room temperature, 89%; c) Ph2O, 190 ◦C, 11 h, 89%; d)

Cu(OTf)2, AlCl3, CS2, 30 ◦C. R = triisopropylsilyl.

1.2.2.2 Carbon Nanotube Fragments

The implications of curvature on conjugated, carbon-rich molecules was adressed theoretically as

early as 1954,105 and the discovery of single-wall CNT (SWCNT) revived interest in these structures.

Despite considerable research efforts, the total organic synthesis of such conjugated, carbon-rich cy-

cles and belts, which are the shortest form of either zig-zag or armchair SWCNT, remains a challeng-

ing task.106,107 A common problem observed in the different attempted syntheses of [n]-cyclacenes,

that is, molecular fragments of zig-zag SWCNT, reported by the groups of Schlüter,108 Stoddart,109,110

and Cory111,112 is the failure of the final aromatization of partially saturated precursors.106 Theoretical
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analyses of the [n]-cyclacenes indicated that the aromatic stabilization energy may just be insufficient

to compensate the high molecular strain.106,113

In contrast to the difficulties in the synthesis of zig-zag SWCNT fragments, Bodwell and co-

workers were able to construct a large segment of an (8,8) armchair SWCNT by bending a teropy-

rene to yet unobserved angles of 167◦.114 Finally, Bertozzi and coworkers reported a recent landmark

toward fragments of armchair SWCNT with their straightforward synthesis of first representatives

of [n]-paraphenylene macrocycles (Scheme 1.2).115 In their synthesis, a final multiple elimination of

methanol using lithium naphthalenide yielded different homologues of this cyclophane family avoid-

ing acidic conditions which are known to induce skeletal rearrangements.116 Thus, while very narrow

CNT fragments have been synthesized successfully on a small scale, larger fragments or even CNT are

not accessible via this pathway, so far.

I

I OMeMeO

B B

O

O

O

O

OMeMeO

MeO OMe
n

m

a), b), c) d)

e)

m = 2,   2%

m = 3, 10%

m = 5, 10%

n =   5, 43%

n =   8, 52%

n = 14, 36%

Scheme 1.2. Synthesis of [n]-paraphenylene macrocycles by Bertozzi and coworkers.115 Reagents and

Conditions: a) 1. n-butyl lithium THF, –78 ◦C; b) 1. NaH, THF, 0 ◦C, 2. MeI, 0 ◦C to room temperature; c)

1. n-butyl lithium, THF, –78 ◦C, 2. isopropylpinacolborate, –78 ◦C; d) Pd(PPh3)4, Cs2CO3, toluene/methanol

(10:1), 80 ◦C; e) lithium naphthalide, THF, –78 ◦C.

1.2.2.3 Fullerene Fragments and Fullerenes

The field of bowl-shaped aromatic hydrocarbons, that is, fullerene fragments, was pioneered by Law-

ton and Barth who published the synthesis of the parent representative corannulene via a 16-step

protocol starting from acenaphthalene.117,118 The discovery of fullerenes in 198540 provided a new

incentive for the efforts toward this class of compounds, resulting in two main approaches which
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employ purely solution-based methods on the one hand, and a flash-vacuum pyrolysis (FVP) on the

other hand, as recently reviewed.119,120

The solution-based approaches, as developed by Siegel and concurrently by Rabideau,121,122 ini-

tially yielded 2,5-dimethylcorannulene, and modified approaches later afforded the parent corannu-

lene on a large scale, as well as various substituted derivatives.119 Scott and coworkers, on the other

hand, were the first to report the utilization of suitably substituted fluoranthene skeletons in an FVP,

resulting in the formation of corannulene in yields of up to 40% (Scheme 1.3).123–125

Cl ClBr Br

Br Br

BrBr

BrBr

a) b)

Scheme 1.3. Approaches for the synthesis of corannulene. Reagents and Conditions: a) TiCl4, Zn/Cu, 80%;

b) FVP, 1100 ◦C, 35-40%.

Subsequently, Scott and coworkers exploited their knowledge gained in the synthesis of bowl-

shaped hydrocarbons for the total organic synthesis of buckminsterfullerene C60. The authors suc-

ceeded by preparing a complex PAH which, in a final FVP, formed aryl radicals at specific sites in the

molecule that guided the closure of the precursor toward C60 (Scheme 1.4).126–128

O

Cl

Cl

Cl

Cl

6 steps

a)

85%

b)

0.1–1.0%

Br

Cl

Scheme 1.4. Total synthesis of C60 according to Scott and coworkers. Reagents and Conditions: a) TiCl4,

o-dichlorobenzene; b) FVP, 1100 ◦C, 0.1 mm Hg.128
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In an alternative approach for C60, Tobe et al. attempted to exploit the propensity of

oligo(ethynylene)s to rearrange into other, more stable carbon allotropes. The authors synthesized

strained three-dimensional oligo(ethynylene) precursors that formed fullerenes as detected in a mass

spectrometer, but the products could not be isolated.129,130

1.2.2.4 Acetylenic Scaffolds

Oligo(ethynylene)s have also been used by Diederich and coworkers as integral components for the

construction of large carbon-rich molecular nanostructures. In an attempt to modularize the step-

wise build-up of carbon-rich nanostructures, the authors pioneered38,39 and recently reviewed131,132

the field of “acetylenic scaffolding”, in which (E)-1,2-diethynylethene, 1,1,2,2-tetraethynylethene, and

related derivatives were used as a small and simple set of building blocks for the construction of large

carbon-rich nanostructures (Scheme 1.5).

Among the impressive molecular structures reported are a 17.8 nm long fully conjugated

oligo(triacetylene),133 an expanded octa(methoxy)cubane,134 as well as a [6]radialene in which the

perethynylated core adopted a nearly perfect chair-like conformation.133,135 While these results high-

light the power of combining modern organic-synthetic methods with a modular approach utilizing

simple building blocks, the originally conjectured idea to extend this approach toward novel carbon

materials, potentially even including “unusual” novel carbon allotropes,38,39 has not been explored

successfully to date.132

OMeMeO

MeO
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O

SiiPr3Me3Si
7 steps

Et3Si

Me2(t-Bu)SiO

OSi(t-Bu)Me2

SiEt3

n

4 steps
H

Me2(t-Bu)SiO

OSi(t-Bu)Me2

H

a)

b)

Scheme 1.5. Synthesis of a) an expanded octamethoxy cubane as well as b) an oligo(triacetylene) by Diederich

and coworkers.133,134
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1.2.2.5 Scope and Limitations of the Organic-Synthetic Methods

In summary, the step-wise organic-synthetic methods discussed in this section have resulted in a

large number of synthetically challenging and theoretically highly interesting novel (and sometimes

“unusual”) carbon-rich molecular structures inaccessible with other methods. The preparation of

graphene fragments, CNT fragments, fullerene fragments, and, ultimately, fullerenes under perfect

control of the often highly complex structures at each stage of the synthetic pathway demonstrates

the power of modern organic-synthetic methods beyond natural product synthesis. However, all of

these approaches have mainly aimed at carbon-rich molecules or carbon-rich nanostructures of a

limited size rather than functional, nanostructured carbon materials. Furthermore, with regard to

materials preparation, the major drawback of the purely organic synthetic approaches appears to

be the fact that the chosen synthetic strategies comprise complex, sometimes tedious steps and are,

overall, not sufficiently scalable to render them suitable for the preparation of bulk carbon materials.

Moreover, a broad range of methods for the post-synthetic chemical functionalization of fullerenes

obtained by the “classical” methods has been developed72–74 which appear to supersede the step-

wise organic synthesis of functional fullerene derivatives themselves. Among the available methods

for the preparation of carbon nanostructures, the “physical” methods briefly highlighted in Section

1.2.1 on the one hand, and the step-wise organic total syntheses summarized in this Section on the

other, each comes with its own set of advantages and limitations. The “classical” methods are sim-

ple, scalable processes but they lack good means of structural control. The organic syntheses involve

highly complex and tedious synthetic procedures inappropriate for the preparation of materials on a

larger scale but provide the highest level of control of the obtained structures. The perfect approach

would, of course, convey a high degree of structural control throughout a short and simple process of

preparation, yield functionalizable or already functionalized products, and would be conducted un-

der mild conditions at the same time. For this reason, approaches involving simple molecular precur-

sors prepared in short step-wise synthetic pathways (if at all) from readily available starting materials

may be a viable alternative for the preparation of bulk quantities of functional carbon materials,

which will be discussed in the following sections.

1.2.3 Pyrolyses of Preorganized Carbon-Rich Precursors

The preparation of carbon-rich nanostructures with a controlled structure in a short and simple pro-

cess might be achieved via capturing a previously adjusted morphology. Thus, the carbonization of

preorganized carbon-rich polymers or self-assembled, carbon-rich molecular precursors might be a

viable alternative for the preparation of functionalized carbon nanostructures.
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1.2.3.1 Pyrolyses of Preorganized Polymer Precursors

A prominent example of nanostructured carbonaceous materials which are prepared from preorga-

nized polymer precursors are carbon fibers which have meanwhile found entry into industrial appli-

cations. They are typically produced by spinning of polyacrylonitrile or, less commonly, petroleum

pitch into fibers for a prealignement, followed by thermal treatment, i.e., “stabilization” (200–300 ◦C),

carbonization (1000–1700 ◦C), and, possibly, graphitization (2000–3000 ◦C).20,136,137 The resulting

fibers usually have an ordered core with a microstructure similar to multi wall CNT (MWCNT) and

an outer shell which consists of disordered graphitic planes parallel to the fiber axis. However, they

comprise a variety of structural defects, which is why their mechanical strength is limited.21 More-

over, the functionalization of carbon fibers is restricted to post-synthetic processes which, similar to

the case of carbon nanotubes, limits their applicability.

In addition to 1D fibers, other morphologies, in particular, filled and hollow carbon spheres, have

been prepared by pyrolysis of carbon-rich polymers.

20nm 4 nm

ba

30 nm

2 nm

c

4 nm

d

Figure 1.3. a), b) TEM images of magnetic carbon nanospheres prepared in the pyrolysis of spherical PPy

precursors by Jang and coworkers. γ-Fe2O3 particles can be detected in the layered carbon structure.138

c) TEM image of hollow carbon nanospheres. In the inset, an HRTEM shows the layered structure of the

shell.139 d) TEM images of fullerenes prepared from small PPy precursors. The MWCNT was added to provide

more contrast.140 Images reproduced from [138], [139], and [140].
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For example, Jang and Yoon prepared poly(pyrrole) (PPy) nanoparticles with a diameter of 62 nm

by an emulsion polymerization of pyrrole using FeCl3 in the presence of decyl alcohol as an emulsi-

fier.138 Subsequent pyrolysis at 800 ◦C then yielded graphitized carbon nanoparticles with a layered

structure which were magnetic due to incorporated γ-Fe2O3 (Figure 1.3 a-b). The use of core-shell

nanoparticles such as poly(methyl methacrylate)-core poly(divinylbenzene)-shell nanoparticles, or

PPy nanoparticles in which a methanol-soluble PPy core had been polymerized using CuCl2 and

subsequently a more strongly cross-linked PPy shell had been polymerized around the core using

FeCl3 resulted in the formation of hollow carbon nanocapsules upon pyrolysis at 800 ◦C or 1000 ◦C,

respectively.139,141 Similar to the previous example, a layered graphitic structure was observed in high

resolution transmission electron microscopy (HRTEM) images (Figure 1.3 c).139 Moreover, Jang and

Oh prepared spherical PPy precursors with diameters as small as 2 nm which they pyrolyzed sub-

sequently at 950 ◦C. The authors obtained a mixture of fullerenes (predominantly C60, less C70, and

small amounts of higher fullerene species) from the crude product upon toluene extraction in a yield

of 18%, which could be increased to 24% at a pyrolysis temperature of 1100 ◦C (Figure 1.3 d).140

In addition to fibers and filled or hollow spheres, tubes were prepared in a templated approach.

For this purpose, pyrrole was cross-linked in a vapor deposition polymerization in an anodic alu-

mina template which had been pretreated with FeCl3. After etching of the template with NaOH, the

obtained tubular precursors were heated to 1000 ◦C or 2000 ◦C to yield carbon nanotubes with im-

perfect graphite layers oriented parallel to the tube axis.142 In a related solution-based approach,

Shang and coworkers used the fibrillar aggregates of the anionic form of methyl orange (sodium 4-

[4-(dimethylamino)-phenyldiazo]phenylsulfonate) and FeCl3 as a reactive self-degradable seed tem-

plate.143 The resulting PPy nanotubes were pyrolyzed at 900 ◦C to yield nitrogen-doped amorphous

carbon nanotubes.

Finally, Tour and coworkers prepared monolayer graphene by heating a thin film of poly(methyl

methacrylate) (PMMA) to 1000 ◦C on Cu surfaces under a reductive H2/Ar gas flow. The approach was

extended to the preparation of N-doped graphene by mixing melamine with PMMA on the Cu surface

followed by a pyrolytic step.144 In conclusion, the pyrolysis of prealigned carbon-rich polymer pre-

cursors into spherical, fibrillar, tubular aggregates as well as thin films yielded carbon-rich spheres,

fibers, tubes and graphene sheets under retention of the precursors morphology. However, the harsh

pyrolysis conditions precluded the incorporation of functional groups.

1.2.3.2 Pyrolyses of Preorganized Molecular Precursors

In addition to the synthesis of carbonaceous materials from polymer precursors, also the prepa-

ration of carbon-nanostructures from low molecular weight precursors was investigated. For this
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case, a system that very reliably self-assembled into well-defined aggregates was needed. Polycyclic

aromatic hydrocarbons (PAH), in particular hexa-peri-hexabenzocoronene (HBC) were investigated

in this context, as they are synthetically easily accessible, carbon-rich precursors (Section 1.2.2.1).

The self-assembly behavior of substituted PAH was studied in detail. Thus, the attachment of alkyl-

or alkoxy side chains helped to solubilize the PAH and rendered them efficient carbon-rich meso-

gens, which reliably self-assembled into hexagonal columnar phases (HCP) in their liquid crystalline

mesophases (Scheme 1.6),145–147 which are stable over wide temperature ranges.147

phase
segregation

Scheme 1.6. Illustration of the formation of hexagonal columnar mesophases from substituted hexa-peri-

hexabenzocoronene. Image reproduced from [36].

As a result of the dependable phase segregation between the alkyl substituents in the periphery

and the aromatic cores, the columns of the HCP are highly ordered and, thus, extensive π-π stack-

ing of the large aromatic systems is observed. This gives rise to a high charge carrier mobility along

the column axis, rendering these systems interesting candidates for the application in photovoltaic

devices or organic field effect transistors.148,149 For the latter application, an edge-on alignment of

the PAH columns on the gate and insulator surface is required. Several manufacturing technologies

have been developed to meet this requirement,149 among which the films obtained by soft-landing

mass-spectrometry excelled due to their high crystallinity,150 although the scalability of this approach

is probably limited.

The reliable self-assembly behavior of the substituted PAH was also exploited as a means of struc-

tural control for the preparation of carbon-rich nanostructures. In fact, the convenient synthetic ac-

cessibility of the alkyl-decorated HBC derivatives in combination with their reliable formation of HCP

make them highly interesting candidates for the synthesis of carbon-rich materials with a controlled

mesoscopic morphology.151 Thus, in a solution-based approach, Aida and coworkers exploited

the extraordinarily strong propensity to aggregate of HBC derivatives and prepared self-assembled

carbon-rich nanotubes with a uniform diameter of 20 nm and a length of hundreds of nanome-

ters from an amphiphilic hexa-peri-hexabenzocoronene in tetrahydrofurane (THF) (Figure 1.4). The
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authors speculated that the amphiphiles first aggregated into tape-like mesostructures which then

rolled up to form the observed tubules. Theπ-π interaction of the aromatic cores of the molecules was

strong enough for the isolation of the tubes and their observation in scanning electron microscopy

(SEM) and transmission electron microscopy (TEM). No attempts to cross-link these aggregates were

reported.152

100 nm

a

50 nm

c

400 nm

b

Figure 1.4. SEM and TEM images of aggregates formed from an amphiphilic HBC derivative.152 a) SEM

and b) TEM images showing tubes with a uniform diameter isolated from THF solutions. c) Upon addition

of water, helical structures were observed. Images reproduced from [152].

Müllen and coworkers, on the other hand, prepared a variety of carbon-rich nanostructures

by pyrolyzing PAH in their mesophase. The authors heated hexakis(dodecyl) hexa-peri-

hexabenzocoronene to 400 ◦C for 72 h, which is below the isotropization temperature of the HBC but,

at the same time, provides enough energy to promote partial cleavage of the alkyl groups. As a result,

the HBC cross-linked inside the HCP to form a network of larger PAH structures which gave rise to

a novel discotic mesophase stable up to 600 ◦C. After the pretreatment at 400 ◦C for 72 h, the sample

was directly pyrolyzed at 800 ◦C for 24 h in order to prepare carbon nanostructures. This approach

yielded a variety of carbon nanostructures among which were spheres, bamboo-shaped microfibers,

and multi-walled nanotubes (Figure 1.5 a-d). Both the support and the pyrolysis temperature influ-

enced the morphology of the obtained nanostructures. Thus, using the same molecular precursor,

hollow cylindrical columns as well as Y-branched nanosticks were obtained on mica as the substrate,

and zigzag-shaped carbon nanorods with a hexagonal cross-section were obtained when the pyro-

lysis was carried out at 650 ◦C.153

While this study demonstrated the potential of the pyrolysis of molecular precursors in their

mesophase, the large variety of products obtained in a single reaction revealed the limited level of

control. In an attempt to bias the pyrolytic process toward the formation of a single carbonaceous

nanostructure, the templated pyrolysis of precursors were investigated. Hence, “brick-walled” CNT

in which the graphite layers were oriented perpendicular to the tube axis were obtained in the pyro-
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lysis of hexakis(4-dodecylphenyl) hexa-peri-hexabenzocoronene in a macroporous alumina mem-

brane featuring straight channels after removal of the alumina template (Figure 1.5 e-g).154 In a re-

lated attempt using a diethynyl-substituted tetraarylcyclopentadienone derivative as the precursor

in the same template, carbonaceous nanotubes with highly porous tube walls were obtained after

subsequent removal of the template with aqueous sodium hydroxide.155
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Figure 1.5. Electron microscopy images of carbonaceous structures obtained in the pyrolysis of HBC deriva-

tives in the mesophase. a) Hollow nanotubes with a rectangular base, b) bamboo-shaped carbon fibers, c),

d) zig-zag shapes carbon microstructure.153 e), f) The pyrolysis of HBC derivatives in an alumina tem-

plate yielded carbon nanotubes with a uniform size distribution in which g) the graphene layers were oriented

perpendicularly to the tube axis.154 Images reproduced from [153] and [154].

The templated approach was extended to different morphologies of the obtained carbon nano-

structures by employing different templates. Thus, when hexakis(4-dodecylphenyl) hexa-peri-

hexabenzocoronene was pyrolyzed in an inverse silica opal, solid carbon nanoparticles with a layered

microstructure were obtained after removal of the template with dilute hydrofluoric acid. Using an

alkylated diethynyl-substituted tetraarylcyclopentadienone as the molecular precursor in the same

template led to the formation of solid as well as highly porous carbon nanoparticles after removal of

the template depending on the pyrolysis temperature.156

In addition to the templated syntheses of carbon nanotubes and nanospheres, Gölzhäuser and

coworkers prepared carbon nanosheets from molecular precursors. The authors irradiated self-

assembled monolayers of 4’-nitro-1,1’-biphenyl-4-thiol on gold with an electron beam. Subsequent

etching of the substrate gave rise to free-standing, 1.6 nm thin films which spanned micrometer-sized

holes and in some cases could be further functionalized.157–159

To conclude, the pyrolysis of molecular precursors bears a large potential for the preparation of
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carbon-rich nanostructures. In templated approaches, carbonaceous materials with the desired mor-

phology were obtained.

1.2.3.3 Transition-Metal-Catalyzed Pyrolysis of Molecular Precursors

As an alternative approach to the preparation of carbon nanostructures from molecular precursors in

templated and untemplated pyrolyses, transition-metal-catalyzed pyrolyses of molecular precursors

were investigated. Kroto, Walton and coworkers had identified Mn2(CO)10 and Co4(CO)10 as the best

catalysts for the preparation of carbon nanotubes from acetylene gas.160 More recently, the dehydro-

genation of gaseous hydrocarbons at high temperatures (1100 ◦C) in the presence of a metal catalyst

yielded a novel carbon nanostructure consisting of stacked graphitic nanocones surrounded by a dis-

ordered outer layer of graphitic planes parallel to the stacking axis that, confusingly, was also termed

carbon fibers.161,162 Vollhardt and coworkers used more sophisticated precursor molecules and ob-

tained carbon onions as well as MWCNT in their investigations on pyrolyses of Co complexes of dehy-

droannulenes163 and diphenylethyne at 650 ◦C or 800 ◦C (Figure 1.6).164 Bunz and coworkers inves-

tigated the explosive decomposition of ferrocene-containing dehydroannulenes and observed that

exclusively single-crystalline specimen yielded carbon onions while amorphous precursors yielded

amorphous material.165

10 nm

a b

Figure 1.6. Annealing of Co complexes of diphenylethyne yielded large amounts of carbon nanotubes.164

Images reproduced from [164].

PAH were used as carbon-rich precursors in transition-metal-assisted pyrolyses at tempera-

tures between 600 ◦C and 1000 ◦C which yielded bamboo-shaped carbon nanoparticles166 as well as

MWCNT and carbon nanorods.167 The pyrolyses of complexes of heteroaromatic compounds such as

Co-containing phthalocyanines168 or tert-butylnaphthalocyaninato nickel afforded CNT. In the latter

case, a macroporous alumina template was used such that nanotubes, in which the stacking direction

of the graphite layers was perpendicular to the tube axis, were obtained as in the case of the pyrolysis
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of HBC derivatives in a macroporous alumina template described above.168 Despite these achieve-

ments, the origin of control in the transition-metal-assisted pyrolyses remains unclear (except for

the templated reactions), and the authors speculated about the influence of the precursors on the

obtained carbon nanostructure.151

1.2.3.4 Scope and Limitations of the Pyrolyses of Preorganized Carbon-Rich Precursors

The pyrolyses of preorganized carbon-rich precursors have yielded an impressive level of control over

the obtained structures in simple processes. Filled and hollow spheres (including fullerenes), fibers,

tubes as well as monolayer graphene were obtained from prealigned carbon-rich polymer precursors.

In the case of a pyrolysis of molecular precursors, the mesophases of the chosen PAH were stable even

at elevated temperatures, which allowed the pyrolysis to proceed under at least partial control over

the carbon microstructure. Control over the morphology toward spheres or tubes with a novel micro-

structure was then achieved with the aid of templates. Finally, the pyrolysis of molecular precursors in

the presence of transition metals has yielded a number of ways for the preparation of carbon onions

and CNT. Hence, capturing preorganized precursors strongly aids in controlling the morphology of

the obtained carbon nanostructures. However, the high temperatures required for the subsequent

pyrolysis tend to disturb this order, as was clearly demonstrated in the case of the template-free pyro-

lysis of molecular aggregates. Thus, templates have to be used, which complicates the approach and

shifts the problem of the morphological control to the preparation of suitable templates. In the case

of the transition-metal-assisted pyrolyses, the underlying mechanism which controls the morphol-

ogy remains unclear. Most importantly, however, the temperatures employed in the pyrolysis steps

are, in all cases, prohibitively high for the preparation of functionalized carbon nanostructures, and

post-synthetic methods have to be devised for this purpose. Thus, in order to develop an approach

for the preparation of functionalized carbon nanostructures with a defined morphology, the process

temperature needs to be reduced.

1.2.4 Electrochemical Carbonization of Fluorocarbons

In an attempt to prepare carbon nanostructures in a single-step reaction from defined precursors

at temperatures much lower than the ones employed in the “top-down” methods or the pyrolyses

discussed above, fluorinated molecular precursors have been carbonized electrochemically.169 For

instance, materials with a high content of sp-hybridized carbon were obtained in the room temper-

ature carbonization of poly(tetrafluoroethylene) (PTFE) using amalgamates or electrochemically in

electrolyte solutions.169,170 Treatment of highly oriented PTFE films with liquid lithium and sodium

amalgams yielded grained carbon films in which the “ribbed” structure of the PTFE precursor was
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conserved to some extent, as evidenced by atomic force microscopy (AFM).170 Additionally, vapors

of perfluorinated, low molecular weight carbons were reacted at room temperature with alkali amal-

gams to produce films with a defined thickness the morphology and microstructure of which were

not further characterized, though.171 In another investigation, Kavan and Hlavaty obtained small

amounts of fullerenes and carbon nanotubes in the extract of carbon films formed from the reaction

of perfluorocyclopentene, perfluorodecalin, and perfluoronaphthalene with Li or Na amalgams.172

Finally, carbonization of a PTFE film using a sacrificial Mg anode at 0 ◦C yielded a 1µm thick carbon

film supposedly containing acetylenic structures.173 Post-synthetic annealing of the obtained films

at 600 ◦C or 800 ◦C in combination with electron irradiation in a transmission electron microscope

reportedly yielded carbon nanotubes.174,175 In conclusion, the electrochemical carbonization of per-

fluorinated precursors has afforded carbonized films as well as a few instances of fullerenes and CNT

in simple processes at low temperatures. Despite these achievements, however, the scope of this ap-

proach appears limited, since no element of control over the obtained nanoscopic morphology is

present, and the reaction conditions are incompatible with most functional groups.

1.2.5 Hydrothermal Synthesis of Carbon and Carbon-Inorganic Hybrid

Nanostructures

Since, for the reasons outlined in the previous sections, the purely “physical” methods, the total

syntheses, the pyrolytic, and the electrochemical approaches have limited prospect for the prepa-

ration of functionalized carbonaceous materials, lessons may be learned from other fields. For ex-

ample, a variety of methods is known for the preparation of functional inorganic nanostructured

materials.37 Thus, molten-salt syntheses, solvothermal procedures, or templated syntheses yield

(anisotropic) nanostructures both in the absence and presence of surfactants. This poses the ques-

tion whether similar “wet-chemical” methodologies can be successfully applied to the preparation of

nanostructured carbon materials.

1.2.5.1 Carbon Nanospheres from Carbohydrate Precursors

The mild hydrothermal carbonization of molecular precursors such as carbohydrates is one exam-

ple of such a wet-chemical approach, which has been recently reviewed.176 Originally, Adschiri and

coworkers had reported the hydrothermal decomposition of cellulose as an acid-free and fast alter-

native to existing cellulose conversion processes.177 Later, Sakaki and coworkers identified one of the

side products of this process as dehydrated, carbon-rich and aromatized species.178 This discovery

has, more recently, prompted investigations to exploit hydrothermal processes as a means for the
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preparation of carbon nanostructures. Thus, Huang and coworkers obtained microporous carbon

microspheres with a narrow size distribution from sucrose as the molecular precursor in a hydro-

thermal process at 190 ◦C followed by annealing at 1000 ◦C or 2500 ◦C in an argon atmosphere.179,180

Li and Sun later exploited the time-dependence of this growth process to prepare carbon nano- and

microspheres with tailored sizes.181 Depending on the reaction time, particles with diameters rang-

ing from 200 to 1500 nm were obtained (Figure 1.7). Recently, hollow carbon nanospheres were pre-

pared from glucose in a hydrothermal synthesis by conducting the process in the presence of a latex

template. During this process, a carbonaceous shell formed around the latex templates, and hollow

carbon nanocapsules were obtained after removal of the template by annealing at 550 ◦C or 1000 ◦C.

After treatment of the capsules with (3-aminopropyl)triethoxysilane at 60 ◦C in toluene, the capsules

could be dispersed in acidic solution which, in combination with elemental analysis and FTIR, sug-

gested a successful postsynthetic surface functionalization.182

1 µm 2 µm

a b

Figure 1.7. The hydrothermal treatment of carbohydrate precursors yielded carbon nano- and microspheres

with tailored sizes.181 Images reproduced from [181].

An analogy may serve as an illustration for the formation of carbon nanostructures from carbo-

hydrates under hydrothermal conditions. Formally, the carbohydrates used as molecular precursors

may be regarded as a “hydrated form of carbon”. Their complete dehydration under hydrothermal

conditions yields a reactive carbon species and may be regarded, in a certain sense, as an acceler-

ated version of the natural conversion of biomass into coal, oil, or diamond. However, it has to be

noted that relatively little is known about the mechanistic pathway of this conversion. In the above

investigations, the formation of filled, micrometer-sized carbon spheres was proposed to proceed via

some sort of emulsion polymerization during which adjacent sugar molecules are dehydrated and

polymerized in a polycondensation reaction upon heating.180,181 The emerging amphiphilic species

then, supposedly, underwent microphase segregation in the process and aggregated into spherical
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particles as soon as their critical micelle concentration was reached. After nucleation, these micelles

continued to grow by carbonization of further precursor molecules at the surface, until the supply of

the latter in the solution was depleted.

Starting from the carbon microspheres obtained in the above processes, also carbon-inorganic

composites were prepared by depositing silver and palladium nanoparticles on the surfaces of the

carbon nanospheres in a postmodification process. Additionally, the spheres were internally loaded

with noble metal nanoparticles by carrying out the process in the presence of silver colloids or

an in situ reduction of hydrogen tetrachloroaurate during the hydrothermal process. Further dec-

oration with platinum nanoparticles yielded interesting three-layer silver-carbon-platinum nano-

structures.181

1.2.5.2 Carbon-Inorganic Composites from Carbohydrates and Transition Metal Salt

Additives

While the hydrothermal processing of pure aqueous solutions of carbohydrates produced carbon

microspheres as discussed above, Antonietti and coworkers found that the addition of transition

metal salts to these mixtures led to the formation of one-dimensional carbon-inorganic hybrid nano-

structures.183 Thus, the hydrothermal processing of glucose or starch in aqueous AgNO3 solutions

yielded several micrometers long coaxial carbon-coated silver nanowires with a diameter of 200–

250 nm (Figure 1.8). Both closed and open-ended tubes were observed. By altering the reaction

conditions such as the temperature, the starch/silver ratio, or the relative starch concentration, the di-

ameter of the wires and the relative diameters of the metal core and the carbon shell could be tuned.

Calcination of the obtained wires at 500 ◦C induced a graphitization of the carbon sheath. Yu, Li

and coworkers later developed a microwave-accelerated variant of this hydrothermal process and

obtained straight, open-ended carbon/silver nanowires with lengths in the range of 50 nm to 2µm,

starting from sucrose in aqueous AgNO3 solutions.184

The formation mechanism for the obtained one-dimensional nanostructures may be related to

the anisotropic growth of inorganic crystals which was postulated to proceed via an “oriented at-

tachment” mechanism under hydrothermal conditions.185 The crystallites preferably coalesce at

high-energy interfaces in order to minimize the surface energy. The presence of organic molecules is

known to modify this process. In biomineralization, for instance, surfactants and polymers adsorbed

to inorganic nanoparticles determine the shape and morphology of the obtained crystals because the

preferential adsorption of organic molecules to different faces of inorganic crystallites prohibits crys-

tal growth or nanoparticle aggregation and fusion in exactly these crystallographic directions and,

thus, induces an anisotropic growth.186 For the observed hydrothermal carbonization, it was spec-
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Figure 1.8. In the presence of AgNO3, carbon-coated silver nanowires were obtained in the hydrothermal

carbonization of carbohydrates.183 Images reproduced from [183].

ulated that, by analogy, a starch-gel matrix formed in situ may have served as a structure-directing

agent for the growing silver nanowire aligning the silver nanoparticles in the preceding examples.183

Yu and coworkers demonstrated that the concerted process of metal ion reduction and carboniza-

tion could be decoupled.187 Thus, in the first step, Te nanowires were prepared from Na2TeO3 in the

presence of poly(vinyl pyrrolidone). After their isolation, the Te nanowires were coated with a par-

tially graphitic carbon shell derived from the hydrothermal carbonization of glucose.188 The thick-

ness of the shell was adjusted by the reaction time and, similar to the molecular weight development

in polycondensations, a particularly rapid increase was found toward the end of the reaction. Finally,

as opposed to cables, the microwave-assisted hydrothermal carbonization of starch in the presence

of selenous acid yielded irregularly shaped, carbon-coated Se nanocapsules.189 Heating to 250 ◦C in

vacuum sufficed to quantitatively remove the selenium cores and afforded micrometer-sized hollow

carbon capsules.

1.2.5.3 Related Carbonization Reactions Using Additional Structure-Directing Agents

The promising results of the hydrothermal carbonizations prompted a number of researchers to

attempt to gain morphological control over this process by adding different “structure-directing”

agents. Thus, Yu and coworkers used poly(vinyl alcohol) (PVA) in their investigations both as the

carbon source and the structure-directing agent. The authors subjected PVA to a hydrothermal treat-

ment in the presence of AgNO3 and obtained many micrometers long silver nanocables coated with

cross-linked PVA.190 The cables gave rise to bundles, and their tendency to entangle indicated a cer-

tain degree of flexibility. The addition of glucose derivatives to the reaction mixture led to stiffer

“cables” with a higher aspect ratio (Figure 1.9).191 Interestingly, the utilization of fructose instead

of glucose as the molecular precursor yielded carbon nanospheres, whereas sucrose led to a mix-
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ture of both “cables” and spheres. This significant and intricate effect of the precursors’ molecular

structure on the outcome of the carbonization is in no way explained by either of the mechanistic

models outlined above and, thus, highlights that a better understanding of the underlying processes

is still required.

100 µm 20 µm

a b

Figure 1.9. The addition of poly(vinyl alcohol) as a structure-directing agent yielded carbon-coated silver

nanowires in the hydrothermal processing of glucose.191 Images reproduced from [191].

Instead of polymers, low molecular weight surfactants have also been used as structure-directing

agents in the hydrothermal carbonization. For example, Xu and coworkers prepared carbon/copper

nanowires from hexamethylenetetramine as the carbon source in the presence of cetyltrimethylam-

monium bromide (CTAB).192 The obtained nanowires were up to 40µm long, had diameters in the

range of 80–400 nm, and appeared to be rigid, with occasional 90◦ kinks. Fang and coworkers re-

ported a dependence of the observed morphology of Ag/C hybrid nanoparticles from silver nitrate

and ascorbic acid on the concentration of CTAB.193 While spheres were obtained at low concentra-

tions of the surfactant, cables were produced at higher concentrations.

1.2.5.4 Scope and Limitations of Hydrothermal Syntheses

As illustrated by the above examples, the hydrothermal treatment of carbohydrates represents a vi-

able and simple route to prepare intriguing novel types of (irregularly) functionalized carbon as well

as carbon-inorganic hybrid nanostructures in a wet-chemical process. However, virtually nothing

is known about the mechanism of the carbonization on the molecular level and, hence, the poten-

tial origin of structural control. The explicit role of the structure-directing agents is yet to be elu-

cidated, and there is no direct control over the functionalization of the obtained carbon materials.

Annealing procedures in order to obtain carbon nanostructures with a graphitic microstruture fur-

thermore eliminated a large proportion of the functional groups. An improved understanding of the
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mechanism of carbonization and nanostructure formation is required in order to pave the way for

the synthesis of materials with tailored morphology and functionalization. Despite the uncertainties

about the mechanism, some sort of carbon-rich intermediates must eventually be formed during the

process, and the amphiphilicity of these intermediates must play a role in controlling the mesoscopic

morphology of the assembling aggregates. For this reason, the synthesis and self-organization of well-

defined reactive carbon-rich molecular precursors and their subsequent conversion under mild con-

ditions into carbon materials may provide both an insight into the mechanism of the hydrothermal

carbonization and an alternative pathway toward novel carbon nanostructures.

1.2.6 Carbonization of Oligo(ethynylene) Precursors

Since both functionalization of the carbon-rich materials and control over their mesoscopic mor-

phology are important aspects for many applications, the combination of mild carbonization condi-

tions and (supramolecular) preorganization of the functionalized precursors is a desirable goal. This

goal may be achieved with functionalized, energy-rich, carbon-rich molecular precursors, that is,

thermodynamically metastable, carbon-rich molecules which have an inherent reactivity toward a re-

arrangement into other carbon allotropes. Examples for such molecules are linear oligo(ethynylene)s,

cyclo[n]carbons, perethynylated olefins or arenes, dehydroannulenes, or radialenes, as it had already

been conjectured by Diederich et al.38,39 Among the possible candidates, oligo(ethynylene)s appear

to be the ideal choice because they are reactive, yet stable enough to be prepared and handled in

macroscopic quantities.

1.2.6.1 Reactivity of Oligo(ethynylene)s

Oligo(ethynylene)s are thermodynamically unstable and exhibit an inherent propensity to rearrange

into other, more stable carbon allotropes. In a series of oligo(ethynylene) derivatives R-(C≡C)n-R,

the stability drastically decreases with an increasing number n of repeating units. For instance,

in the parent H-(C≡C)n-H series, butadiyne can be distilled but rapidly polymerizes above 0 ◦C,

and hexatriyne explodes at –10 ◦C.194 Accordingly, a possible involvement of oligo(ethynylene)s in

the formation mechanism of fullerenes has been discussed,195 and the isolation of dicyanide-end-

capped oligo(ethynylene)s by Hirsch and coworkers after evaporating graphite in an approach sim-

ilar to Krätschmer and Huffman196,197 but in the presence of (CN)2 may be interpreted as a cir-

cumstantial evidence for this hypothesis.198 Despite these findings, oligo(ethynylene)s have rarely

been deliberately exploited as precursors for carbon-rich materials to date. Instead, most inves-

tigations concerning oligo(ethynylene)s explicitly aimed at the preparation of stable derivatives as
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model compounds for the hypothetical, one-dimensional sp carbon allotrope “carbyne” (C≡C)∞ ex-

ploiting the fact that oligo(ethynylene) derivatives R-(C≡C)n-R may be kinetically stabilized by an

increasing steric demand of the substituents R. Thus, end-capped oligo(ethynylene)s comprising up

to 22 conjugated triple bonds have been isolated (see Figure 1.10 for selected examples), many of

which have even been characterized crystallographically.199,200 Notable compounds synthesized are

Me-(C≡C)6-Me,201 Pfp-(C≡C)8-Pfp,202 (Pfp = pentafluorophenyl), (CH3)3C-(C≡C)10-C(CH3)3,203,204

TIPS-(C≡C)10-TIPS,205 and [Pt(P(p-tol)3)2(tol)]-(C≡C)14-[Pt(P(p-tol)3)2(tol)].206 Furthermore, Hirsch

and coworkers exploited third generation Frechet-type dendrons (G3) in order to maximize the steric

shielding and prepared the stable (G3)-(C≡C)10-(G3).207 Recently, the longest model compound so

far has been synthesized by Tykwinski and coworkers who reported the isolation of Tr*-(C≡C)22-

Tr* (Tr* = tris(3,5-di-tert-butylphenyl)methyl).208 Despite these achievements, the limitations of the

stabilization by bulky end groups R was demonstrated for a series of bis(triisopropyl)-substituted

derivatives TIPS-(C≡C)n-TIPS. While the differential scanning calorimetry traces of the di- to the

hexa(ethynylene) showed reversible melting, the tetra(ethynylene) and all higher homologues ex-

hibited irreversible exothermic transitions at higher temperatures, indicating an insufficient kinetic

stabilization by the TIPS end-groups.205
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Figure 1.10. Selected examples of oligo(ethynylene)s for the approximation of the properties of “carbyne”

(C≡C)∞.
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1.2.6.2 Undirected Carbonization of Oligo(ethynylene)s

In an investigation originally aiming at the preparation of “carbyne” (C≡C)∞, Lagow et al. were the

first to report the accidental use of oligo(ethynylene)s as molecular precursors for carbonaceous

materials. Thus, when testing the stability of (CH3)3C-(C≡C)4-C(CH3)3 under pressure, 2% of the

material underwent graphitization at 60 kbar.93 Hlavaty et al., who had postulated the presence of a

reactive, disordered form of poly(ethynylene)s as intermediates in their investigations on the prepa-

ration of carbonaceous materials via electrochemical defluorination of PTFE (Section 1.2.4),169,170,172

explored the polymerization of 1-iodohexatriyne, hexatriyne, as well as its dialkaline salts in organic

solution at or below room temperature.209,210 The unsubstituted hexatriyne and 1-iodohexatriyne

reacted at 0 ◦C and room temperature, respectively, to yield different types of amorphous carbon ma-

terial containing a few instances of multi-walled carbon nanotubes with diameters of 10-20 nm and

lengths of 100-200 nm end-capped with “onion-like” nanoparticles.209 The corresponding dilithium-

and dipotassium-α,ω-hexatriynides could not be isolated because carbonization occurred already

during their synthesis.210 However, a few instances of multi-walled carbon nanotubes were observed

upon the hydrolysis of the poly(dilithiumhexatriynide) whereas the dipotassium oligo(ethynylene)

yielded undefined material. In another investigation, the in situ deprotection and “polymerization”

of bis(triisopropylsilyl)-capped oligo(ethynylene)s yielded ill-defined carbonaceous materials with a

graphitic microstructure.211

Zhao et al. prepared different fullerene-substituted oligo(ethynylene)s as precursors for carbon-

rich materials.212,213 Drop-casting a toluene solution of a tetra(ethynylene) derivative on mica re-

sulted in an amorphous film which was heated above 156 ◦C. In the course of this treatment, the

tetra(ethynylene) absorptions in the UV-Vis spectra disappeared and the film was converted into

carbon nanospheres with a uniform diameter below 20 nm (Figure 1.11).212

All of the preceding examples highlight the potential of oligo(ethynylene)s to be used as molecular

precursors for the preparation of carbon materials under mild conditions. However, it has to be noted

that, in all cases, no control or direction was exerted during the synthesis which is probably the rea-

son for the obtained product mixtures as well as the generally small amounts of defined carbon nano-

structures with the notable exception by Zhao and coworkers. Supramolecular control might help to

guide the carbonization of oligo(ethynylene)s to become more productive.

1.2.6.3 Topochemical Polymerization of Oligo(ethynylene)s in Single Crystals

The limited control over the morphology of the obtained carbonaceous materials in the preceding

examples may be overcome by conducting the carbonization of higher oligo(ethynylene)s in single-

crystals, in analogy to the well-understood topochemical polymerization of diacetylenes.214–216
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Figure 1.11. a) A toluene solution of a fullerene-substituted tetra(ethynylene) formed amorphous films on

mica which b) were transformed into carbon nanospheres upon heating.212 Images reproduced from [212].

Baughman et al. were the first to report an attempt to topochemically polymerize a bis(carbamate)

octatetrayne.217 The polymerization was reported to proceed in the sense of a 1,4-polyaddition with

unclear regioselectivity. The results were later interpreted by Nakanishi and coworkers as an unselec-

tive reaction of the remaining acetylene units after formation of a poly(diacetylene).218 Nakanishi et

al. also prepared different tetraynes, pentaynes, as well as hexaynes and investigated these in terms

of their solid-state topochemical polymerizability.218 In the case of dithiophene- and diquinoline-

substituted tetraynes, the crystallographic data of the monomers suggested that a polymerization

would more likely proceed via a 1,2-polyaddition. A polymerization was achieved by thermal an-

nealing, but no residual acetylene bands were detected in the IR and solid-state 13C NMR spec-

tra, and the recorded UV spectra showed a broad absorption inconsistent with a controlled 1,4-

polymerization.219 The authors concluded from the data that an irregularly cycloaromatized product

had been obtained in a multi-step reaction. Likewise, single-crystals of a bis(tetradecyl)-substituted

hexayne started to polymerize at ambient temperature in the dark, and their color consecutively

changed from green to black.220 The acetylene peaks in the IR spectra disappeared, and UV/Vis/NIR

spectra showed several peaks, with the maximum absorption at 776 nm. Over a couple of days, the

UV absorption became very broad, and the development of the corresponding solid state 13C NMR

spectra was interpreted in terms of the slow formation of a butadiyne-bridged poly(diacetylene) lad-

der polymer from the initially formed tetrayne-substituted poly(diacetylene). The authors later ten-

tatively interpreted the results in terms of a subsequent cyclization reaction toward aromatic ribbon

polymers, but the actual experimental evidence to support this claim remained scant.218

While topochemical reactions in single crystals offer the ultimate means of control over the pre-

organization of the molecular precursors, their scope in the preparation of carbonaceous materials is
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probably limited. Topochemical reactions occur only if strict geometric requirements are met which

drastically limits the choice of side groups and may even completely prohibit the reaction other-

wise. Moreover, in the case of a carbonization, the reaction must inevitably be accompanied with

a compactization of the reacting, carbon-rich moiety and, in turn, a considerable contraction since

the carbon atom density of a “one-dimensional stack of oligo(ethynylene)s” is significantly lower

than that of the corresponding graphene ribbon with the same number of carbon atoms per side

group (Scheme 1.7). Hence, a carbonization is unlikely to proceed without destruction of the crys-

tal structure, if at all, and yield only insoluble material with a limited variation with respect to the

accessible morphologies.
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Scheme 1.7. Schematic representation of the lateral contraction of a one-dimensional carbon ribbon for the

idealized case of a carbonization after an initial 1,4-polyaddition followed by Bergman-type cyclizations.

1.2.6.4 Carbonization of Self-Assembled Oligo(ethynylene)s

Self-assembly in solution or in the mesophase may offer more flexibility as compared to single crys-

tals and, at the same time, allow for an error-correction before the structure is “covalently cap-

tured” by carbonization. Diacetylenes have been polymerized topochemically in numerous self-

assembled aggregates such as mono- or multilayers,221–225 along 1D lamellar structures,226–228 or in

vesicles and related tubular or helical superstructures formed by diacetylene containing lipid am-

phiphiles.229–235 In a related study, Olesik and Ding developed a wet-chemical approach for the car-

bonization of oligo(ethynylene)s when they dispersed deca-2,4,6,8-tetrayne-1,10-diol in a THF/water

mixture, heated the mixture to 70 ◦C, and filtered off the product. The authors obtained water-

soluble carbon nanospheres the sizes of which could be controlled by the addition of surfactants
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(Figure 1.12).236 The surfaces of the carbon spheres were decorated with hydroxyl groups as revealed

by X-ray photoeletron spectroscopy (XPS). Annealing at 150 ◦C for 12 hours and later at 800 ◦C for

24 hours for a further carbonization resulted in a weight loss of 39% corresponding to the cleavage

of the surface hydroxymethyl groups. For the formation mechanism, the authors speculated that

“ultra-thin” films formed from the amphiphilic diol in the first step, which melted upon heating, were

transformed into droplets, and then polymerized into the observed carbon nanospheres. Thus, the

initially obtained, self-assembled aggregates were disrupted during the carbonization reaction.
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Figure 1.12. a) Self-assembled films of deca-2,4,6,8-tetrayne-1,10-diol in aqueous solution. b) Upon heating,

the films melted into droplets and polymerized.236 Images reproduced from [36], [236].

In another investigation, the analogous dibutyl derivative was polymerized by heating to 80 ◦C

in the neat liquid state and in aqueous emulsion with PVA as the emulsifier.237 In the latter case,

carbon beads with typical diameters of up to hundreds of micrometers were obtained after subse-

quent pyrolysis at 800 ◦C. These microbeads could easily be dispersed in organic solvents and did

not fuse at elevated temperatures, even at high pressure. Thus, the heat-induced carbonization of

oligo(ethynylene) precursors in aqueous dispersion yielded a simple wet-chemical process to obtain

carbon nanostructures at temperatures below 100 ◦C. However, it has to be noted that so far, no con-

trol over the obtained structures has been exerted.

1.2.6.5 Scope and Limitations of the Oligo(ethynylene) Carbonizations

The utilization of oligo(ethynylene)s as precursors for the preparation of carbon-rich materials holds

great promise. Even in undirected approaches, structurally defined, carbon-rich materials were ob-

tained although in very low yields. The introduction of more control by conducting the reaction in

single crystals or in self-assembled aggregates eventually led to a simple, wet-chemical process for the
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preparation of carbon nanospheres at temperatures below 100 ◦C. However, it has to be noted, that, in

the latter approach, the morphological diversity of the obtained structures is very limited so far, and

no control can be exerted over the obtained nanoscopic morphology. Possibly, heating the aqueous

dispersions disrupted the self-assembled aggregates and led to the formation of filled carbon spheres

similar to the products obtained in transition metal free hydrothermal syntheses (Section 1.2.5.1), al-

though at lower temperatures. Thus, the approaches so far resemble hydrothermal syntheses under

even milder conditions since the reactive precursor does not need to be prepared in situ but is al-

ready provided. In order to gain structural control, more sophisticated monomers as well as different

process conditions that leave the self-assembled aggregates intact need to be developed. The prin-

cipal utilization of oligo(ethynylene)s as reactive carbon-rich precursors in a wet-chemical process,

however, seems to be a good starting point, since the self-assembly of the molecular precursors may

allow for an error-correction as well as a modification of the formed structures by means of top-down

processing methods.

1.3 Synthesis of Oligo(ethynylene)s

The lack of investigations in which oligo(ethynylene)s are exploited as precursors for carbon-rich

nanostructures is presumably related to the difficulties associated with their synthesis. Nevertheless,

a number of synthetic procedures has been developed based on eliminations and rearrangements

as well as on homo- and heterocoupling reactions some examples of which will be presented in this

section.199,238,239

Different protocols have been used to prepare oligo(ethynylene)s using eliminations or frag-

mentations (Scheme 1.8). Diederich and coworkers used alkynyl-substituted cyclobutene-1,2-

diones that eliminated carbon monoxide in a solution-spray FVP to give oligo(ethynylene)s,240

while Tobe and coworkers employed a chelotropic fragmentation for the preparation of a symmet-

ric penta(ethynylene).241 In a solution-based approach, Cox and coworkers used tetrabutylammo-

nium fluoride (TBAF) to prepare oligo(ethynylene)s up to the dodeca(ethynylene) by elimination of

chlorosilane from β-chlorovinylsilanes precursors.242,243

Tykwinski and coworkers explored the feasibility of the Fritsch-Buttenberg-Wiechell rearrange-

ment (FBW) for the preparation of long oligo(ethynylene)s (Scheme 1.9).205,239,244–246 In this

approach, a dibromovinylidene precursor is treated with n-butyl lithium to yield the desired

oligo(ethynylene), which afforded oligo(ethynylene)s up to the octa(ethynylene). Trapping of the in-

termediate lithiated oligo(ethynylene)s with electrophiles largely extended the scope of this reaction

for the preparation of some functionalized oligo(ethynylene)s.247,248 Despite considerable research
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Scheme 1.8. Examples of elimination reactions used for the preparation of oligo(ethynylene)s. a) Solution-

spray flash vacuum pyrolysis of cyclobutene-1,2-diones precursor yielded penta- and hexa(ethynylene)s. b)

Extrusion of indane yielded a penta(ethynylene). c) Preparation of a dodeca(ethynylene) by treatment of

β-chlorovinylsilanes with NBu4F.

efforts, however, the reaction conditions for the preparation of the precursor molecules as well as

the formation of the oligo(ethynylene)s are rather harsh whether via eliminations, fragmentations, or

rearrangements. Functional groups are hardly compatible with the applied conditions, which limits

the scope of these protocols.

RR

n-BuLi
R R

Br Br

hexanes

Scheme 1.9. Preparation of a tri(ethynylene) using the Fritsch-Buttenberg-Wiechell rearrangement.

The homocoupling reactions usually employ terminal oligo(ethynylene)s and are based on the dis-

covery by Carl Glaser that copper phenylacetylide dimerizes to diphenylbutadiyne under oxidative

conditions.249 The scope of this reaction has since been greatly expanded with the introduction

of protocols that do not require the isolation of the explosive copper acetylides (Scheme 1.10).

Thus, Eglinton and Galbraith reported the oxidative coupling of acetylenes in MeOH and pyridine

in the presence of Cu(OAc)2.250 A further modification by Hay and coworkers employed N,N,N’,N’-

tetramethylendiamine (TMEDA) in air and allowed to reduce the amount of copper in these reactions

to substoichiometric amounts.251 The latter two modifications provided simple and reliable proto-

cols for the preparation of symmetric oligo(ethynylene)s which tolerate many functional groups such

as alcohols, esters and amides. In addition to the synthesis of symmetric oligo(ethynylene)s, these
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protocols were also employed for the synthesis of unsymmetric oligo(ethynylene)s by applying one

of the reactants in large excess (Scheme 1.11).206,208,252 This approach, however, has been shown to

be unsuitable for a pair of acetylenes the acidities of which differ significantly.253

H
CuCl, O2

NH4OH, EtOH

R H
MeOH, pyridine

R R
Cu(OAc)2

R H
TMEDA, acetone

R R
CuCl, O2

a)

b)

c)

Scheme 1.10. Examples of protocols for the homocoupling of acetylenes. a) The dimerization of pheny-

lacetylene as discovered by Carl Glaser. b) Modification of the Glaser protocol by Eglinton and Galbraith using

Cu(OAc)2 in large excess. c) Modification by Hay and coworkers allowing to use Cu in substoichiometric

amounts.

Instead, unsymmetric oligo(ethynylene)s can be prepared by the Cu-catalyzed heterocoupling

of a terminal acetylene with a halogen-terminated acetylene according to Cadiot and Chodkiewicz

(Scheme 1.11).254 This protocol has been used for the synthesis of a variety of unsymmetric

oligo(ethynylene)s. For example, Hirsch and coworkers prepared unsymmetric oligo(ethynylene)s

up to the penta(ethynylene) using this protocol,207 while Gladysz and coworkers prepared unsym-

metric Re-capped oligo(ethynylene)s up to the hexa(ethynylene).255 The feasibility of this protocol,

however, is limited due to problems in the suppression of the homocoupling reaction and the fact

that the conditions typically employed are too harsh for some frequently used functional groups such

as, for example, trimethylsilyl groups.256 In order to overcome these limitations, Pd-catalyzed pro-

tocols typically utilized in sp-sp2 coupling reactions, which are normally milder and tolerate many

functional groups, have been transferred to sp-sp heterocoupling reactions (Scheme 1.11). In partic-

ular, conditions analogous to the Sonogashira257 reaction have been applied successfully.258 For in-

stance, Lopez and coworkers used an optimized protocol by Vasella and coworkers259 for the synthe-

sis of callyberyne B260 while Kim and coworkers later developed an iterative protocol for the prepara-

tion of oligo(ethynylene)-containing natural products.261 Both the Cadiot-Chodkiewicz reaction and

the Pd and Cu co-catalyzed reaction according to Sonogashira have afforded di(ethynylene) products

in good yields, mostly in the context of natural product synthesis.262 The preparation of higher ho-

mologues, however, usually suffered from lower yields, and examples of large-scale reactions remain

scarce. Other protocols, such as, for example, the Negishi reaction have rarely been employed for the
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preparation of oligo(ethynylene)s in sp-sp heterocoupling reactions,247,248,263,264 and were used in a

few instances to prepare β-haloeneyne precursors which yielded the desired oligo(ethynylene) after

dehydrohalogenation.265–267

R H
TMEDA, acetone

R R'
CuCl, O2

a) + H R'

R H
EtNH2, MeOH

R R'
CuCl, NH2OH

b) + Br R'

R H R R'

PdCl2(PPh3)3, CuI
c) + Br R'

HN(i-Pr)2, THF

Scheme 1.11. Typical examples of protocols for the preparation of unsymmetric oligo(ethynylene)s. a) Hay-

type reaction using one of the reactants in large excess. b) Cadiot-Chodkiewicz reaction. Hydroxylamine is

usually added as a reducing agent for Cu. c) Sonogashira-type reaction in sp-sp coupling reactions.

In conclusion, the toolbox of organic reactions provides several synthetic protocols for the prepa-

ration of oligo(ethynylene)s. Nevertheless, a mild and reliable method for the preparation of long,

unsymmetric, and functionalized oligo(ethynylene)s on a large scale is not yet available.

1.4 Self-Assembly of Alkyl Glycosides

Alkyl glycosides are a class of non-ionic surfactants in which a single hydrocarbon chain is attached

to a carbohydrate moiety via a variety of linkages such as ether, ester, or amide bonds (Scheme 1.12).

Interest in alkyl glycosides arose due to their high biocompatibility, non-irritant character toward the

derma, and their tolerance toward experimental parameters such as pH and ionic strength which

makes them promising candidates for industrial applications.268

The self-assembly of alkyl glycosides in aqueous solution has been studied for various compounds

some examples of which will be discussed in this section. The simple alkyl-β-D-glucopyranosides

from the heptyl to the decyl homologue have been found to form non-spherical micelles in aque-

ous solutions as proven by X-ray as well as small angle neutron scattering.269–271 Self-diffusion NMR

data as well as time-resolved fluorescence quenching data indicated that the micelles from the nonyl

and the decyl compounds formed a network in aqueous solution.272 Nilsson and coworkers showed

that the morphology of the structures in solution was only weakly influenced by the stereochemical

configuration at the anomeric center or the presence of branched alkyl chains. Thus, 2-ethylhexyl α-
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Scheme 1.12. Examples of alkyl glycosides in which the alkyl chain is connected via ether, ester, or amide

linkers.

and β-D-glucopyranoside as well as n-octyl α- and β-D-glucopyranoside were shown to form non-

spherical micelles with an axial ratio between two and four.273 Furthermore, short chain alcohols

were found to be incorporated at the hydrophobic-hydrophilic interface in alkyl glucoside micelles274

which was utilized to induce the growth of giant wormlike micelles in mixtures of alkyl glucosides.275
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Scheme 1.13. Alkyl glycosides obtained in the glycosylation of cardanol.

Shimizu and coworkers found that a mixture of four different meta-substituted phenol β-D-

glucopyranosides prepared by the glycosylation of cardanol (a mixture of fatty alcohols, isolated

from cashew nut oil) (Scheme 1.13) formed helical fibers in aqueous solution, which, over time,

gradually turned into nanotubes.276 The authors subsequently synthesized two constituents of
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the aforementioned mixture, 1-O-3’-(pentadecyl)phenyl-β-D-glucopyranoside and 1-O-3’-(8’(Z)-

pentadecenyl)phenyl-β-D-glucopyranoside, in pure form and demonstrated the impact of unsat-

urated bonds on the structure formation in aqueous solution by analyzing mixtures of the two

compounds with different ratios. While 1-O-3’-(pentadecyl)phenyl-β-D-glucopyranoside with a

saturated alkyl chain formed twisted fibers in aqueous solution, the addition of 1-O-3’-(8’(Z)-

pentadecenyl)phenyl-β-D-glucopyranoside comprising one cis double bond in the alkyl chain grad-

ually changed the morphology to helical fibers. An increase of the concentration of the unsaturated

amphiphile ultimately lead to the formation of cylindrical objects which the authors claimed to be

nanotubes (Figure 1.13).277

200 nm 800 nm

a b

Figure 1.13. Self-assembled aggregates obtained from a mixture of phenol glucopyranosides substituted with

saturated and unsaturated alkyl chains. a) A 9:1 mixture of saturated to unsaturated compound yielded twisted

fibers while b) the pure unsaturated compound yielded cylindrical structures which the authors claimed to be

nanotubes. Images reproduced from [277].

In another investigation, Shimizu and coworkers studied the self-assembly of long-chain phenyl

glycosides comprising an amide bond. While a saturated compound formed straight nanofibers, a

compound comprising one cis double bond yielded twisted fibers, and compounds with two or three

cis double bonds formed nanotubes.278 Ringsdorf and coworkers claimed the formation of liposomes

from a glucolipid comprising a butadiyne moiety in aqueous solution, but no proof for the structure

was presented. Upon UV irradiation of sonicated solutions or monolayers at the air-water interface,

the investigated systems attained a blue color.279

In addition to the pyranose systems discussed so far, a variety of open chain sugars has been in-

vestigated (see Scheme 1.12 for selected examples).280 Fuhrhop and coworkers prepared a library of

octyl-substituted aldonamides with different carbohydrate moieties and investigated the influence of

the head group on the formed structures in water. The authors found that all-anti configured polyol

head groups favored the formation of sheets, while the introduction of a kink in the polyol moiety in

the proximity of the amide linkage led to the formation of cylindrical micelles.281 Alkyl-substituted

aldonamides comprising a butadiyne moiety formed tubes which, upon UV irradiation, disappeared

and rods as well as a few ribbons were observed.235
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In a large survey, Frankel and O’Brien investigated the structures formed from N-dodecyl as well

as N-dodeca-5,7-diynyl aldonamides. Various supramolecular structures were observed which var-

ied depending on the head group. The introduction of a butadiyne moiety also altered the types of

observed structures among which were fibers, helices, sheets, as well as tubes. The authors irradiated

the solutions with UV light in order to stabilize the formed structures and obtained helical tapes and

tubes that did not dissolve in formamide or dimethylsulfoxide (DMSO) (Figure 1.14).234,282

1 µm 0.5 µm

a b

Figure 1.14. Helical aggregates obtained from self-assembled N-dodeca-5,7-diyne-d-galactonamide before

(a) and after (b) UV irradiation. Images reproduced from [234].

In conclusion, alkyl glycosides have been shown to aggregate into many different nanostructures.

The variation of the head group, the insertion of unsaturation in the alkyl chain, as well as the addition

of short chain alcohols modified the morphology of the obtained structures. Finally, it was possible

to preserve these structures in several cases by the incorporation of butadiyne units and their subse-

quent polymerization by UV irradiation.

1.5 Toward Carbon-Rich Nanostructures from Molecular

Precursors

The examples presented above show that for the preparation of functionalized, carbon-rich nano-

structures with a controlled morphology, several aspects need to be taken into account. Control over

the nanoscopic morphology can be exerted with the use of templates or self-assembly of the pre-

cursor. The former approach shifts the problem to the preparation of suitable templates, which also

limits its applicability. The latter approach delivers a lot of flexibility, but it requires extraordinarily

strong intermolecular forces or, alternatively, extremely mild process conditions to allow for a reten-

tion of the self-assembled aggregates. Moreover, a functionalization of the carbon nanostructures
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can be achieved post-synthetically, or for a retention of the precursor functionality, mild process con-

ditions are required. Therefore, functionalized oligo(ethynylene)s appear to be the perfect choice of

precursor for the preparation of functionalized carbon nanostructures with a controlled morphology

since the propensity of extended oligo(ethynylene)s to rearrange into other carbon allotropes already

under very mild conditions might be exploited to retain a previously self-assembled, nanoscopic mor-

phology as well as their functionalization. For this purpose, however, also the process conditions

need to be carefully chosen. Based on these considerations, a novel approach for the preparation of

functionalized carbon nanostructures from oligo(ethynylene)s is to be developed in this thesis.



2 Outline

In the present thesis, a novel approach for the preparation of carbon-rich nanostructures with a de-

fined morphology and a controlled surface chemistry from molecular precursors is going to be devel-

oped. The approach aims to establish a wet-chemical process for the preparation of carbonaceous

materials and is based on the synthesis of reactive molecular precursors, which are designed to self-

assemble into colloids in aqueous solution or films at the air-water interface. The aggregates are sub-

sequently going to be carbonized under mild conditions under retention or controlled conversion

of their nanoscopic morphology as well as their surface chemistry. For this purpose, the following

specific goals will have to be achieved:

• A short and reliable synthesis of amphiphilic oligo(ethynylene)s up to the hexa(ethynylene)

designed to self-assemble in aqueous solution or at the air-water interface will have to be elab-

orated. The synthesis should be applicable on the multi-gram scale in order to be feasible for

the preparation of carbon-rich materials.

• The self-assembly of the amphiphilic oligo(ethynylene)s in aqueous solution as well as at the

air-water interface is going to be investigated using dynamic light scattering (DLS), cryogenic

transmission electron microscopy (cryo-TEM), tensiometric measurements, Brewster angle

microscopy, IR spectroscopy, as well as X-ray reflectivity and X-ray diffraction.

• In case of a successful self-assembly, the obtained aggregates will be carbonized using a soft

external stimulus such as gentle heating or UV irradiation.

• The obtained carbon-rich materials will be investigated using DLS, small angle X-ray scattering

(SAXS), cyro-TEM, X-Ray photoelectron spectroscopy (XPS), Brewster angle microscopy (BAM),

IR and Raman spectroscopy as well as X-ray reflectivity and X-ray diffraction.
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3 Results and Discussion

3.1 Synthesis of Amphiphilic Oligo(ethynylene)s

3.1.1 Molecular Design

The preparation of carbon-rich nanostructures with a controlled morphology and surface function-

alization, as previously discussed (Section 1.2), will require reactive, amphiphilic oligo(ethynylene)s

which are envisioned to self-assemble into aggregates in aqueous solutions. Modification of the ag-

gregates by, for example, extrusion followed by carbonization of the aggregates using a mild external

stimulus will provide a novel pathway for the preparation of carbon-rich nanostructures with a con-

trolled morphology and a defined surface functionalization. For this purpose, we have chosen the

following design for the reactive, molecular precursors (Figure 3.1):

• a glucose moiety will serve as a neutral hydrophilic head group;

• the lipophilic part will consist of oligo(ethynylene)s up to the hexa(ethynylene);

• the oligo(ethynylene) will be attached to the anomeric carbon of the glucose moiety via a short

and flexible linker;

• an end group R will serve as a handle to increase the amphiphilicity of the molecule and tune

its reactivity.

O
O

OHHO

HO

HO

R
nm

carbohydrate

hydrophilic head lipophilic tail

alkyl linker oligo(ethynylene) end group

Figure 3.1. Design of the envisioned amphiphilic target molecules. The oligo(ethynylene) up to the

hexa(ethynylene) is connected to the hydrophilic head group via a short and flexible alkyl linker. An end

group R can be attached to increase the amphiphilicity of the molecule or tune its reactivity.

39
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We have chosen glucose as the hydrophilic headgroup since carbohydrates are readily available

starting materials, and glycolipid surfactants are known to self-assemble into micelles, liposomes or

tubes in aqueous solutions (see Section 1.4). The resulting non-ionic amphiphiles are less affected by

the nature and concentration of electrolytes in dilute solutions than ionic surfactants. Moreover, syn-

thetic modifications of carbohydrates have been well-established, and the attachment of protecting

groups to the hydroxyl functionalities of the carbohydrate moiety provides a handle to switch be-

tween a lipophilic, unreactive state of the precursor molecules used during the organic synthesis, and

a hydrophilic, reactive state of the precursor molecules used for the expected self-assembly and sub-

sequent carbonization. In order to provide sufficient amphiphilicity as well as a reactive, and carbon-

rich moiety, oligo(ethynylene)s up to the hexa(ethynylene) will be attached to the carbohydrate head

group. A short and flexible alkyl linker between the oligo(ethynylene) and the carbohydrate is envi-

sioned to decouple the dynamics of the oligo(ethynylene) carbonization from the carbohydrate moi-

eties and, thus, allow for a retention of the previously attained morphology of the aggregate. The end

group may serve for several purposes. For the experiments in aqueous suspension, the reactivity of

the molecules may be tuned by attaching sterically demanding groups. For the investigations at the

air-water interface, the attachment of a dodecyl chain increases the lipophilicity of the compounds

and counteracts submersion of the molecules in the subphase. Finally, homologous series of the am-

phiphilic oligo(ethynylene)s were synthesized in order to investigate their spectroscopic properties.

The synthesis of these series of glycolipids with a reactive oligo(ethynylene) moiety as the lipophilic

tail posed several challenges, as will be detailed in the following sections.

3.1.2 Synthetic Considerations and Challenges

For the synthesis of the envisioned target molecules, we decided to pursue a linear synthetic strat-

egy and link an oligo(ethynylene) to the desired protected carbohydrate moiety at an early stage of

the synthesis and elongate the oligo(ethynylene) chain subsequently. The resulting presence of nu-

merous functional groups in the molecule limits the choice of feasible synthetic protocols for the

oligo(ethynylene) elongation to reactions which employ mild conditions. In order to find a suitable

protocol for the preparation of the target molecules, the synthesis of glycosylated tri(ethynylene)

1 was chosen as a benchmark reaction, and four different synthetic routes were initially consid-

ered (Scheme 3.1). The Fritsch-Buttenberg-Wiechell (FBW) rearrangement has been exploited with

tremendous success for the synthesis of long oligo(ethynylene)s.205,208 However, the conditions

typically employed in the preparation of the dibromovinylidene precursors as well as the rearrange-

ment itself were deemed too harsh for the functional groups present in compound 1, and this route

was not pursued. Instead, we focused on the elongation of the oligo(ethynylene) chain using hetero-
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Scheme 3.1. Pathways investigated for the synthesis of tri(ethynylene) 1; a) copper-catalyzed Cadiot-

Chodkiewicz reaction, b) palladium and copper-catalyzed Sonogashira reaction, c) palladium-catalyzed Negishi

reaction, d) Fritsch-Buttenberg-Wiechell rearrangement initiated with n-butyl lithium.

coupling reactions. Commonly, the copper-catalyzed Cadiot-Chodkiewicz reaction between termi-

nal and bromine-terminated acetylenes has been used for the synthesis of oligo(ethynylene)s and

was considered as a synthetic route in the present thesis. Protocols according to the Sonogashira re-

action, which employs a palladium catalyst as well as a copper co-catalyst to connect terminal and

bromine- or iodine-terminated acetylenes, have frequently been used and were, hence, investigated

as a possible alternative. Attempts to use the Negishi reaction directly in carbon sp-sp heterocoupling

reactions were successful in so-called “pair-selective” reactions, but often yielded a statistical mix-

ture of the heterocoupling product and the two common side products, the homo- and the self-

coupling products. Nevertheless, the Negishi reaction was considered as a third alternative. Hence,

the presence of a large number of functional groups in the envisioned target molecules posed a sig-

nificant challenge for their synthesis with the protocols known from the literature. In order to op-

timize the conditions of the three different heterocoupling reactions in the synthesis of glycosylated

tri(ethynylene) 1, two sets of building blocks needed to prepared. One set comprised glycosylated ter-

minal acetylenes, bromoacetylenes, and iodoacetylenes. The other set consisted of di(ethynylene)s

to be used as reactants in heterocoupling reactions for the elongation of the oligo(ethynylene) moi-

ety. The latter building blocks were substituted both with a silyl protecting group on one side, as well

as bromine, or iodine (or hydrogen) on the other side. We chose these different functional groups

since we reasoned that the different reactivity of bromides and iodides might have an influence on

the yield. Both sets of building blocks comprised all three different terminal groups to allow for a



42 3.1 Synthesis of Amphiphilic Oligo(ethynylene)s

permutation of their reactivities.

In the following sections, the synthesis of these two sets of building blocks will be described fol-

lowed by the optimization of the conditions of the heterocoupling reaction to yield model compound

1. The optimized conditions were then applied to the synthesis of different series of glycosylated

oligo(ethynylene)s up to the hexa- and octa(ethynylene)s in order to investigate their spectroscopic

properties.

3.1.3 Glycosylated Building Blocks

The first step in the synthesis consisted in the preparation of the glycosylated terminal acetylenes,

bromoacetylenes, and iodoacetylenes. As outlined above (3.1.1), D-glucose had been chosen as the

hydrophilic head group, and β-D-glucopyranoside pentaacetate 2 was synthesized as glycosyl donor.

Acetyl groups were chosen as protecting groups in order to increase the steric demand of the glu-

cose head group and facilitate the synthesis. Moreover, they are sufficiently stable during organic-

synthetic transformations and are readily removed by treatment with sodium methanolate.283 Hence,

peracetylated β-D-glucose 2 was prepared from D-glucose in acetic anhydride under basic condi-

tions.284 Recrystallization from ethanol afforded 2 in 76% yield on a 30 g scale (Scheme 3.2).
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Scheme 3.2. Synthesis of β-d-glucopyranoside 2. Reagents and Conditions: a) Ac2O, NaOAc, reflux, 76%.

Propargyl alcohol as well as its iodine and bromine derivatives were used as glycosyl acceptors

in order to introduce an acetylene moiety as well as the desired functional groups for the hetero-

coupling reactions. Iodopropargyl alcohol 3 was provided by Eike Jahnke who had synthesized 3 in

83% yield from commercially available propargyl alcohol using iodine in MeOH under basic condi-

tions (Scheme 3.3).285

HO

H
a) or b)

HO

R

R = I

R = Br

3

4

Scheme 3.3. Syntheses of iodo- and bromopropargyl alcohol. Reagents and Conditions: a) propargyl alcohol,

KOH, I2, MeOH, 0 ◦C, 83% (R = I); b) propargyl alcohol, KOH, Br2, H2O, 0 ◦C, 40% (R = Br).
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Analogously, bromopropargyl alcohol 4 was synthesized in a modest yield of 40% using bromine

in basic aqueous solution according to a protocol reported by Kuhnel and coworkers.286 Sub-

sequent glycosylation of these three glycosyl acceptors afforded the starting material for hetero-

coupling reactions (Scheme 3.4). Thus, commercially available propargyl alcohol was reacted with

2 in dichloromethane (DCM) catalyzed by BF3·OEt2 (Scheme 3.4).287
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Scheme 3.4. Glycosylation of propargyl alcohol and its iodine as well as bromine derivatives. Reagents and

Conditions: a) BF3·OEt2, DCM, 77% (R = H); 66% (R = I); 51% (R = Br).

Prop-2’-ynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 5 was obtained in 77% yield after aque-

ous workup and recrystallization from ethanol. Similarly, the reaction of iodopropargyl alcohol 3 with

β-D-glucopyranoside pentaacetate 2 in the presence of BF3·OEt2 in DCM afforded 3’-iodoprop-2’-

ynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 6 in 66% yield after recrystallization from ethanol.
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Figure 3.2. a) 1H NMR, b) 13C NMR, as well as c) 2D H, H COSY NMR spectra of the side product formed

in the glycosylation reaction of bromopropargyl alcohol with β-d-glucopyranoside pentaacetate. The insets in

a) and b) show a magnification of the acetate region in the respective spectra. As can be clearly seen from

the coupling pattern in the 2D H, H COSY NMR spectrum, the 4-position was deacetylated in contrast to the

expected side product deprotected in 2-position, as described in the literature.288
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Finally, bromopropargyl alcohol 4 was glycosylated with 2 in DCM catalyzed by BF3·OEt2. Recrys-

tallization from ethanol furnished 3’-bromoprop-2’-ynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside

7 in 51% yield, which was contaminated by a deacetylated side product. Since the presence of mi-

nuscule amounts of this side product were found to be detrimental in palladium-catalyzed hetero-

coupling reactions, its structure was elucidated in order to aid in the search for alternative synthetic

procedures. In the 1H NMR and 13C NMR spectra, the presence of three instead of four acetate peaks

showed that one of the hydroxyl groups of this compound was deacetylated (Figure 3.2 insets a and

b). The observation of a hydroxyl peak as well as the shift of one of the resonances in the 1H NMR

spectrum further corroborated this finding. The coupling pattern in the 2D COSY NMR spectrum

showed that the major side product in the glucosylation was 3’-bromoprop-2’-ynyl 2,3,6-tri-O-acetyl-

β-D-glucopyranoside that differs from the desired compound 7 in that it is deacetylated in 4-position

(Figure 3.2 c). This finding was in contradiction to the literature, since Hui and coworkers had re-

ported the preparation of carbohydrates deactylated in 2-position using a slightly modified protocol

for which they had also proposed a mechanism (Scheme 3.5 a).288
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Scheme 3.5. a) Proposed mechanism for the deacetylation during the glycosylation using BF3·OEt2 and

propargyl. b) Conceivable mechanism for a deacetylation in 4-position for peracetylated galactose.
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Moreover, for carbohydrates with an axial acetate functionality in 4-position, such as galactose, a

“transannular” deacetylation of the 4-position is conceivable (Scheme 3.5 b), which is stereochemi-

cally impossible for glucose.289 However, the coupling pattern observed in the COSY spectrum clearly

proved that the major side product we observed was deacetylated in 4-position. Although a further

investigation of this deacetylation as well as the formulation of a mechanism was an intriguing chal-

lenge, it was beyond the scope of this thesis and not further investigated.

Because of the low overall yields in the synthesis of glycosylated bromoacetylene 7 as well as the

formation of an undesired side product, an alternative pathway was sought. Following a protocol for

the transformation of terminal acetylenes into bromoacetylenes,290 glycosylated propargyl alcohol 5

was treated with AgNO3 and N-bromosuccinimide in MeCN to afford glycosylated bromoacetylene 7

in quantitative yield after precipitation into water (Scheme 3.6).
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Scheme 3.6. Alternative synthesis of 3’-bromoprop-2’-ynyl 2,3,4,6-tetra-O-acetyl-β-d-glucopyranoside.

Reagents and Conditions: a) AgNO3, NBS, MeCN, quant.

Since 5 can be prepared in very good yields and purified from side products by repeated recrystal-

lization from EtOH with minimal loss in yield, glycosylation of propargyl alcohol followed by bromi-

nation using AgNO3 and N-bromosuccinimide was chosen as the preferred synthetic route for the

preparation of 7.

In summary, pathways for the synthesis of the glycosylated building blocks 5, 6, and 7 in good

yields were developed. For this purpose, the formation of a detrimental side product had to be mini-

mized by an alternative pathway.

3.1.4 Oligo(ethynylene) Building Blocks

With the differently functionalized, glycosylated acetylene building blocks in hands (Section 3.1.3),

the next step consisted in the synthesis of a matching set of di(ethynylene)s in order to have a rich

toolbox of reactants for the optimization of the heterocoupling conditions as well as the elongation of

the oligo(ethynylene) chain in general. Di(ethynylene)s were initially chosen as main building blocks

since the elongation of the oligo(ethynylene) chain by one acetylene unit per reaction is very time-

consuming and inefficient. In this section, the synthesis of trimethylsilyl- (TMS) and triethylsilyl-
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(TES) substituted di(ethynylene)s with suitable functionalizations to serve as reactants for hetero-

coupling reactions will be reported. The TMS-substituted molecules were majorly used for the op-

timization of the heterocoupling conditions, while the TES-substituted di(ethynylene)s were em-

ployed when the reactions conditions were too harsh for the TMS group. In addition, the synthesis

of triisopropylsilyl- (TIPS) substituted oligo(ethynylene) building blocks, which had been prepared at

a later stage in this thesis and were used for the synthesis of longer oligo(ethynylene) homologues,

will be described in this section to allow for a more concise presentation of the results. An important

aspect in the synthesis of these building blocks was their preparation on a multi-gram scale.

Silyl end groups were chosen since their steric demand had been shown to stabilize

oligo(ethynylene)s effectively.205,252,291 Moreover, they tolerate a variety of reaction conditions

and can be cleaved selectively.292 For the TMS group, Holmes and coworkers had developed

a versatile chemistry based on the selective monodeprotection of bis(trimethylsilyl)-substituted

oligo(ethynylene)s using methyl lithium lithium bromide complex (MeLi·LiBr) and a subse-

quent functionalization of the intermediate lithium acetylide.293,294 Using this transformation,

we planned to prepare a range of functionalized, TMS-substituted di(ethynylene)s from 1,4-

bis(trimethylsilyl)butadiyne 8, which represented a central molecule in the synthesis of the TMS-

protected, functionalized di(ethynylene)s. Consequently, 1,4-bis(trimethylsilyl)butadiyne 8 was syn-

thesized on a multi-gram scale from commercially available perchlorobutadiene by the addition

of n-butyl lithium and subsequent quenching of the intermediate dilithium di(ethynylide) with

trimethylsilylchloride (Scheme 3.7).
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TMS TMS
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Scheme 3.7. Synthesis of the central di(ethynylene) building block 1,4-bis(trimethylsilyl)butadiyne. Reagents

and Conditions: a) n-butyl lithium, THF, –78 ◦C; b) TMS–Cl, 0 ◦C, 93%.

After aqueous workup, the product was purified by sublimation to afford compound 8 in 93%

yield. In addition to its simple synthesis and convenient purification, 1,4-bis(trimethylsilyl)butadiyne

was a very stable compound which was stored in a brown glass vial at room temperature for

months. Starting from 1,4-bis(trimethylsilyl)butadiyne 8, several di(ethynylene) building blocks

were synthesized by monodesilylation of 8 and subsequent quenching with a suitable reagent

(Scheme 3.8) in Et2O. Thus, 1-iodotrimethylsilylbuta-1,3-diyne 9 was prepared by treatment of 1,4-

bis(trimethylsilyl)butadiyne dissolved in Et2O with MeLi·LiI followed by the addition of I2. Sublima-

tion of the crude mixture after an aqueous workup afforded 9 in 68% yield.
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Scheme 3.8. Transformations of 1,4-bis(trimethylsilyl)butadiyne exploiting the selective monodeprotection

with MeLi·LiBr or MeLi·LiI developed by Holmes and coworkers.293,294 Reagents and Conditions: a) MeLi·LiBr,
Et2O, 0 ◦C; b) I2, –78 ◦C, 68%; c) Br2, –78 ◦C, quant.; d) aqueous NH4Cl, 99%; e) (CH2O)n, –78 ◦C, 84%.

For the preparation of 9, MeLi·LiI was used in the first step instead of MeLi·LiBr.

In order to address the different reactivity levels of iodine- and bromine-terminated

di(ethynylene)s in heterocoupling reactions, 1-bromo-4-trimethylsilylbuta-1,3-diyne 10 was synthe-

sized as well. A solution of 1,4-bis(trimethylsilyl)butadiyne 8 in Et2O was treated with MeLi·LiBr

followed by the addition of Br2. Aqueous workup afforded 10 which could be further purified by

distillation, but was normally used without further purification due to its explosive nature upon

heating.295 In addition to the halide-terminated di(ethynylene)s, trimethylsilylbuta-1,3-diyne 11

was synthesized as a further reactant to be used in heterocoupling reactions to allow for a per-

mutation of the functionalities. Hence, treatment of 1,4-bis(trimethylsilyl)butadiyne in Et2O with

MeLi·LiBr followed by quenching with saturated NH4Cl solution at 0 ◦C afforded 11 in 99% yield as

a yellow liquid after extraction with Et2O and subsequent distillation. Finally, 5-trimethylsilylpenta-

1,3-diynol 12 was synthesized as a di(ethynylene) glycosyl acceptor by a monodesilylation of 1,4-

bis(trimethylsilyl)butadiyne with MeLi·LiBr followed by the addition of para-formaldehyde at –78 ◦C.

The desired 5-trimethylsilylpenta-1,3-diynol 12 was obtained in 84% yield after column chromatog-

raphy.

The stabilities of the synthesized TMS-capped di(ethynylene) derivatives varied greatly. While 1-

iodotrimethylsilylbuta-1,3-diyne 9 was a crystalline solid which was stable at room temperature at

least for weeks, 1-bromo-4-trimethylsilylbuta-1,3-diyne 10 was a highly unstable liquid. A freshly

distilled sample of 10 turned brown within minutes at room temperature, and decomposed entirely

within days. 5-Trimethylsilylpenta-1,3-diynol 12 was an oil which decomposed over weeks at room

temperature, and, finally, trimethylsilylbuta-1,3-diyne 11 was a volatile liquid which decomposed

within days at room temperature. In view of the instability of some of the prepared compounds, all

di(ethynylene)s were stored in the freezer, which increased their lifetime considerably.

In summary, the utilization of the selective monodeprotection of 1,4-bis(trimethylsilyl)butadiyne
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8 with methyl lithium afforded a set of TMS-protected di(ethynylene) building blocks in good yields

in simple transformations. The prepared compounds represented a complementary set to the gly-

cosylated building blocks described above and were mainly used for the optimization of the condi-

tions of the heterocoupling reaction to yield model compound 1. However, the TMS group is easily

cleaved, and the corresponding compounds could not be employed in some of the attempted Cadiot-

Chodkiewicz reactions. Thus, for these reactions, triethylsilylbuta-1,3-diyne 14 was synthesized as

a di(ethynylene) building block which was envisioned to tolerate the basic aqueous conditions of

this protocol. In a first step, 1,4-bis(triethylsilyl)buta-1,3-diyne 13 was prepared analogously to 1,4-

bis(trimethylsilyl)butadiyne 15 from perchlorobutadiene by addition of n-butyl lithium and subse-

quent quenching with triethylsilylchloride (Scheme 3.9).
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Scheme 3.9. Synthesis of triethylsilylbuta-1,3-diyne derivatives analogous to the selective monodeprotection

of 1,4-bis(trimethylsilyl)butadiyne with MeLi·LiBr developed by Holmes and coworkers.293,294 Reagents and

Conditions: a) i) n-butyl lithium THF, –78 ◦C; ii) TES–Cl, 0 ◦C, 73%; b) MeLi·LiBr, Et2O, aqueous NH4Cl,

0 ◦C, 16%; c) MeLi·LiBr, THF, aqueous NH4Cl, 0 ◦C, 56%.

After aqueous workup and distillation of the crude product, 1,4-bis(triethylsilyl)buta-1,3-diyne

13 was obtained in 73% yield. Monodesilylation of 13 in Et2O with MeLi·LiBr then afforded

triethylsilylbuta-1,3-diyne 14 in only 16% yield after quenching with aqueous NH4Cl solution and

subsequent distillation of the crude mixture. Treatment of 13 with MeLi·LiBr in THF instead of Et2O

afforded compound 14 in 56% yield after an aqueous workup and distillation. The higher yield of

14 in THF as compared to Et2O was explained by an increased reactivity of MeLi·LiBr in THF. Alkyl

lithiums are known to aggregate in apolar organic solvents which reduces their reactivity, while polar

solvents increase the reactivity of alkyl lithiums by breaking up these aggregates. Possibly, smaller

aggregates had formed in THF as compared to Et2O, which helped to cleave the TES group more effi-

ciently. However, it was found later that triethylsilylbuta-1,3-diyne 14 was prepared most effectively

from perchlorobutadiene directly (Scheme 3.10).

Thus, treatment of perchlorobutadiene with n-butyl lithium in THF followed by the addition

of one equivalent of triethylsilylchloride afforded 14 in 66% yield after quenching with aqueous

NH4Cl solution and subsequent distillation. This pathway was considered as a shorter alterna-

tive for the preparation of TMS-protected 11, and the analogous reaction was conducted. Inter-

estingly, the reaction of perchlorobutadiene with n-butyl lithium followed by the addition of one
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Scheme 3.10. Synthesis of triethylsilylbuta-1,3-diyne in a one-pot reaction. Reagents and Conditions: a) i)

n-butyl lithium THF, –78 ◦C; ii) 1 equiv. TES–Cl, 0 ◦C; iii) aqueous NH4Cl, 0 ◦C, 66%.

equivalent of trimethylsilylchloride furnished 1,4-bis(trimethylsilyl)butadiyne 8 in 35% yield instead

of trimethylsilylbuta-1,3-diyne 11. The different outcome depending on the use of triethylsilylchlo-

ride versus trimethylsilylchloride and the underlying mechanistic aspects of this peculiar behavior

were, however, not further investigated.

Triethylsilylbuta-1,3-diyne 14 completed the toolbox of oligo(ethynylene) compounds required

for the optimization of the heterocoupling reaction. Thus, di(ethynylene)s functionalized with iodine,

bromine and hydrogen were prepared in good yields on a multi-gram scale to be used as reactants in

heterocoupling reactions with the glycosylated building blocks. The selective monodesilylation of

bis(trimethylsilyl)-substituted compounds was extended to bis(triethylsilyl)-substituted molecules.

In addition to these oligo(ethynylene) building blocks, a TIPS-substituted di(ethynylene) and a TIPS-

substituted tri(ethynylene) were prepared for the synthesis of longer oligo(ethynylene) homologues,

as the bulky TIPS group is known to stabilize longer oligo(ethynylene)s effectively and tolerates many

reaction conditions.205

1-Triisopropylsilyl-4-trimethysilylbutadiyne and 1-triisopropylsilyl-6-trimethylsilylhexatriyne

were prepared according to published reaction sequences.247,248,296 Thus, n-butyl lithium was

added to triisopropylethynylsilane in Et2O at –78 ◦C, and the mixture was quenched with N,N-

dimethylformamide (DMF) to afford 3-triisopropylsilylprop-2-ynal 16 in 88% yield (Scheme 3.11),

which was used without further purification.
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X c)
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X = CBr2

b)16
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18

Scheme 3.11. Synthesis of 1-triisopropylsilyl-4-trimethylsilylbutadiyne. Reagents and Conditions: a) i) n-

butyl lithium Et2O, –78 ◦C; ii) DMF, –78 ◦C, 88%; b) CBr4, PPh3, DCM, 0 ◦C, 89%; c) i) LDA, hexanes,

–78 ◦C; ii) TMS–Cl, THF, –78 ◦C, 89%.

Reaction with CBr4 and PPh3 in DCM at 0 ◦C then furnished 1,1-dibromo-3-triisopropylsilylbut-1-

en-3-yne 17 in 89% yield after silica gel filtration.297 The final FBW rearrangement was initiated by the

addition of lithium diisopropylamide to compound 17 in hexanes at –78 ◦C. The mixture was allowed
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to warm to room temperature, cooled again to 0 ◦C and diluted with THF before trimethylsilylchlo-

ride was added. 1-Triisopropylsilyl-4-trimethysilylbutadiyne 18 was then obtained in 89% yield after

column chromatography.

The unsymmetric, TIPS- and TMS-substituted tri(ethynylene) homologue was synthesized in a

similar reaction sequence (Scheme 3.12).
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Scheme 3.12. Synthesis of 1-triisopropylsilyl-6-trimethysilylhexatriyne. Reagents and Conditions: a) i) n-

butyl lithium Et2O, –78 ◦C; ii) DMF, –78 ◦C, 88%; b) TMS–(C≡C)–Li, THF, –78 ◦C, quant.; c) PCC, DCM,

r. t. 98%; d) CBr4, PPh3, DCM, 0 ◦C, 95%; e) n-butyl lithium, hexanes, –78 ◦C, 99%.

Thus, lithium trimethylsilyl acetylide was added to 3-triisopropylsilylprop-2-ynal 16 in THF at

–78 ◦C to afford 1-triisopropylsilyl-5-trimethysilylpenta-1,4-diyn-3-ol 19 in quantitative yield after

aqueous workup. Oxidation of compound 19 with pyridinium chlorochromate in DCM then fur-

nished 1-triisopropylsilyl-5-trimethysilylpenta-1,4-diyn-3-one 20 in 98% yield after silica gel filtra-

tion. Reaction with CBr4 and PPh3 in DCM at 0 ◦C afforded 1,1-dibromo-2-triisopropylsilylethynyl-

2-trimethylsilylethynylethene 21 in 95% yield after silica gel filtration.297 Alternative to the workup

by silica gel filtration, 21 could be isolated by dissolution of the crude reaction mixture in MeCN fol-

lowed by extraction with pentane. A final FBW rearrangement of 21 using n-butyl lithium in hexanes

furnished 1-triisopropylsilyl-6-trimethylsilylhexatriyne 22 in 99% yield as a brown oil after aqueous

workup and column chromatography, which was used in subsequent synthetic steps. Distillation of

the brown oil afforded a yellow oil which, however, did not increase the yield when used as a reac-

tant in subsequent transformations. Despite the large number of steps, the synthesis of these two

unsymmetric homologues was carried out on a scale of up to 12 g within less than a week for each

compound, and the yields decreased by approximately 5–10% per step. With the aim to shorten this

pathway, the synthesis of a diynal compound was attempted in a single step.
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At first, the synthesis of 5-triisopropylsilylpenta-2,4-diynal was attempted in a one-pot reaction

from perchlorobutadiene (Scheme 3.13).

Cl
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O

Scheme 3.13. Attempt for the preparation of a diynal building block from perchlorobutadiene in a one-pot

procedure.

Thus, perchlorobutadiene was treated with n-butyl lithium, and one equivalent of triisopropy-

lsilylchloride was added subsequently followed by quenching with DMF. After aqueous workup and

column chromatography, a mixture of 1,4-bis(triisopropylsilyl)buta-1,3-diyne, triisopropylsilylbuta-

1,3-diyne, and an unidentifiable product was isolated. In a second attempt, the order of addition

was switched. After treatment of perchlorobutadiene with n-butyl lithium, one equivalent of DMF

was added, and the resulting mixture was quenched with triisopropylsilylchloride. After an aqueous

workup and column chromatography, however, no products carrying an aldehyde were detected by

1H NMR spectroscopy except for residual DMF.

After these unsuccessful experiments, we attempted to achieve the synthesis of 5-

trimethylsilylpenta-2,4-diynal from 1,4-bis(trimethylsilyl)butadiyne 8 in a single step (Scheme 3.14).

TMS
O

TMS TMS

8

Scheme 3.14. Attempt for the preparation of a diynal building block from 1,4-bis(trimethylsilyl)butadiyne 8.

Thus, 1,4-bis(trimethylsilyl)butadiyne was dissolved in THF, and MeLi·LiBr was added followed

by quenching with DMF. After aqueous workup and column chromatography, 1H NMR spectroscopy

of the fractions did not reveal the presence of any aldehyde resonances. Since the addition of tri-

isopropylethynylsilane to DMF had been carried out in Et2O, another attempt to prepare the diynal

using 1,4-bis(trimethylsilyl)butadiyne and MeLi·LiBr in Et2O was conducted. However, no aldehyde

peaks were observed in the 1H NMR spectra of the fractions collected in column chromatography,

either. Despite these unsuccessful attempts to directly obtain the diynals in a single step, a thorough

study might result in a reliable protocol for their preparation in the future, which would considerably

shorten the synthesis of compounds such as 1-triisopropylsilyl-6-trimethylsilylhexatriyne 22.

In summary, a set of differently functionalized, TMS-protected di(ethynylene)s was synthesized

on the multi-gram scale. Transformations based on MeLi·LiBr were a key component to achieve this
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goal. Additionally, a TES-substituted, terminal di(ethynylene) was prepared by an extension of the

MeLi·LiBr protocol to TES groups. Moreover, TIPS-protected oligo(ethynylene) building blocks were

synthesized on the multi-gram scale, as well.

3.1.5 Optimization of the Conditions of the Heterocoupling Reaction

With the two sets of building blocks for the preparation of glycosylated oligo(ethynylene)s in hands,

that is functionalized, glycosylated oligo(ethynylene)s as well as a matching set of functionalized

di(ethynylene)s, the elongation of the oligo(ethynylene) moiety in a carbon sp–sp heterocoupling re-

action was addressed. For this purpose, the preparation of tri(ethynylene) 1 was used as a benchmark

reaction. As mentioned in Sections 1.3 and 3.1.2, the three protocols investigated in this thesis, that is

the Cadiot-Chodkiewicz reaction, the Sonogashira reaction as well as the Negishi reaction, have been

successfully applied to the synthesis of di(ethynylene)s. However, as considerably lower yields were

reported for longer oligo(ethynylene)s, the development of a reliable protocol for oligo(ethynylene)s

turned out to be a difficult task.

Since the Cadiot-Chodkiewicz reaction is frequently used for carbon sp–sp coupling reactions,

first attempts were conducted following this protocol. According to a procedure by Alami and

Ferri,298 3’-bromoprop-2’-ynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 7 and trimethylsilylbuta-

1,3-diyne 11 were dissolved in pyrrolidine, and a solution of CuI and NH2OH·HCl was added after

degassing both solutions (Scheme 3.15).
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Scheme 3.15. Unsuccessful attempts to prepare tri(ethynylene)s using the Cadiot-Chodkiewicz reaction.

Reagents and Conditions: a) trimethylsilylbuta-1,3-diyne 11, CuI, NH2OH·HCl, pyrrolidine; b) triethylsilylbuta-

1,3-diyne 14, CuI, NH2OH·HCl, pyrrolidine.

NH2OH·HCl is often added in Cadiot-Chodkiewicz reactions as a reducing agent for copper in

order to suppress the homocoupling reaction catalyzed by Cu(II). After aqueous workup, the exclu-

sive presence of N-acetylpyrrolidine and the absence of carbohydrate peaks in the 1H NMR spectrum

of the crude product showed that the conditions were too harsh for the peracetylated glucose moi-

ety. Despite this finding, the feasibility of this protocol was tested in the reaction of bromopropargyl
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alcohol 4 with triethylsilylbuta-1,3-diyne 14, as the usage of the more stable TES group should pro-

hibit any desilylation of the oligo(ethynylene). After aqueous workup, doublets in the olefin region

of the 1H NMR spectra of the crude product indicated a reaction of the triple bonds, which is why an

alternative protocol was sought.

Marino and Nguyen had reported the synthesis of 5-triethylsilylpenta-1,3-diynol from bromo-

propargyl alcohol and triethylsilylacetylene in aqueous n-butyl amine in the presence of CuCl.299

The synthesis of the tri(ethynylene) homologue from bromopropargyl alcohol and triethylsilylbuta-

1,3-diyne 14 was conducted according to this protocol in aqueous n-butyl amine (30% (v/v)) in the

presence of CuCl (Scheme 3.16).

HO

a)

HO

Br TES

O

AcO

AcO

OAc

O

AcO

b)O

AcO

AcO

OAc

O

AcO

Br TES

4

7

Scheme 3.16. Synthesis of tri(ethynylene)s using the Cadiot-Chodkiewicz reaction. Reagents and Conditions:

a) triethylsilylbuta-1,3-diyne 14, CuCl, NH2OH·HCl, 30% aqueous n-butyl amine, 34%; b) triethylsilylbuta-

1,3-diyne 14, CuCl, NH2OH·HCl, n-butyl amine, DMF/THF, 23%.

The product was obtained in 34% yield after aqueous workup and column chromatography.

Consequently, these conditions were applied to the synthesis of 7’-triethylsilylhepta-2’,4’,6’-triynyl

2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside. A solution of 3’-bromoprop-2’-ynyl 2,3,4,6-tetra-O-

acetyl-β-D-glucopyranoside 7 in a mixture of DMF and THF was added dropwise to a solution of

triethylsilylbuta-1,3-diyne 14, n-butyl amine, and CuCl in a mixture of DMF and THF. After aqueous

workup and column chromatography, 7’-triethylsilylhepta-2’,4’,6’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside was obtained in 23% yield. In conclusion, the yields of the Cadiot-Chodkiewicz re-

actions were unsatisfying, and the protocols were generally impractical. For this reason, we refrained

from trying to optimize certain parameters and abandoned this route. Instead, conditions according

to the Sonogashira reaction were investigated (Scheme 3.17).

The Sonogashira reactions were generally carried out in THF with diisopropylamine (DIPA) as the

base and different combinations of palladium catalysts and copper co-catalysts (Table 3.1). The less

basic conditions allowed the use of TMS-substituted oligo(ethynylene) building blocks. We screened

many different conditions, selected examples of which will be discussed in the following (Table 3.1).
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Scheme 3.17. Attempts to optimize the reaction conditions to prepare 7’-trimethylsilylhepta-2’,4’,6’-triynyl

2,3,4,6-tetra-O-acetyl-β-d-glucopyranoside 1 using the Sonogashira protocol.

Table 3.1: Different conditions investigated in the Sonogashira reaction toward 1 according to Scheme 3.17.

Entry X Y Conditionsa Yield

1 H I a 23%

2 H I b 14%

3 H Br a 33%

4 H Br c 34%

5 H Br b 35%

6 H Br d 24%

7 H Br e 24%

8 H Br f 20%

9 H Br g 33%

10 H Br h 36%

11 H Br i 22%

12 I H a 16%

13 Br H a 7%

a Reagents and Conditions: a) 2 mol% PdCl2(PPh3)2, 10 mol% CuI, HN(i-Pr)2,

0 ◦C; b) 2 mol% Pd(PPh3)4, 10 mol% CuI, HN(i-Pr)2, 0 ◦C; c) 5 mol%

PdCl2(PPh3)2, 10 mol% CuI, HN(i-Pr)2, 0 ◦C; d) 2 mol% Pd(PPh3)4, 10 mol%

CuBr, HN(i-Pr)2, 0 ◦C; e) 2 mol% PdCl2(PPh3)2, 10 mol% CuBr, HN(i-Pr)2, 0 ◦C;
f) 10 mol% PdCl2(PPh3)2, 10 mol% CuBr, HN(i-Pr)2, 0 ◦C; g) 2 mol%

PdCl2(PPh3)2, 2 mol% CuBr, HN(i-Pr)2, NH2OH·HCl, 0 ◦C; h) 2 mol%

PdCl2(PPh3)2, 2 mol% CuI, HN(i-Pr)2, NH2OH·HCl, 0 ◦C; i) 3 mol% Pd2(dba)3,

2.5 mol% CuI, 1,2,2,5,5-pentamethylpiperidine, 20 mol% LiI, DMSO, room

temperature.

In an initial attempt, glycosylated propargyl alcohol 5 was reacted with 1-iodotrimethylsilylbuta-

1,3-diyne 9 in THF in the presence of DIPA, PdCl2(PPh3)2 and CuI (Table 3.1, entry 1). After

aqueous workup and column chromatography, the desired product was obtained in an unsatis-

factory yield of 23%. Changing the palladium catalyst to Pd(PPh3)4 gave rise to an even lower

yield of 14% (Table 3.1, entry 2). In order to address the different reactivities of iodine- versus
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bromine-terminated acetylenes, glycosylated terminal acetylene 5 was subsequently reacted with 1-

bromotrimethylsilylbuta-1,3-diyne 10 using DIPA, PdCl2(PPh3)2, and CuI (Table 3.1, entry 3). This

reaction furnished tri(ethynylene) 1 with an increased yield of 33% pointing at a favorable influence

of bromine-terminated reactants over iodine-terminated reactants. Increasing the amount of palla-

dium catalyst had an insignificant impact on the yield of the reaction (Table 3.1, entry 4) as did the

utilization of Pd(PPh3)4 (Table 3.1, entry 5), which led to the isolation of tri(ethynylene) 1 in 34% and

35%, respectively.

Furthermore, the influence of the nature of the copper co-catalyst was investigated. Thus, glyco-

sylated propargyl alcohol 5 was reacted with 1-bromotrimethylsilylbuta-1,3-diyne 10 in the presence

of DIPA, Pd(PPh3)4, and CuBr (Table 3.1, entry 6). The desired product 1 was isolated in 24% yield af-

ter aqueous workup and column chromatography. Switching the palladium catalyst to PdCl2(PPh3)2

(Table 3.1, entry 7) left the yield unchanged, and using an increased amount of PdCl2(PPh3)2 led to the

isolation of 1 in 20% yield (Table 3.1, entry 8). Since all Sonogashira reactions afforded large amounts

of the homocoupling product of starting material 5 despite the thorough exclusion of oxygen, we at-

tempted to decrease the formation of this homocoupling product by the addition of NH2OH·HCl,

which is frequently used in Cadiot-Chodkiewicz reactions. Hence, reaction of the glycosylated termi-

nal acetylene 5 with 1-bromotrimethylsilylbuta-1,3-diyne 10 in the presence of DIPA, PdCl2(PPh3)2,

CuBr, and NH2OH·HCl afforded tri(ethynylene) 1 in 33% yield (Table 3.1, entry 9). With CuI as co-

catalyst, a slightly increased yield of 36% was observed (Table 3.1, entry 10). As the addition of

NH2OH·HCl increased the yield of the desired heterocoupling product again insignificantly, the re-

action parameters were changed more drastically. Applying the reaction conditions developed by

Cai and Vasella,259 glycosylated propargyl alcohol 5 was reacted with bromodi(ethynylene) 10 in the

presence of Pd2(dba)3, CuI, 1,2,2,5,5,-pentamethylpiperidine and LiI in DMSO. However, the desired

tri(ethynylene) 1 was isolated in a disappointingly low yield of 22% (Table 3.1, entry 11).

Finally, upon permutation of the terminal acetylene and the haloacetylene functionalities, the

yield of model compound 1 dropped below 20% using glycosylated iodopropargyl alcohol 6 as the

starting material (Table 3.1, entry 12), while it dropped to an unacceptable 7% when glycosylated

bromoacetylene 7 was employed (Table 3.1, entry 13). In conclusion, Sonogashira reaction proved

unsuitable for the preparation of the precursor molecules for carbonaceous materials despite con-

siderable efforts to optimize the conditions. All employed protocols furnished the TMS-protected

tri(ethynylene) model compound 1 in yields below 40%, which rendered the reaction unattractive.

Moreover, the side product formation was a serious issue in the palladium and copper-catalyzed reac-

tions. Large amounts of the homocoupling product were isolated which often was the major product.

Furthermore, the latter two reactions (Table 3.1, entries 12 and 13) furnished the dehalogenated, gly-
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cosylated propargyl alcohol 5 as a side product (Figure 3.3). The isolation of 5 as a side product indi-

cated a scrambling of the halogen functionality in the Sonogashira reactions. Possibly, di(ethynylene)

11 was formed as a side product when the halogen-terminated di(ethynylene)s 9 and 10 were used,

although it was not isolated because of its high volatility. This scrambling of the functionalities may

have also been linked to the formation of the homocoupling and self-coupling products. In summary,

all conditions attempted with the Sonogashira protocol furnished the tri(ethynylene) 1 in disappoint-

ing yields of less than 40%.
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Figure 3.3. In the reaction of the glycosylated iodoacetylene 6, the glycosylated, terminal acetylene 5 was

isolated as a side product.

For this reason, the Sonogashira protocol was abandoned and a more drastic change of the condi-

tions was attempted using the Negishi reaction. Despite its wide-spread use in sp–sp2 heterocoupling

reactions, only few examples of a direct use in sp–sp heterocoupling reactions were reported, as dis-

cussed in Section 1.3.247,248,263–267 Nevertheless, an optimization of the conditions to furnish model

compound 1 was conducted (Scheme 3.18, Table 3.2).
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Scheme 3.18. Negishi reaction to afford 7’-trimethylsilylhepta-2’,4’,6’-triynyl 2,3,4,6-tetra-O-acetyl-β-d-

glucopyranoside 1. Reagents and Conditions: a) i) n-butyl lithium Y = H; MeLi·LiBr Y = TMS; ii) ZnCl2.

In an initial attempt, trimethylsilylbuta-1,3-diyne 11 was deprotonated with n-butyl lithium, and

the resulting lithium acetylide was transferred to ZnCl2by transmetalation. Pd(PPh3)4 and glycosy-

lated iodopropargyl alcohol 6 were added, and the desired TMS-substituted tri(ethynylene) 1 was

isolated in 17% yield after column chromatography. After this first experiment had demonstrated

the principle feasibility of the Negishi reaction, the direct preparation of the required zinc diacetylide

from 1,4-bis(trimethylsilyl)butadiyne 8 exploiting the selective monodesilylation with MeLi·LiBr and

subsequent transfer to ZnCl2 by transmetalation was investigated. Thus, MeLi·LiBr was added to

1,4-bis(trimethylsilyl)butadiyne in THF, and the resulting solution was stirred overnight. ZnCl2 was

added to this solution, and the resulting mixture was again stirred overnight. Pd(PPh3)4 and gly-

cosylated iodine-substituted acetylene 6 were added, and tri(ethynylene) 1 was obtained in 23%

yield after column chromatography. The possibility to prepare the required zinc diacetylide di-

rectly from stable 1,4-bis(trimethylsilyl)butadiyne 8 rendered the Negishi reaction very attractive,

since the preparation and storage of the unstable compounds trimethylsilylbuta-1,3-diyne 11 and 1-

bromotrimethylsilylbuta-1,3-diyne 10 would be avoided following this pathway. However, uncertain-

ties about the yield as well as the rate of the desilylation reaction led us to investigate the MeLi·LiBr-

promoted monodeprotection of 1,4-bis(trimethylsilyl)butadiyne as well as the subsequent transfer to

ZnCl2 in more detail.

1H NMR spectroscopy revealed that both processes were completed within minutes after the ad-

dition of the respective reagents (Figure 3.4). Thus, directly after the addition of MeLi·LiBr to 1,4-

bis(trimethylsilyl)butadiyne in THF-d8 in an NMR tube, only a tiny peak of the starting material at

0.217 ppm was observed. Instead, the spectrum displayed two peaks at 0.091 ppm and 0.034 ppm,

which were shifted upfield with respect to the peak of the starting material. The new peaks were as-

signed to the formed lithium diacetylide and tetramethylsilane and remained unchanged over 12 h

(Figure 3.4 C). Upon addition of ZnCl2 to this mixture, again only two peaks were observed in the

1H NMR spectrum which remained unchanged over 12 h. The peak which had previously been as-

signed to tetramethylsilane remained unchanged, while the peak at 0.091 ppm experienced a down-

field shift to 0.114 ppm, indicating a complete transmetalation reaction.
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the reaction sequence. b) 1,4-Bis(trimethylsilyl)butadiyne I was c) transformed into the corresponding lithium

diacetylide II using MeLi·LiBr. d) Subsequent addition of ZnCl2 then yielded zinc diacetylide III. All reactions

were completed within minutes after addition of the reagents at room temperature.
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Thus, both steps for the preparation of the required zinc diacetylide were shown to proceed com-

pletely within a few minutes at room temperature, which shortened the reaction protocol consider-

ably. For synthetic purposes, however, MeLi·LiBr as well as ZnCl2 were added at 0 ◦C, and the reaction

mixture was allowed to warm to room temperature over at least 30 min.

Encouraged by the possibility to prepare the required zinc diacetylide in situ within one hour from

the stable 1,4-bis(trimethylsilyl)butadiyne 8, we now considered to optimize the conditions of the

Negishi coupling using 8 as oligo(ethynylene) reactant (Table 3.2).

Table 3.2: Optimization of the conditions of the Negishi reaction toward 1 using MeLi·LiBr and ZnCl2
according to Scheme 3.18.

Entry X Conditionsa Yield

1 I a 23%

2 I b 30%

3 I c 40%

4 Br c 73%

5 Br d 26%

6 Br e 48%

7 Br f 80%

a Reagents and Conditions: a) 5 mol% Pd(OAc)2, 10 mol% 2-dicyclohexylphosphino-2’,6’-diiso-

propoxybiphenyl, THF, 0 ◦C to room temperature; b) 5 mol% PdCl2(dppf)·DCM, THF, 0 ◦C to

room temperature; c) 5 mol% PdCl2(dppf)·DCM, THF/tol (3/7 v/v), 0 ◦C; d) 5 mol%

NiCl2(dppf)·DCM, THF/tol (3/7 v/v), 0 ◦C; e) 5 mol% PdCl2(dppf)·DCM, THF/tol (3/7 v/v),

50 ◦C; f) 10 mol% PdCl2(dppf)·DCM, THF/tol (3/7 v/v), 0 ◦C.

Hence, glycosylated iodopropargyl alcohol 6 was reacted with the zinc diacetylide in THF in the

presence of Pd(OAc)2 and 2-dicyclohexylphosphino-2’,6’-diisopropoxybiphenyl (RuPhos) as a report-

edly very active catalytic system in Negishi heterocoupling reactions (Table 3.2, entry 1).300 The

product, however, was isolated in an unsatisfactory yield of 23%. A screening of different available

catalysts revealed that PdCl2(dppf)·DCM as a bidentate ligand increased the yield to 30%, which

was attributed to an accelerated reductive elimination (Table 3.2, entry 2). Subsequently, the same

reaction was conducted in the less polar solvent mixture of THF and toluene (3:7 v/v), which fur-

nished tri(ethynylene) 1 in 40% yield after column chromatography (Table 3.2, entry 3). When

bromine-terminated acetylenes were used instead of iodine-terminated acetylenes, the reaction pro-

ceeded much slower, but the tri(ethynylene) model compound 1 was isolated in a very good yield
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of 73% (Table 3.2, entry 4). Furthermore, we rationalized that the use of NiCl2(dppf) instead of

PdCl2(dppf)·DCM might increase the reaction rate as the Ni metal center was more electron deficient

(Table 3.2, entry 5). However, the reaction of glycosylated bromoacetylene 7 with the zinc diacetylide

in the presence of NiCl2(dppf) afforded tri(ethynylene) 1 in a disappointing yield of 26%. Instead, in

order to further increase the reaction rate, the mixture was heated to 50 ◦C (Table 3.2, entry 6), which

afforded the desired product 1 in 48% yield together with numerous side products. Finally, the reac-

tion was carried out using an increased amount of catalyst at 0 ◦C, which provided the TMS-protected,

glycosylated tri(ethynylene) 1 in 80% yield in the reasonable time frame of 24 h (Table 3.2, entry 7).

In conclusion, a novel synthetic protocol for carbon sp–sp heterocoupling reactions in high yields

based on the Negishi reaction was developed. To this end, several protocols were tested in a bench-

mark reaction for their feasibility to prepare the glycosylated model compound 1 in high yields under

mild conditions. The Cadiot-Chodkiewicz reaction proved insuitable for our purposes. Despite con-

siderable efforts to optimize the conditions of Sonogashira-type reactions, no protocol was found

which furnished the model compound 1 in a yield of more than 36%. The Negishi reaction finally

yielded the desired product in the very high yield of 80% if bromoacetylenes were reacted in an apo-

lar solvent mixture in the presence of PdCl2(dppf)·DCM. Together with the fact that the required zinc

acetylide could be prepared in situ from stable 1,4-bis(trimethylsilyl)butadiyne 8, this result repre-

sented an important milestone for the preparation of functionalized oligo(ethynylene)s as molecular

precursors for the preparation of carbon-rich materials.

3.1.6 Rationalization of the Observed Side Product Formation

Palladium-catalyzed heterocoupling reactions are often plagued by the formation of side products.

The most common side products observed in these reactions are the homocoupling product, which is

formally derived from the reaction of two terminal acetylenes, and the so-called self-coupling prod-

uct, which is formally derived from the reaction of two halogen-terminated acetylenes. During the

optimization of the conditions of the different heterocoupling reactions in this thesis, the aforemen-

tioned side products were frequently observed and were, in some cases, even the major products.

Moreover, a dehalogenation of the starting material was observed both for the Sonogashira reaction

and the Negishi reaction (Scheme 3.19, Figure 3.5).

For the Sonogashira reaction, the dehalogenation was observed only when the glycosylated iodo-

and bromoacetylenes 6 and 7 were used as the starting materials, but a dehalogenation of the iodo-

and bromodi(ethynylene) 9 and 10 could not be excluded since the resulting dehalogenated product

11 was very volatile. For the Negishi reactions, a dehalogenation was observed when the glycosy-

lated iodoacetylene 6 was used as the starting material both in THF and in a less polar mixture of
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THF and toluene. When the glycosylated bromoacetylene 7 was used as the starting material, the de-

halogenated product was observed only when the reactions were conducted in THF, while it was not

observed for reactions in a mixture of THF and toluene.

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0

13
.0

8

0.
66

1.
03

1.
02

1.
07

1.
86

0.
84

0.
99

1.
02

1.
00

2.
00

2.
02

2.
05

2.
08

2.
46

2.
46

2.
47

3.
69

3.
70

3.
71

3.
72

3.
73

3.
73

3.
74

3.
75

4.
11

4.
12

4.
15

4.
16

4.
24

4.
25

4.
28

4.
30

4.
36

4.
37

4.
50

4.
76

4.
78

4.
98

5.
00

5.
01

5.
03

5.
06

5.
09

5.
12

5.
20

5.
23

5.
27

7.
26

2.402.452.50

2.
46

2.
46

2.
47O

AcO

AcO

OAc

O

AcO
H

Figure 3.5. 1H NMR spectrum of the isolated scrambling product isolated in the Negishi reaction starting

from iodoacetylene 6.
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A possible explanation for the observed dehalogenation as well as the formation of the side prod-

ucts might be a scrambling of the functionalities of the two acetylene reactants. This scrambling

might be facilitated by an equilibrium in the transmetalation reaction in combination with a slow

reductive elimination. Thus, in the commonly accepted catalytic cycle, oxidative addition yields the

palladium complex I to which the second reactant is transferred by transmetalation to afford palla-

dium complex II (Scheme 3.20, black arrows).
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Scheme 3.20. Rationalization of the side product formation observed in the Pd catalyzed heterocoupling

reactions. In the commonly accepted catalytic cycle (black arrows), oxidative addition of palladium to a

halogen-terminated acetylene (R) results in complex I to which the zinc acetylide (R’) is transferred by trans-

metalation yielding complex II. Reductive elimination then results in the desired heterocoupling product and

an active PdL2 species. However, if a fast transmetalation equilibrium is present (red arrows), the reverse

transmetalation reaction yields a new complex of type I which bears the former zinc acetylide (R’) as the single

acetylide ligand. Transmetalation of another equivalent of the initial zinc acetylide (R’) yields a palladium

complex of type II with two equal acetylide ligands (R’, R’) which gives rise to the so-called homocoupling

product upon reductive elimination. The reverse transmetalation also yields an additional zinc acetylide with

the same end group as the halogen-terminated acetylide (R). Transmetalation of this species to the palladium

complex of type I derived from the oxidative addition of the halogen-terminated acetylene (R) to palladium

yields another palladium complex of type II (R, R), which affords the so-called selfcoupling product upon re-

ductive elimination. Finally, a premature aqueous workup of the reaction mixture yields the terminal acetylenes

as side products.

Reductive elimination then yields the desired heterocoupling product as well as a PdL2 species for

the next catalytic cycle. A slow reductive elimination and a fast transmetalation equilibrium would

result in a scrambling of the reactant functionalities (Scheme 3.20, red arrows). Since both ethynyl lig-

ands of palladium complex II are equivalent, two different palladium complexes I with one of the two
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alkynyl ligands can result from the reverse transmetalation reaction. At the same time, this gives rise

to a novel zinc acetylide that, upon workup, yields the dehalogenated side product. Moreover, this

scrambling of the ethynyl ligands by the reverse transmetalation reaction may serve to explain the

commonly observed side products in palladium-catalyzed reactions. The different conceivable com-

binations of the resulting two different palladium complexes I with the two different zinc acetylides

yield the heterocoupling product, the homocoupling product, and the self-coupling product after

transfer of the respective ethynyl ligand from zinc to palladium by transmetalation and subsequent

reductive elimination. In the case of statistical combinations of the palladium complexes I and the

zinc species, the product distribution is expected to be 2:1:1 for the heterocoupling product, the ho-

mocoupling product and the selfcoupling product, as was reported by Negishi.264 However, differ-

ences in the steric demand or the electronic properties of the ethynyl ligands are likely to alter this

product distribution.

In our case, the use of bromine-terminated acetylenes in combination with apolar solvent mix-

tures apparently shifted the position of the equilibrium to the product side and, hence, suppressed

the scrambling reaction, possibly due to a binding of Zn(II) in clusters. As a result, the desired hetero-

coupling product was obtained in good yields, and side product formation was prevented effectively.

With this effective protocol for the preparation of oligo(ethynylene)s in sp–sp heterocoupling reac-

tions in hands, the longer glycosylated oligo(ethynylene)s were synthesized, as will be reported in the

next section.

3.1.7 Synthesis of Higher Glycosylated Oligo(ethynylene)s

Different series of glycosylated oligo(ethynylene)s were prepared, which demonstrated the potential

and limitations of the protocol developed in the course of this thesis. In this section, the synthesis

of three different series of glycosylated oligo(ethynylene)s will be presented. Firstly, the synthesis of

homologues of the unsymmetric TMS-substituted model compound 1 up to the penta(ethynylene)

will be described, followed by the synthesis of a related, unsymmetric hexa(ethynylene). Secondly,

a series of symmetric, diglycosylated oligo(ethynylene)s up to the octa(ethynylene) using members

of the first series as the starting materials will be described. Due to the large number of functional

groups in the target molecules, their synthesis was expected to be a challenging task.

For the synthesis of the series of glycosylated, TMS-substituted oligo(ethynylene)s, we relied on

1,4-bis(trimethylsilyl)butadiyne 8 as a reactant and prepared a bromine-terminated, glycosylated

di(ethynylene) as well as a tri(ethynylene) as suitable substrates for the Negishi coupling to longer

homologues. Thus, 5-trimethylsilylpenta-1,3-diynol 12 was glycosylated with β-D-glucopyranoside

pentaacetate 2 in the presence of BF3·OEt2 in DCM (Scheme 3.21). Recrystallization from ethanol
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Scheme 3.21. Synthesis of 5’-trimethylsilylpenta-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-d-glucopyranoside.

Reagents and Conditions: a) 12, BF3·OEt2, DCM, 79%.

furnished 5’-trimethylsilylpenta-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 23 in 79%

yield.

Conversion into the corresponding bromide was achieved by treatment of 23 with AgF and

N-bromosuccinimide in MeCN according to a procedure developed by Kim and coworkers

(Scheme 3.22).261
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Scheme 3.22. Synthesis of glycosylated, bromine-terminated di(ethynylene) and tri(ethynylene) building

blocks 24 and 25 according to a modified literature procedure by Kim and coworkers.261 Reagents and

Conditions: a) AgF, NBS, MeCN, quant. (n = 2); 98% (n = 3).

Precipitation into deionized water then afforded 5’-bromopenta-2’,4’-diynyl 2,3,4,6-tetra-

O-acetyl-β-D-glucopyranoside 24 in quantitative yield as a glycosylated, bromine-terminated

di(ethynylene) building block. Accordingly, the reaction of 1 with AgF and N-bromosuccinimide in

MeCN furnished the bromine-terminated tri(ethynylene) homologue 7’-bromohepta-2’,4’,6’-triynyl

2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 25 in 98% yield after precipitation into water. Precipi-

tation into water was the best purification method for these two compounds, as further purifica-

tion steps resulted in the formation of side products due to a unique reactivity of the glycosylated,

bromine-terminated oligo(ethynylene)s in the solid state which will be discussed in more detail in a

separate section (Section 3.3).

With the two glycosylated, bromine-terminated oligo(ethynylene) building blocks 24 and 25 as

well as 1,4-bis(trimethylsilyl)butadiyne 8 as the reactants in a Negishi reaction, the glycosylated, TMS-

protected tetra- and penta(ethynylene) homologues were prepared (Scheme 3.23).

Thus, 1,4-bis(trimethylsilyl)butadiyne 8 was treated with MeLi·LiBr and ZnCl2, and the re-

sulting solution was transferred to a suspension of 24 and PdCl2(dppf)·DCM in toluene. Col-

umn chromatography furnished 9’-trimethylsilylnona-2’,4’,6’,8’-tetraynyl 2,3,4,6-tetra-O-acetyl-β-D-



3 Results and Discussion 65

O

AcO

AcO

OAc

O

AcO

a) TMSO

AcO

AcO

OAc

O

AcO

Br
n+2n

n = 2

n = 3

n = 2

n = 3

24

25

26

27

Scheme 3.23. Negishi reaction affording 9’-trimethylsilylnona-2’,4’,6’,8’-tetraynyl 2,3,4,6-tetra-O-acetyl-

β-d-glucopyranoside 26 and 11’-trimethylsilylundeca-2’,4’,6’,8’,10’-pentaynyl 2,3,4,6-tetra-O-acetyl-β-d-

glucopyranoside 27. Reagents and Conditions: a) 8, MeLi·LiBr, ZnCl2, PdCl2(dppf)·DCM, THF/tol (3/7

v/v), 0 ◦C, 45% (n = 2); 13% (n = 3).

glucopyranoside 26 in 45% yield. Similarly, the reaction of 1,4-bis(trimethylsilyl)butadiyne 8 af-

ter treatment with MeLi·LiBr and ZnCl2 with 25 afforded 11’-trimethylsilylundeca-2’,4’,6’,8’,10’-

pentaynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 27 in 13% yield after column chromatography

(Scheme 3.23). The decreasing yields for the longer homologues of this glycosylated TMS-protected

oligo(ethynylene) series indicated that the molecular design was inadequate for the preparation of

longer oligo(ethynylene)s. Presumably, the steric demand of the TMS group was insufficient to

stabilize long oligo(ethynylene)s and, therefore, we decided to employ the larger triisopropylsilyl

group for the preparation of longer oligo(ethynylene)s. This hypothesis was tested by employing

1-triisopropylsilyl-6-trimethylsilylhexatriyne 22 for the synthesis of a glycosylated, TIPS-substituted

hexa(ethynylene) using the optimized conditions. Fast and quantitative cleavage of the TMS group

upon treatment of 22 with MeLi·LiBr was expected while the TIPS group would remain unharmed

due to the much lower stability of the TMS group upon hydrolysis. Accordingly, the reaction of

7’-bromohepta-2’,4’,6’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 25 with 1-triisopropylsilyl-

6-trimethylsilylhexatriyne 22 after treatment with MeLi·LiBr and ZnCl2 using the conditions of the

optimized Negishi protocol (Table 3.2, entry 7) afforded 13’-triisopropylsilyltrideca-2’,4’,6’,8’,10’,12’-

hexaynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 28 in an improved yield of 34% after column

chromatography, demonstrating the importance of the stabilization of the precursor molecules by

bulky protecting groups (Scheme 3.24).

In addition to this series of unsymmetric, glycosylated oligo(ethynylene)s, also several

symmetric, glycosylated oligo(ethynylene)s were prepared from the unsymmetric TMS-protected
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Scheme 3.24. Synthesis of hexa(ethynylene) 28 using the Negishi reaction. Reagents and Conditions: a)

TIPS–(C≡C)3–TMS 22, MeLi·LiBr, ZnCl2, PdCl2(dppf)·DCM, THF/tol (3/7 v/v), 0 ◦C, 34%.
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oligo(ethynylene)s after desilylation in order to compare the spectroscopic properties of the two dif-

ferent series (see Section 3.2). Thus, treatment of TMS-protected di(ethynylene) 23 with tetrabuty-

lammonium fluoride (TBAF) in THF afforded the terminal di(ethynylene) 29 in 86% yield after re-

crystallization from ethanol (Scheme 3.25).
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Scheme 3.25. Desilylation of the glycosylated, unsymmetric oligo(ethynylene)s 23, 1, 26. Reagents and

Conditions: a) TBAF, THF, 0 ◦C, 29 86%; b) i) AgNO3, DCM, MeOH, ii) KI, 30 89%; 31 yield not determined.

The reaction of TBAF with the glycosylated, unsymmetric tri(ethynylene) 1, however, resulted in

a black, insoluble material even when the reaction was carried out at –78 ◦C, which is why a milder

alternative was established. The desilylation of 1 was achieved using AgNO3 in a mixture of CH2Cl2

and MeOH. After quenching with KI, the terminal tri(ethynylene) 30 was obtained in 89% yield. Fi-

nally, the reaction of the TMS-protected tetra(ethynylene) 26 with AgNO3 in a mixture of CH2Cl2 and

MeOH afforded the corresponding terminal tetra(ethynylene) 31, which, however, carbonized upon

evaporation of the solvent and was, therefore, not isolated.

The terminal oligo(ethynylene)s 29, 30, and 31 were subsequently homocoupled using Glaser-

Hay conditions (Scheme 3.26). Thus, the reaction of penta-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-

D-glucopyranoside 29 with CuCl and N,N,N’,N’-tetramethylethylenediamine (TMEDA) in CH2Cl2

under air afforded the symmetric tetra(ethynylene) 32 in 86% yield. Treatment of the terminal

tri(ethynylene) 30 with CuCl and TMEDA in CH2Cl2 furnished the symmetric hexa(ethynylene) 33

in 51% yield. Since the terminal tetra(ethynylene) 31 could not be isolated, a freshly prepared catalyst

mixture of CuCl and TMEDA in CH2Cl2 was added to a solution of 31 in a mixture of ethyl acetate and

hexanes obtained after a crude workup of 31. Symmetric octa(ethynylene) 34 was obtained in 58%

yield after column chromatography.
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Scheme 3.26. Synthesis of glycosylated, symmetric oligo(ethynylene)s. Reagents and Conditions: a) CuCl,

TMEDA, DCM, 32 97%, 33 51%, 34 58%.



3 Results and Discussion 67

The symmetric tetra(ethynylene) 32 as well as the symmetric hexa(ethynylene) 33 could also be

prepared from the TMS-protected molecules in a one-pot procedure (Scheme 3.27).
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Scheme 3.27. One-pot procedure for the preparation of the symmetric oligo(ethynylene)s 32 and 33.

Reagents and Conditions: a) i) AgF, MeCN, ii) CuBr2, TMEDA, 95% (n = 2), 72% (n = 3).

Thus, AgF was added to 23 or 1 in MeCN, and the mixture was stirred until thin layer chromatog-

raphy showed that all trimethylsilyl-protected oligo(ethynylene) had been converted into the corre-

sponding silver acetylide. Subsequent addition of CuBr2 then afforded the corresponding symmetric

glycosylated oligo(ethynylene)s 32 and 33 in 95% and 72% yield, respectively. The combination of

the desilylation using AgF with the homocoupling reaction in a one pot procedure represents a very

mild and convenient pathway for the synthesis of symmetric oligo(ethynylene)s from TMS-protected

precursor molecules. Moreover, the isolation of potentially unstable terminal oligo(ethynylene)s can

be avoided, which often hampers the preparation of symmetric oligo(ethynylene)s. Furthermore, it

may be possible to extend this protocol to other transformations.

In addition to the symmetric and unsymmetric glycosylated molecules bearing silyl protecting

groups at the end of the oligo(ethynylene) chain, also compounds equipped with a terminal dode-

cyl residue were synthesized that were envisioned to form stable films at the air-water interface after

deacetylation due to their increased amphiphilicity. In addition to the increase in hydrophobicity,

the dodecyl chain allows for a tight packing which was anticipated to be problematic for the syn-

thesis but was a desired feature for the self-assembly at the air-water interface. At first, a series of

oligo(ethynylene)s up to the tetra(ethynylene) was prepared using the available building blocks as

well as commercially available tetradec-1-yne (Scheme 3.28), which we later attempted to extend up

to the penta- and hexa(ethynylene).

Following the optimized protocol for the Negishi heterocoupling reactions, the required zinc

acetylide was prepared by deprotonation of tetradec-1-yne with n-butyl lithium in a mixture of

toluene and THF followed by the addition of ZnCl2. After transfer of this solution to a mix-

ture of glycosylated bromoacetylene 7 and PdCl2(dppf)·DCM in toluene, the dodecyl-substituted

di(ethynylene) 35 was obtained in 73% yield after column chromatography. The reaction of tetradec-

1-yne with the glycosylated, bromine-terminated di(ethynylene) 24 afforded the dodecyl-terminated

tri(ethynylene) homologue in the palladium-catalyzed heterocoupling of zinc tetradec-1-ynylide and



68 3.1 Synthesis of Amphiphilic Oligo(ethynylene)s

O

AcO

AcO

OAc

O

AcO

a)O

AcO

AcO

OAc

O

AcO

Br
nn

n = 1

n = 2

n = 3

n = 1

n = 2

n = 3

7

24

25

35

36

37

Scheme 3.28. Synthesis of a series of glycosylated, dodecyl-terminated oligo(ethynylene)s for investi-

gations at the air-water interface. Reagents and Conditions: a) tetradec-1-yne, n-butyl lithium, ZnCl2,

PdCl2(dppf)·DCM, THF/tol, 0 ◦C, 73% (n = 1), 60% (n = 2), 46% (n = 3).

24 in 60% yield after column chromatography (Scheme 3.28). Using the same Negishi protocol, the re-

action of zinc tetradec-1-ynylide and glycosylated, bromine-terminated tri(ethynylene) 25 furnished

the unsymmetric, glycosylated tetra(ethynylene) 37 in 46% yield after column chromatography

(Scheme 3.28). Similar to the development of the yields in the series of TMS-protected glycosylated

oligo(ethynylene)s, the product yields decreased with an increasing length of the oligo(ethynylene)

chain of the dodecyl-terminated target molecules. The reason presumably was an insufficient

stabilization of the target molecules due to the small alkyl end group, which, however, was de-

sired for the investigations at the air-water interface and rendered the synthesis of longer, dodecyl-

terminated homologues a challenging task. Furthermore, a new building block was required for

the synthesis of the penta- as well as the hexa(ethynylene), since also the stability of the longer

glycosylated, bromine-terminated oligo(ethynylene)s decreased drastically (see Section 3.3). For

this purpose, 1-trimethylsilyloctadeca-1,3,5-triyne 39 was prepared from 1-bromotetradec-1-yne

38 and 1,4-bis(trimethylsilyl)butadiyne 8 in a palladium-catalyzed Negishi heterocoupling reaction

(Scheme 3.29).
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Scheme 3.29. Synthesis of a dodecyl-terminated tri(ethynylene) building block. Reagents and Conditions:

a) AgNO3, NBS, MeCN, quant.; b) 1,4-bis(trimethylsilyl)butadiyne, MeLi·LiBr, ZnCl2, PdCl2(dppf)·DCM,

THF/tol, 0 ◦C, 95%.

In a first step, tetradec-1-yne was brominated using AgNO3 and N-bromosuccinimide in MeCN,

which afforded bromoacetylene 38 in quantitative yield after extraction with pentane. In the

subsequent palladium-catalyzed heterocoupling reaction between compound 38 and the zinc

acetylide derived from 1,4-bis(trimethylsilyl)butadiyne 8, the separation of the desired product 1-

trimethylsilyloctadeca-1,3,5-triyne 39 from the side product of the reduction of the palladium cat-

alyst precursor, 1,8-bis(trimethylsilyl)octa-1,3,5,7-tetrayne, proved to be very difficult. Due to al-
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most identical Rf values of these two compounds, a separation by column chromatography was not

achieved, and purification by distillation was complicated by the sensitivity of the products towards

heat. Therefore, the formation of the side product during the reaction was avoided by reduction of

the palladium catalyst precursor PdCl2(dppf)·DCM with n-butyl lithium before the zinc acetylide was

added. Thus, the reaction of 1,4-bis(trimethylsilyl)butadiyne after treatment with MeLi·LiBr as well

as ZnCl2 and 1-bromotetradec-1-yne 38 in the presence of PdCl2(dppf)·DCM after reduction with n-

butyl lithium furnished tri(ethynylene) 39 in 95% yield after column chromatography. Tri(ethynylene)

39 was subsequently used in the envisioned syntheses of tricosa-2’,4’,6’,8’,10’-pentaynyl 2,3,4,6-tetra-

O-acetyl-β-D-glucopyranoside 40 and pentacosa-2’,4’,6’,8’,10’,12’-hexaynyl 2,3,4,6-tetra-O-acetyl-β-

D-glucopyranoside 41 (Scheme 3.30).
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Scheme 3.30. Attempted syntheses of the glycosylated, dodecyl-terminated penta- as well as

hexa(ethynylene). Reagents and Conditions: a) MeLi·LiBr, ZnCl2, PdCl2(dppf)·DCM, THF/tol, 0 ◦C.

In order to prevent the formation of extensive amounts of a potentially unstable bis(dodecyl)-

substituted hexa(ethynylene), the Pd catalyst precursor was again reduced using n-butyl lithium be-

fore addition of the reactants, as already described above. Thus, 1-trimethylsilyloctadeca-1,3,5-triyne

39 was desilylated using MeLi·LiBr at –78 ◦C followed by the addition of ZnCl2. PdCl2(dppf)·DCM

was reduced using n-butyl lithium, and the zinc tri(ethynylide) as well as 5’-bromopenta-2’,4’-diynyl

2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 24 were added. Column chromatography afforded a

fraction which contained the contaminated product tricosa-2’,4’,6’,8’,10’-pentaynyl 2,3,4,6-tetra-O-

acetyl-β-D-glucopyranoside 40 according to high resolution mass spectrometry and 1H NMR spec-

troscopy. Yet, attempts to further purify this compound remained unsuccessful. Similarly, col-

umn chromatography of the crude product of the reaction between the tri(ethynylene) 39 after

treatment with MeLi·LiBr as well as ZnCl2 and 7’-bromohepta-2’,4’,6’-triynyl 2,3,4,6-tetra-O-acetyl-

β-D-glucopyranoside 25 in the presence of PdCl2(dppf)·DCM afforded a fraction which, according

to 1H NMR spectroscopy, supposedly contained pentacosa-2’,4’,6’,8’,10’,12’-hexaynyl 2,3,4,6-tetra-O-

acetyl-β-D-glucopyranoside 41. However, all attempts to purify 41 failed, and the series of glycosy-

lated, dodecyl-terminated oligo(ethynylene)s was, thus, only synthesized up to the tetra(ethynylene).

In conclusion, glycosylated oligo(ethynylene)s up to the hexa- and the octa(ethynylene) were

prepared using the optimized conditions for the Negishi reaction as well as homocoupling proto-

cols. The successful synthesis of highly functionalized unsymmetric oligo(ethynylene)s up to the
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hexa(ethynylene) represented a remarkable achievement and demonstrated the potential of the

Negishi reaction in carbon sp–sp heterocoupling reactions. For this purpose, the steric demand of

the silyl protecting group was augmented, which helped to increase the yields of the unsymmetric

hexa(ethynylene). The low yields of the dodecyl-substituted glycosylated oligo(ethynylene)s indicate

the potential for a further optimization of the conditions. Moreover, a mild one-pot reaction for the

synthesis of symmetric diglycosylated oligo(ethynylene)s from TMS-protected precursors was devel-

oped, which allows to avoid the isolation of unstable terminal oligo(ethynylene)s.

3.1.8 Synthesis of Glycosylated Oligo(ethynylene)s on the Multi-Gram

Scale

Since the present PhD thesis aims at the preparation of carbon-rich materials from molecular precur-

sors, the possibility to prepare these precursors on the multi-gram scale was an important require-

ment. After the potential of the Negishi reaction had been demonstrated, we focused on the scale-up

of the reactions to the multi-gram scale as the last aspect in the synthesis of oligo(ethynylene)s. In this

section, the attempts to scale up the batch size of the reactions as well as changes in the molecular

design and the synthesis of a new series of unsymmetric molecules will be presented.

As a first step, the batch size for the synthesis of TMS-substituted tri(ethynylene) 1 was in-

creased up to the 10 g scale, since this compound represented an important intermediate for

the preparation of longer oligo(ethynylene)s. However, upon scale-up of the reaction of 1,4-

bis(trimethylsilyl)butadiyne 8 with glycosylated bromoacetylene 7 stepwise, a steady decrease in the

yield was observed (Table 3.3).

Table 3.3: Dependency of the yield of the reaction toward tri(ethynylene) 1 on increasing batch size.a

Batch Size [g]b Yield [%]

0.25 80

1 70

2 61

3 57

10 47

a The optimized conditions using

PdCl2(dppf)·DCM in a mixture of THF

and toluene at 0 ◦C were applied.
b Amount of starting material 7 used.
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While on a 250 mg-scale, tri(ethynylene) 1 was obtained in 80% yield, only 70% yield were isolated

with 1 g starting material. Increase of the scale to 2 g, 3 g, and finally 10 g of the glycosylated, bromine-

terminated starting material 7, the yield declined steadily to 47% for the 10 g-scale.

Since neither the utilization of increased amounts of Pd catalyst, nor more equivalents of the zinc

diacetylide, nor a reduction of the reaction temperature to –20 ◦C helped to increase the yields at

larger batch sizes, we rationalized that the molecular design may have to be altered. We surmised that

the methylene spacer between the oligo(ethynylene) moiety and the glycosidic head group might be

a “defective” element in the molecular design. Thus, due to the short methylene group, significant

steric strain is likely created at the active Pd metal center in the catalytic cycle, as the large glycosidic

ring is close to the Pd metal. Moreover, the oxygen atom at the acetal bond might effect an electronic

activation of the acetylene moiety. Both effects could play a role in the observed decrease in the yield

upon scale-up. Hence, we decided to substitute the short methylene spacer with a longer propylene

spacer in order to decrease a possible electronic activation and possibly reduce the imposed steric

hindrance due to the increased number of methylene groups.

The feasibility of this new design was tested in the synthesis of a TIPS-protected, glycosy-

lated hexa(ethynylene) on a multi-gram scale. Later on, a series of TIPS-substituted, glycosylated

oligo(ethynylene)s was envisioned to be synthesized. Thus, 4-pentyn-1-ol was glycosylated with β-

D-glucose pentaacetate 2 in the presence of BF3·OEt2 to afford pent-4’-ynyl 2,3,4,6-tetra-O-acetyl-

β-D-glucopyranoside 42 in 47% yield after column chromatography (Scheme 3.31). Bromination

of 42 using AgNO3 and N-bromosuccinimide in MeCN then afforded 5’-bromopent-4’-ynyl 2,3,4,6-

tetra-O-acetyl-β-D-glucopyranoside 43 in 93% yield after quenching with concentrated aqueous KCl

solution, filtration of the mixture, and precipitation of the filtrate into water (Scheme 3.31).
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Scheme 3.31. Glycosylation of 4-pentyn-1-ol and subsequent bromination to afford 5’-bromopenta-4’-ynyl

2,3,4,6-tetra-O-acetyl-β-d-glucopyranoside 43. Reagents and Conditions: a) 4-pentyn-1-ol, BF3·OEt2, DCM,

47%; b) i) AgNO3, N-bromosuccinimide, MeCN, ii) KCl, 93%.

Both reactions proceeded smoothly in batch sizes of up to 25 g. For the elongation of the

oligo(ethynylene) chain, the zinc acetylide derived from 1,4-bis(trimethylsilyl)butadiyne 8 was re-

acted with bromoacetylene 43 using the optimized Negishi conditions (Scheme 3.32).
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Scheme 3.32. Palladium-catalyzed heterocoupling to furnish 9’-trimethylsilylnona-4’,6’,8’-triynyl 2,3,4,6-

tetra-O-acetyl-β-d-glucopyranoside 44. Reagents and Conditions: a) 1,4-bis(trimethylsilyl)butadiyne,

MeLi·LiBr, ZnCl2, PdCl2(dppf)·DCM, THF/tol, 0 ◦C, 77%; b) Br–(C≡C)2–TMS, 2 mol% PdCl2(PPh3)2,

10 mol% CuI, HN(i-Pr)2, 0 ◦C, 51%.

Di(ethynylene) 8 was successively treated with MeLi·LiBr and ZnCl2, and the resulting mixture

was added to a suspension of PdCl2(dppf)·DCM and 43 in toluene. Column chromatography fur-

nished 9’-trimethylsilylnona-4’,6’,8’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 44 in a very

good yield of 77% on the 10 g-scale. For comparison, a Sonogashira heterocoupling reaction us-

ing PdCl2(PPh3)2, CuI, and DIPA was carried out between pent-4’-ynyl 2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside 42 and 1-bromo-4-trimethylsilylbuta-1,3-diyne 10 on a 500 mg-scale (Scheme 3.32).

Column chromatography afforded tri(ethynylene) 44 in 51% yield. Compared to the maximum yield

of 36% obtained in the Sonogashira reactions using 5 as starting material, this result proved the su-

periority of the propylene spacer compared to the methylene spacer. At the same time, it clearly

demonstrated the advantages of the Negishi heterocoupling protocol (Scheme 3.32).

Pursuing the route to the hexa(ethynylene), the next steps were the in situ desilylation-

bromination of the TMS-substituted tri(ethynylene) 44 followed by a palladium-catalyzed Negishi

reaction with tri(ethynylene) 22 to afford the glycosylated hexa(ethynylene) 46 (Scheme 3.33). Thus,

AgF and N-bromosuccinimide were added to a solution of 44 in MeCN. Precipitation into water

yielded 9’-bromonona-4’,6’,8’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 45 in 81% on the

multi-gram scale. As this compound was observed to decompose very rapidly in the solid state, it was

freshly prepared for each subsequent coupling step. In the final step toward the hexa(ethynylene),

1-triisopropylsilyl-6-trimethylsilylhexatriyne 22 was treated with MeLi·LiBr followed by ZnCl2 at 0 ◦C

to afford the zinc triacetylide which was transferred to a suspension of PdCl2(dppf)·DCM and 45 in

toluene (Scheme 3.33).
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Scheme 3.33. Synthesis of 15’-Triisopropylsilylpentadeca-4’,6’,8’,10’,12’,14’-hexynyl 2,3,4,6-tetra-O-acetyl-

β-d-glucopyranoside 46 from tri(ethynylene) 44. Reagents and Conditions: a) AgF, N-bromosuccinimide,

MeCN, 81%; b) TIPS–(C≡C)3–TMS 22, MeLi·LiBr, ZnCl2, PdCl2(dppf)·DCM, THF/tol, 0 ◦C, 55%.
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15’-Triisopropylsilylpentadeca-4’,6’,8’,10’,12’,14’-hexynyl 2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside 46 was obtained in 55% yield on the 500 mg-scale after column chromatogra-

phy. Increasing the batch size to 6.5 g of starting material furnished compound 46 in 43% yield.

Thus, using the optimized conditions for the Negishi heterocoupling reaction, bulky triisopropyl-

silyl protecting groups, and a propylene spacer, the synthesis of an unsymmetric, glycosylated

hexa(ethynylene) was achieved on the multi-gram scale. The possibility to prepare large quantities of

such a highly functionalized unsymmetric hexa(ethynylene) in large batches represented a notewor-

thy result since, commonly, these reactions are carried out on the milligram scale. Most importantly,

it represented a milestone for the preparation of functionalized carbon-rich nanostructures from

molecular oligo(ethynylene) precursors as it provided sufficient amounts of starting material.

Subsequent to the successful synthesis of hexa(ethynylene) 46, the complete series of

triisopropylsilyl-terminated glycosylated oligo(ethynylene)s from the di(ethynylene) to the

penta(ethynylene) was prepared in an analogous fashion (Scheme 3.34).
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Scheme 3.34. Synthesis of a series of TIPS-terminated, glycosylated oligo(ethynylene)s. Reagents and

Conditions: a) n-butyl lithium (R = H) or MeLi·LiBr (R = TMS), ZnCl2, PdCl2(dppf)·DCM, THF/tol, 0 ◦C,

87% (m = 2), 78% (m = 3), 51% (m = 4).

Thus, triisopropylethynylsilane was deprotonated with n-butyl lithium and subsequently treated

with ZnCl2. Palladium-catalyzed Negishi reaction of the resulting zinc alkynyl species with glycosy-

lated bromoacetylene 43 to afford the TIPS-substituted di(ethynylene) 47 in 87% yield (Scheme 3.34).

The tri(ethynylene) homologue was prepared in the analogous palladium-catalyzed heterocoupling

reaction of the zinc acetylide derived from 1-triisopropylsilyl-4-trimethysilylbutadiyne 18 with bro-

moacetylene 43. Column chromatography furnished TIPS-protected, glycosylated tri(ethynylene)

48 in 78% yield (Scheme 3.34). The analogous Negishi reaction of glycosylated bromoacety-

lene 43 with the tri(ethynylene) building block 22 afforded glycosylated tetra(ethynylene) 49

in 51% yield (Scheme 3.34). Finally, the penta(ethynylene) homologue 50 was prepared in

the palladium-catalyzed heterocoupling of 9’-bromonona-4’,6’,8’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside 45 with di(ethynylene) 18 (Scheme 3.35). Penta(ethynylene) 50 was thereby ob-

tained in 42% yield after column chromatography, which completed the series of glycosylated, TIPS-

protected oligo(ethynylene)s from the di(ethynylene) to the hexa(ethynylene).
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Scheme 3.35. Synthesis of penta(ethynylene) 50. Reagents and Conditions: a) TIPS–(C≡C)3–TMS 22,

MeLi·LiBr, ZnCl2, PdCl2(dppf)·DCM, THF/tol, 0 ◦C, 42%.

In addition to the TIPS-terminated amphiphilic precursors, the superior molecular design of

the propylene spacer was exploited for the preparation of the glycosylated, dodecyl-terminated

hexa(ethynylene) heptacosa-4’,6’,8’,10’,12’,14’-hexaynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside

51. We hoped to overcome the challenges of the synthesis of dodecyl-substituted hexa(ethynylene)s

experienced previously (Section 3.1.7) in this way and obtain a precursor for investigations of the

self-assembly and carbonization at the air-water interface (Scheme 3.36).
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Scheme 3.36. Synthesis of dodecyl-terminated hexa(ethynylene) 51. Reagents and Conditions: a) TMS–

(C≡C)3–n-C12H25 39, MeLi·LiBr, ZnCl2, PdCl2(dppf)·DCM, THF/tol, 0 ◦C, 21%.

Thus, 1-trimethylsilyloctadeca-1,3,5-triyne 39 was deprotected with MeLi·LiBr followed by the

addition of ZnCl2. The palladium-catalyzed heterocoupling of this zinc triacetylide with bromine-

terminated tri(ethynylene) 45 afforded the glycosylated hexa(ethynylene) 51 in 21% yield. Thus, the

optimized molecular design finally allowed for the successful synthesis of the glycosylated, dodecyl-

terminated hexa(ethynylene). The low yields, which were generally observed for the dodecyl-

terminated oligo(ethynylene)s, indicate that the conditions for these type of compounds need to be

optimized further.

3.1.9 Conclusions

In conclusion, glycosylated oligo(ethynylene)s up to the hexa(ethynylene) were synthesized on the

multi-gram scale. Both the large number of functional groups and the unusually large batch size

complicated the realization of this goal and rendered it a noteworthy accomplishment. To this end,

several hurdles had to be overcome, and different chemical protocols were modified, combined or

newly developed. The selective monodesilylation of bis(trimethylsilyl)-substituted di(ethynylene)s

was exploited for the preparation of various functionalized di(ethynylene)s and, ultimately, for the
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in situ preparation of zinc acetylide reactants. A novel protocol for carbon sp–sp heterocoupling re-

actions was developed based on the Negishi reaction, after many attempts to optimize the conditions

of the Cadiot-Chodkiewicz and the Sonogashira reaction had failed. With the latter procedure as a

mild and convenient protocol, different series of oligo(ethynylene)s were prepared. After changes

in the molecular design, the batch size was increased to allow for the preparation of glycosylated

oligo(ethynylene)s in acceptable to very good yields on a multi-gram scale. With the synthetically

challenging nature of the target molecules in mind, the obtained yields are exceptionally high.

Several questions remained unanswered during the development of the synthetic pathway, which

represent intriguing goals for future investigations but were deemed beyond the scope of this thesis.

A mechanism for the formation of the side product deacetylated in 4-position in the glycosylation

of 7 was not formulated. Moreover, more evidence or a detailed mechanistic study are required to

further support the proposed catalytic cycle for the Negishi reaction. The scope of the new Negishi

protocol has not yet been fully explored. Furthermore, the exact reasons for the beneficial influ-

ence of the longer propylene spacer compared to the methylene spacer in the molecular design need

to be elucidated. Finally, an optimization of the conditions for the synthesis of dodecyl-substituted

oligo(ethynylene)s is a desirable goal. Nevertheless, with the successful optimization of the hetero-

coupling reaction, an important milestone was achieved in this PhD thesis. The possibility to synthe-

size gram amounts of hexa(ethynylene) 46 laid the foundations for the investigation of the potential of

glycosylated hexa(ethynylene)s as molecular precursors for the preparation of carbon-rich materials.

3.2 Spectroscopic Properties of the Oligo(ethynylene)s

The spectroscopic properties of various series of homologous oligo(ethynylene)s have been investi-

gated by different research groups.205,207,208,255 The main interest in the study of these series was the

determination of saturation values for their spectroscopic properties in order to draw conclusions for

the properties of the parent polymer carbyne (C≡C)∞.

In the course of this PhD thesis, different homologous series of glycosylated oligo(ethynylene)s

were prepared. These three series, that is, the unsymmetric, TMS-protected compounds 23, 1, 26,

and 27, the unsymmetric, TIPS-protected compounds 47, 48, 49, 50, and 46 as well as the symmetric,

diglycosylated compounds 32, 33, and 34 were investigated by IR, Raman, UV/Vis, and 13C NMR

spectroscopy. The observed trends in the series were compared to each other as well as to published

results on related oligo(ethynylene) series. It should be noted, however, that the longest members of

the series of homologous oligo(ethynylene)s synthesized in this thesis are short in comparison to the

recent investigation of a series of substituted oligo(ethynylene)s up to the docosayne.208
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3.2.1 Vibrational and Optical Spectra of the Series of Oligo(ethynylene)s

Raman spectra of the unsymmetric, TIPS-substituted series were measured in the solid state and in

THF for the unsymmetric, TMS-substituted series as well as the symmetric series. In the νC≡C re-

gion, the Raman spectra of all series showed an intensive band between 2300 cm−1 and 2000 cm−1

(Figure 3.6 a, Table 3.4) except for the unsymmetric tri(ethynylene) homologues that showed two

similarly intense bands. The peaks of unsymmetric compounds from the different series with the

same number of conjugated triple bonds were located at almost identical positions indicating an in-

significant effect of the different silyl end groups on the position of the Raman absorption, while the

band of the symmetric hexa(ethynylene) was shifted by approximately 10 cm−1 to higher wavenum-

bers compared to the unsymmetric TIPS-substituted hexa(ethynylene). For all series the position

of the most intense band was shifted to smaller wavenumbers with an increasing number of con-

jugated triple bonds. Moreover, the intensity of the Raman band increased with an increasing

number of conjugated triple bonds in the two series of unsymmetric compounds, with the excep-

tion of penta(ethynylene) 50 the smaller intensity of which might result from an experimental er-

ror. These different observations made in the Raman spectra of the three series of glycosylated

oligo(ethynylene)s are in agreement with the observations reported in the literature.207,255,301

IR spectra were recorded in the solid state for the unsymmetric, TIPS-substituted series and from

KBr discs for the unsymmetric, TMS-substituted as well as the symmetric series. In the νC≡C region,

the IR spectra of all series showed absorptions between 2300 cm−1 and 2000 cm−1 (Figure 3.6 b, Ta-

ble 3.4). For all series, the absorptions experienced a shift to lower wavenumbers with an increasing

number of conjugated triple bonds. Additionally, the number of IR absorptions increased with an

increasing number of conjugated triple bonds. The IR absorptions of unsymmetric molecules with

different silyl substituents and an equal number of conjugated triple bonds occurred at identical po-

sitions. In a comparison of the position of the absorptions of symmetric compounds to unsymmetric

compounds with an equal number of conjugated triple bonds, no unambiguous trend toward a shift

to higher or lower wavenumbers was observed. Moreover, the most prominent band observed in the

Raman spectra was also displayed in the IR spectra of all series.

The described shift of the IR absorptions to smaller wavenumbers for an increasing number of

conjugated triple bonds is in agreement with the findings from the Raman spectra and matches ob-

servations from the literature.207,255 As for the Raman spectra, the correspondence of the position of

the absorption bands of unsymmetric molecules with an equal number of conjugated triple bonds

indicates that the different substituents have an insignificant effect on the position of the absorption.
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Figure 3.6. Overview of a) Raman, b) IR, and c) UV/Vis spectra of the different series of unsymmetric and

symmetric oligo(ethynylene)s.
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Table 3.4: Optical and vibrational spectroscopy data for the unsymmetric as well as the symmetric glycosylated

oligo(ethynylene)s.

UV/Visa Ramanb IRc

Compound End

Group

nd λmax/nm ε/ L mol−1 cm−1 νC≡C / cm−1 νC≡C / cm−1

47 TIPS 2 196 45000 2223 2104, 2224

48 TIPS 3 222 91000 2160, 2205 2074, 2164,

2210

49 TIPS 4 251 148000 2146 2059, 2139,

2211

50 TIPS 5 275 191000 2105 2047, 2103,

2171, 2212

46 TIPS 6 296 289000 2070 2038, 2069,

2165, 2208

23 TMS 2 n.d.e n.d.e 2222 2108, 2226

1 TMS 3 220 123000 2167, 2208 2081, 2168

26 TMS 4 232 355000 2147 2058, 2145,

2214

27 TMS 5 258 364000 2108 2050, 2112,

2176, 2214

32 CH2Gluf 4 239 247000 n.d. 2157, 2230

33 CH2Gluf 6 287 474000 2081 2079, 2170,

2199

34 CH2Gluf 8 326 504000 2028 2023, 2129,

2210

a UV/Vis spectra were recorded in MeCN.
b Raman spectra of the unsymmetric, TIPS-terminated compounds were recorded in the solid state. Raman

spectra of the TMS-terminated and the symmetric series were recorded in solution (THF).
c IR spectra of the unsymmetric, TIPS-terminated compounds were recorded in the solid state by attenuated total

reflection (ATR), and as KBr tablets for the TMS-terminated and the symmetric series.
d Number of conjugated triple bonds n.
e The absorbance of di(ethynylene) 23 was screened by the absorbance of the solvent MeCN.
f Glu = 2,3,4,6-tetra-O-acetyl-β-d-glucopyranoside.
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The presence of the dominating band from the Raman spectra in the IR spectra can be explained

with the lack of a center of symmetry for the unsymmetric compounds. The occurrence of a band

in the IR spectra at the same position as in the Raman spectra had been shown for symmetric bis-

adamantyl-substituted oligo(ethynylene)s to result from a nonlinear (bent) geometry of these com-

pounds,302 which might also be the case for the symmetric diglycosylated molecules.

UV/Vis spectra of the molecules of the different series were recorded in MeCN. The UV/Vis spectra

of the molecules of all series displayed several distinct maxima with different intensities (Figure 3.6 c,

Table 3.4). For all molecules, the longest wavelength absorption was the most intense. With an in-

creasing number of conjugated triple bonds, the spectra experienced a bathochromic shift. The en-

ergy differences between the adjacent maxima amounted to values between 1762 cm−1 to 2224 cm−1

for the different series (Figure 3.6 c). No clear increasing or decreasing trend, however, was ob-

served for the energy differences of consecutive adjacent bands. Furthermore, the influence of the

different end groups on the position of the longest wavelength absorption maximum was revealed

for the tetra(ethynylene)s of the three different series the absorption maxima of which were ob-

served at 251 nm, 232 nm, and 239 nm for the unsymmetric, TIPS-substituted, the unsymmetric

TMS-substituted, and the symmetric series of oligo(ethynylene)s, respectively.

The presented observations agree well with observations from the literature.205,207,208,255,303,304

The bathochromic shift of the spectra with an increasing number of conjugated triple bonds n has

often been reported and attributed to the narrowing of the HOMO-LUMO gap.205,207,208,255,304 The

different positions of absorption bands of dissimilarly substituted oligo(ethynylene)s with the same

number of triple bonds show the influence of the end groups on the HOMO-LUMO gap. Apparently,

an alkyl and a TIPS substituent induced the largest bathochromic shift, while a TMS and an OCH2

group induced the smallest bathochromic shift. The size of the energy difference between adjacent

maxima in the different spectra indicated that the different maxima represent transitions to different

vibrational states, as had been suggested before.304,305 The large variation of these values is probably

caused by the resolution of 1 nm of the recorded spectra, which might also be the reason for the

absence of a clear trend for these values.

In conclusion, the Raman, IR and UV/Vis spectra of the three different series of oligo(ethynylene)s

displayed a shift to lower energies with an increasing number n of conjugated triple bonds. The se-

ries of symmetric molecules differed from the two series of unsymmetric molecules that displayed

almost identical vibrational spectra, but different UV/Vis spectra which most likely results from the

different substituents of the oligo(ethynylene) chromophore. All findings agreed well with observa-

tions reported in the literature.
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3.2.2 Evaluation of the Optical Spectroscopy Data

For an evaluation of the data and the determination of a saturation value, several different methods

were employed. Based on the model of the harmonic oscillator for the electronic transitions and

combining the n oscillators with mass m of a system with n conjugated double bonds into one

oscillator with mass n · m, Lewis and Calvin derived a proportional relation between the square

of the absorption maxima λ2
max and the number n of conjugated double bonds of a series of ho-

mologous oligo(ethenylene)s.306 This equation described the absorptions both of oligoenes and

oligo(ethynylene)s very well, as shown by Walton, Hirsch and Gladysz.252,255,304 For the series investi-

gated in this thesis, the plots of λ2
max versus the number n of conjugated triple bonds showed a linear

correlation with a slope of k = 12.5 ·103 nm2, k = 9.1 ·103 nm2, and k = 12.3 ·103 nm2 for the unsym-

metric TIPS-substituted, TMS-substituted, and symmetric series of glycosylated oligo(ethynylene)s

(Figure 3.7 a). The values are in good agreement with reported values in the literature, which in

combination with the proportionality shows that the series is well described according to this sim-

ple model.
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Figure 3.7. a) Lewis-Calvin Plot of the UV/Vis absorption maxima of the three different homologous

oligo(ethynylene) series. b) Extrapolation from the plot of Eg versus 1/n to n=∞ yields a value of 379 nm

for the saturation wavelength of carbyne for the series of unsymmetric, TIPS-substituted molecules.

In order to determine the saturation absorption wavelength for the optical absorption of a con-

jugated system, several empirical equations have been used. Thus, for example, for the energy

E = hc/λmax of this optical transition, the simple relation

E = c0 + c1

n
(3.1)
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which can be regarded as the absolute and linear part of the infinite series

E = c0 + c1

n
+ c2

n2 + . . . (3.2)

has been used to describe experimental data and theoretically calculated values of homologous se-

ries of oligoenes with n conjugated double bonds and to determine the saturation value of these

series by extrapolating to n =∞.307–310 This method has also been frequently used to determine the

saturation energy for the optical transition of series of homologous oligo(ethynylene)s.205,207,255 The

saturation value of the series of glycosylated, unsymmetric, TIPS-substituted oligo(ethynylene)s was

subsequently determined using this relationship. A linear regression of the plot of the energy for the

optical transition versus 1/n modeled the data with a correlation factor of R2 = 0.973. Extrapolation

to n =∞ yielded a saturation value of 379 nm which is approximately 190 nm smaller than the values

published based on different series of oligo(ethynylene)s (Figure 3.7 b).205,207,255 Possibly, the data set

was too small for an extrapolation, and an alternative method was sought. Meier, Stalmach and Kol-

shorn suggested in their treatment of the effective conjugation length of conjugated oligomers two

further different approximation methods.310 Particularly for small data sets, a Padé approximation

was suggested to be superior to the linear approximation. For a triplet of data points E1, E2, and E3,

the energy E∞ for the saturation wavelength λ∞ is calculated in a Padé approximation as

E∞ =

E1 −E2 E1

E2 −E3 E2

E1 −E2 1

E2 −E3 1

(3.3)

Application of this equation to different triplets of λmax values of the complete data set of the TIPS-

substituted molecules yielded a saturation value for carbyne of 130 ≤λ∞ ≤ 2122 nm. Clearly, this

method proved inappropriate for our purposes, which is why an alternative fitting procedure was

tested. Meier and coworkers had developed in the above mentioned treatment an exponential fitting

which was recently used to fit a large homologous series of oligo(ethynylene)s.208,310 According to the

authors, the saturation value λ∞ is calculated as

λ(n) =λ∞− (λ∞−λ1)e−a(n−1) (3.4)

In this equation, n is the number of conjugated triple bonds, λ(n) is the maximum absorption wave-

length for the compound with n conjugated triple bonds, λ1 is the wavelength of the absorption max-

imum of a compound with one triple bond calculated according to equation 3.4, and the parameter a

is a measure for how fast saturation is reached. Using this approach, a saturation value of 560±340 nm

was calculated for carbyne.311 The large error of this value, however, showed the unreliability of this

approach.
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At last, an approximation introduced by Wegner and coworkers was used for an evaluation of the

UV/Vis spectroscopis data of the unsymmetric, TIPS-substituted series.312 Based on a model for

the absorptions in conjugated system developed by Kuhn,305,313 the authors fitted data for different

poly(diacetylene)s and a series of bis-tert.-butyl-substituted oligo(ethynylene)s according to:

E =V0 +
(

h2

4mL2
0

− V0

4

)
· 1

n +0.5
(3.5)

In this equation, h is Planck’s constant, m is the mass of the electron, L0 is the length one unit of

conjugation (one triple bond and one single bond), and n is the number of conjugated triple bonds.

0.0 0.1 0.2
1/(n + 0.5)

0.3 0.4 0.5 0.6
2

3

4

5

6

7

E/
 eV

Figure 3.8. a) Plot of the energy of the optical transition versus the number of triple bonds n +0.5. Ex-

trapolation of the linear regression of the energy of the optical transition from the tri(ethynylene) 48 to the

hexa(ethynylene) 46 to n=∞ yields a value of 480 nm for the saturation wavelength of carbyne for the series

of unsymmetric, TIPS-substituted molecules.

The parameter V0 is the amplitude of a sinusoidal potential which had been introduced by Kuhn to

correct for the differences in the bond length between triple and single bonds. The linear regression

of a plot of E versus 1/(n+0.5) modeled that data with an R2 value of 0.984. An extrapolation for n =∞
yielded a value of 420 nm for the saturation absorption which differs from the value of 496 nm sug-

gested by Wegner for oligo(ethynylene)s by 76 nm. However, without the value of the di(ethynylene)

47, a linear regression with an R2 value of 0.999 was obtained (Figure 3.8). Extrapolation to n = ∞
yielded a saturation value of 480 nm, that agrees fairly well with the value suggested by Wegner. In

fact, equation 3.5 agreed well with the data for the mentioned series of bis-tert.-butyl-substituted

oligo(ethynylene)s from the tetra(ethynylene) on, while the tri(ethynylene) clearly deviated from the

regression curve.312 It should be noted that the obtained value of 480 nm is very close to the saturation
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value of 486±5 nm determined by Tykwinski and coworkers for a series of symmetric bis(tris(3,5-di-t-

butylphenyl)methyl)-substituted oligo(ethynylene)s up to the docosayne determined using equation

3.4.

In summary, the UV/Vis spectroscopy data of the different series of oligo(ethynylene)s were well

described by the Lewis-Calvin plot which is an expected behavior of oligo(ethynylene)s. The series

of TIPS-substituted, unsymmetric oligo(ethynylene)s was further evaluated using different methods

and a saturation value for this series was determined. Using the equation suggested by Wegner,312

the values were accurately modeled and an extrapolation for the saturation value yielded a remark-

ably close agreement to the saturation value determined by Tykwinski for a symmetric series of

oligo(ethynylene)s.

3.2.3 NMR Spectroscopic Data of the Different Series

NMR spectra of the series of glycosylated TIPS-substituted unsymmetric molecules and the series

of symmetric molecules were measured in CD2Cl2, while the spectra of the series of glycosylated,

unsymmetric TMS-substituted compounds were measured in CDCl3.
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Figure 3.9. H,H COSY spectrum of di(ethynylene) 23 used for the assignment of the peaks. The inset shows

the full spectrum.
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Two-dimensional spectra of several compounds were recorded for an assignment of the re-

spective peaks, which showed that the carbohydrate peaks were very weakly affected by changes

in the oligo(ethynylene) moiety such as additional triple bonds or different terminal substituents.

As a representative example, the COSY and HMQC spectra of the glycosylated, TMS-substituted

di(ethynylene) 23 are given with an assignment of the carbohydrate peaks (Figure 3.9, Figure 3.10).

The acetylene carbon atoms were assigned based on their chemical shift as well as in comparison to

other compounds such as, for example, 1,4-bis(trimethylsilyl)butadiyne 8 and 10.

3.53.63.73.83.94.04.14.24.34.44.54.64.74.84.95.05.15.25.35.45.5
f2 (ppm)

55

60

65

70

75

80

85

90

95

100

f1
 (p

p
m

)

02468
f2 (ppm)

0

50

100

150

f1
 (p

pm
)

O

AcO

AcO

OAc

O

AcO
TMS

1
23

4
5

6

OCH2

H1H2H4H3 OCH2

OCH2

H6‘ H6‘‘ H5

C6

C4
C2
C5
C3

C1

Figure 3.10. C,H HMQC spectrum of di(ethynylene) 23 used for the assignment of the peaks. The inset

shows the full spectrum.

The positions of the peaks in the NMR spectra of the acetylene carbon atoms were strongly af-

fected by the different substituents (Figure 3.11). Thus, while resonances of acetylene carbon atoms

in the proximity of silyl end groups appeared above 80 ppm, acetylene carbon atoms in the proximity

of an –OCH2– group displayed peaks between 70 and 75 ppm, and the resonances of internal acety-

lene carbon atoms occurred between 60 and 65 ppm in good agreement with observations from the

literature.205,208,255,304 Thus, the internal carbon atoms of a very long oligo(ethynylene) chain are,

thus, likely to occur in the latter spectral region.

Moreover, the position of these peaks remained fairly constant within a series for both the un-

symmetric TMS-substituted molecules and the symmetric molecules. In contrast, for the series of
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unsymmetric TIPS-substituted molecules, the resonances of acetylene carbon atoms in the proxim-

ity of the TIPS group converged, and the resonances of acetylene carbon atoms in the proximity of an

–O(CH2)3– diverged, which demonstrated the strong influence of the end groups on the positions of

adjacent acetylene carbon atoms.

3.2.4 Conclusions

In conclusion, the spectroscopic properties of the synthesized series of oligo(ethynylene)s as ob-

served for the Raman, IR, UV/Vis, and 13C NMR spectra were in agreement with reported spectra

in the literature. For the vibrational and the optic spectra, a clear trend toward lower excitation en-

ergies with increasing number n of conjugated triple bonds was observed. The UV/Vis spectroscopic

data of the TIPS-substituted series was very precisely described by an equation derived by Wegner

and coworkers on the basis of a model for the electron gas in a dye developed by Kuhn.305,312,313 This

precise description suggested that an extrapolation to n =∞ within this model might yield a reliable

value for the saturation absorption. The value of 480 nm obtained with this model is very close to the

value of 485 nm reported by Tykwinski and coworkers for a series of symmetric oligo(ethynylene)s up

to the docosayne. The findings from 13C NMR spectra agreed very well to the observations reported in

the literature. The end groups were found to have a pronounced effect on the adjacent carbon atoms

while for longer homologues, a convergence of the resonances of the internal acetylene carbon atoms
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in the narrow region between 60 ppm and 65 ppm was observed, which suggests that the resonances

for carbyne are likely to occur in this area.

3.3 Solid-State Reactivity of Bromo-Oligo(ethynylene)s

Halogen-terminated oligo(ethynylene)s are known for their instability. The decomposition of di-

iododiacetylene and dibromodiacetylene in the course of days or hours, respectively, was described

already in 1930.314 Later on, crystals of pure diiododiacetylene were shown to decompose into

tetraiodobutatriene and ill-defined carbonaceous material over the course of several months,315

while co-crystals of diiododiacetylene with a suitable host gave rise to poly(diiododiacetylene)

in a 1,4-topochemical polymerization.215 However, the reactivity of bromine-terminated higher

oligo(ethynylene)s was limited to remarks about their explosiveness,255,295 and productive reactions

have not been reported to the best of our knowledge.
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Scheme 3.37. The three homologous bromine-terminated oligo(ethynylene)s 7, 24, and 25 displayed different

reactivities in the solid state.

In the course of the synthesis of amphiphilic oligo(ethynylene)s in this thesis, the homologous

glycosylated, bromine-terminated oligo(ethynylene)s 7, 24, and 25 were discovered to be increasingly

unstable in the solid state (Scheme 3.37). While monoacetylene 7 was a white, crystalline solid that

could be stored for weeks under ambient conditions without noticeable decomposition, thin layer

chromatography of samples of diacetylene 24 often showed a second, lower running spot after several

days at room temperature, and tri(ethynylene) 25 decomposed within days as evidenced by a baseline

spot on thin layer chromatography. In this section, the investigations on the solid-state reactivity of

the glycosylated, bromine-terminated oligo(ethynylene)s will be described.

Exposure of samples of 24 to UV irradiation or sunlight induced the formation of the decomposi-

tion product as evidenced by thin layer chromatography, which was isolated by column chromatog-

raphy and subsequently characterized by mass spectrometry, NMR spectroscopy, and X-ray crystal-

lography.

Thus, mass spectrometry of the isolated decomposition product of 24 revealed that 52 had pre-

cisely twice the mass of 24 (Figure 3.12). 1D and 2D NMR spectroscopy were subsequently used to
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Figure 3.12. Mass spectrum of the side product 52. The peak at 1001.0494 corresponds to [M+Na]+

(calculated for C38H42Br2NaO20: 1001.0513), the peak at 512.0198 corresponds to [M+2Na]2+ (calculated

for [C38H42Br2Na2O20]/2: 512.0206).

elucidate the structure of 52. Comparison of the 1H NMR spectrum of 52 with 24 showed a doubling

of the number of resonances characteristic of the carbohydrate protons H-1 (4.77 and 4.73 ppm), H-2

(5.04–4.98 ppm), H-3 (5.24–5.19 ppm), H-6’ (4.29–4.24 ppm), as well as of the aglyconic methylene

group (4.68–4.59 and 4.54 ppm) (Figure 3.13). The peaks of the aglyconic methylene group also ex-

perienced a downfield shift. Furthermore, the number of peaks of the ethanoyl methyl protons was

doubled. The doubling of the resonances in combination with the information from mass spectrom-

etry strongly suggested that an unsymmetric dimer had formed in which two glucose moieties were

situated in slightly different chemical environments.

In the 13C NMR spectrum of 52 compared to 24, the number of resonances characteristic of

the carbohydrate carbon atoms C-1 to C-5 as well as the aglyconic methylene group was doubled

(Figure 3.14). However, the peak of the carbohydrate carbon atoms C-6, the carbonyl carbon atoms

as well as the ethanoyl methyl carbon atoms were not doubled in number but broadened. Moreover,

two characteristic acetylene resonances at 42.4 ppm and 64.7 ppm had disappeared in the 13C NMR

spectrum of 52 in comparison to the spectrum of 24, while the other two acetylene resonances at

72.2 and 69.7 ppm experienced a downfield shift to 74.2 and 70.8 ppm. Additionally, six new peaks

appeared in the 13C NMR spectrum of 52, which showed couplings to the aglyconic methylene group

in the HMBC NMR spectrum and did not reveal any coupling to proton atoms in the HSQC NMR

(Figure 3.16, Figure 3.17). Three of these new resonances in the 13C NMR spectrum occurred at 86.2,

85.4, and 84.6 ppm which are expected values for acetylene carbon atoms.
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One further peak appeared at 99.8 ppm which was in almost perfect agreement with the value of

an acetylene carbon atom in poly(diacetylene).285 In the HMBC NMR spectrum, the protons of the

two aglyconic methylene groups each coupled with two and four of the six presumable acetylene car-

bons. The remaining two of the six new peaks occurred at 106.8 and 104.3 ppm, which were in good

agreement with the expected values for an (E)-configured, dibromo-substituted double bond.316

The doubling of the resonances of the carbohydrate peaks C-1 to C-5 as well as the aglyconic

methylene group observed in the 13C NMR spectrum complemented the doubling of the resonances

seen in the 1H NMR spectrum very well and corroborated the interpretation that an unsymmet-

ric dimer with two glucose moieties had formed. The sensitivity of the NMR spectrometer used

(101 MHz) was apparently not high enough to resolve the different chemical shifts of the carbon atom

C-6 as well as the carbonyl and ethanoyl carbon atoms. The drastic changes of the acetylene reso-

nances clearly showed that the aglyconic bromodiacetylene part had reacted to form a connection

between the two glucose moieties.

The position of four of the new resonances below 100 ppm in the carbon NMR spectrum and the

fact that they were not directly connected to hydrogen as evidenced by HSQC NMR spectroscopy
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Figure 3.16. HSQC NMR spectrum of the dimer 52. The inset shows the full spectrum.
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Figure 3.17. HMBC NMR spectrum of the dimer 52. The inset shows the full spectrum.

helped to identify them as acetylene resonances which yielded a total of six acetylene resonances,

taking the two acetylene resonances into account that had experienced a slight shift. The final two

new resonances located above 100 ppm were assigned by their characteristic position as well as the

lack of couplings in the HSQC NMR spectrum to an (E)-configured, dibromo-substituted double

bond. These findings suggested that the connection between the glucose moieties consisted of an

enetriyne structure. The coupling pattern observed in the HMBC NMR spectrum then allowed to

identify the structure of the connection of the two glucose moieties as an (E)-4,5-dibromodeca-4-ene-
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2,6,8-triyne. In conclusion, the structure of 52 was unambiguously elucidated by mass spectrometry

as well as 1D and 2D NMR spectroscopy as a diglycosylated (E)-4,5-dibromodeca-4-ene-2,6,8-triyne

(Scheme 3.38). The high selectivity of this reaction as well as the fact that a second, tritylphenolester-

substituted, bromine-terminated tri(ethynylene) was found to yield the same structural feature si-

multaneously in our group led us to investigate this reaction in more detail.317
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Scheme 3.38. Bromodiacetylene 24 dimerized in a presumably light-induced reaction.

X-ray crystallography was carried out to gain more insight into the structural aspects of this re-

action. Thus, single-crystalline specimen of 24 were obtained by slow evaporation of DCM from

DCM/heptane solutions at 4 ◦C. In most of the cases, compound 24 crystallized in a polymorph with

C2 space group, although in one case, a different polymorph with space group P212121 was isolated

(Figure 3.18). In both polymorphs of bromodiacetylene 24, the peracetylated glucose moieties and

the bromine-terminated diacetylenes were arranged into separate layers (Figure 3.18). Inside the di-

acetylene layers, the diacetylene moieties were organized into two independent arrays, and the iden-

a) b)

3.737 Å

3.753 Å

6.679 Å

3.858Å
6.693 Å

Figure 3.18. Structures of the two polymorphs of 24 crystallized in space groups C2 (a) and P212121 (b).

Crystal Data for 24: C19H21BrO10, monoclinic space group C2, Dc = 1.460 g cm−3, a = 28.107(5), b

= 6.6790(6), c = 13.398(2) Å, β = 117.776(13)◦, V = 2225.4(6) Å3, Z = 4, µ = 1.897 mm−1. R =

0.0539 [I>2σ(I)]; C19H21BrO10, orthorhombic space group P212121, Dc = 1.478 g cm−3, a = 7.2835(2), b

= 12.3657(4), c = 24.4205(10)Å, V = 2199.45(13) Å3, Z = 4, µ = 1.920 mm−1. R = 0.093 [I>2σ(I)].
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tity period of the diacetylenes within one such array amounted to 6.679 Å in the polymorph with C2

space group and to 7.283 Å in the polymorph with P212121 space group. Moreover, close contacts were

observed between carbon atoms of adjacent bromodiacetylenes in the two different arrays. While

the distances between the terminal carbon atoms in the polymorph in space group C2 amounted to

3.737 Å (C5-C5’) and 3.753 Å (C5-C4’), the smallest distance between acetylene carbon atoms in the

polymorph in space group P212121 amounted to 3.858 Å (C2-C4’) (Figure 3.18). The main difference

between the two polymorphs was the fact in the polymorph with space group P212121, two diacety-

lene rods of adjacent arrays exhibited close contacts over the entire length of the aglyconic moiety

resulting in a close proximity of the pairs of aglyconic carbon atoms C1-C5’, C2-C4’, C3-C3’, C4-C2’,

and C5-C1’. For the the polymorph with space group C2, only the aglyconic carbon atom C-5 was in

close proximity to carbons C-5’ and C-4’ of an adjacent diacetylene moiety (Figure 3.18).

Upon exposure to sunlight or UV irradiation of single-crystalline specimen of compound 24 crys-

tallized in space group C2, site disorder was observed in the diacetylene part of the crystal structure.

In fact, the reactivity of 24 was so high that disorder was observed even in non-irradiated speci-

men grown in the dark, which presumably resulted from a reaction induced by the X-rays during the

diffraction measurement. Taking the structure of 52 as determined by mass spectrometry and NMR

spectroscopy into consideration as an additional compound, the crystal structure was successfully

solved as a superposition of bromodiacetylene 24 and dimer 52. An overlay of the crystal structure of

52 with the crystal structure of 24 revealed that the glucose moieties virtually remained unchanged

at their original positions in the crystal during the reaction, while the two diacetylene fragments un-

derwent significant displacements (Figure 3.19). Investigations of the reactivity of the polymorph in

P212121 were hampered by difficulties to isolate this polymorph. In fact, all further attempts to obtain

this polymorph failed, and its reactivity could not be investigated.

Figure 3.19. Overlay of the crystal structure of 24 (blue) and dimer 52 (red).
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Density functional theory calculations conducted in collaboration with Dr. Tanya Yordanova in the

group of Prof. Clemence Corminboeuf at EPFL Lausanne were conducted in order to gain insight in to

the mechanism of this reaction. The geometric details obtained from the crystal structures were used

as boundary conditions for this dimerization. Preliminary results suggested that the crucial step in

the dimerization mechanism was a [2+1] photocycloaddition followed by a shift of one of the bromine

atoms, ring opening to an acyclic structure and, finally, shift of the second bromine atom to afford the

observed (E)-4,5-dibromodeca-4-en-2,6,8-triyne.

Dimer 52 was subsequently used in attempts to synthesize complex, carbon-rich

tetraethynylethenes (Scheme 3.39). For this purpose, the dimerization of compound 24 in the
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Scheme 3.39. Attempted Sonogashira reaction using dimer 52 as starting material. Reagents and Conditions:

a) triisopropylethynylsilane, CuI, PdCl2(PPh3)2, DIPA.

solid state was carried out on a 0.5 gram scale. A microcrystalline sample of 24 was irradiated with

UV light for a total of five minutes, which afforded dimer 52 in 76% yield after column chromatog-

raphy. In a subsequent Sonogashira reaction with triisopropylsilylethynylsilane in the presence of

PdCl2(PPh3)2, CuI and DIPA, no product formation was observed by thin layer chromatography,

and after heating to 50 ◦C overnight, only decomposition products were observed. Possibly, the

steric demands of the TIPS group and the glucose moiety were incompatible, which prevented the

reaction. To conclude, glycosylated bromodiacetylene 24 dimerized in the solid state selectively

to 52, which was exploited to prepare this compound on a preparative scale. The reactivity in the

solid state was so high that five minutes UV irradiation sufficed to reach at least 76% conversion.

During the reaction, the aglyconic diacetylene part underwent significant displacements, while

the glucose moieties remained at their positions. DFT calculations suggested that an initial [2+1]

photodimerization was the key step in this reaction. With these results in mind, we attempted to

generalize this reaction to longer, glycosylated bromine-terminated oligo(ethynylene) homologues,

particularly because a structurally unrelated bromotri(ethynylene) had been found to undergo the
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same solid-state reaction in our laboratory.

As mentioned earlier, the longer homologues displayed an increased reactivity compared to the

bromine-terminated diacetylene 24. Thus, while the bromine-terminated tetra(ethynylene) was even

too reactive to be isolated and analyzed, the bromine-terminated tri(ethynylene) 25 was obtained as

a brown solid which decomposed under ambient conditions. Upon recrystallization of 25 by slow

evaporation of DCM from DCM/heptane solutions, two types of crystals with dark brown and orange

color were typically obtained (Figure 3.20).

Figure 3.20. Photograph of a sample of crystalline specimen of bromine-terminated tri(ethynylene) 25. The

coexistence of crystals with two entirely different colors as well as the fact that only the orange crystals

diffracted suggested the formation of two different polymorphs only one of which was reactive.

The dark brown crystals did not diffract X-rays anymore and consisted of oligomers of 25 with an

average Mw of 5200 according to gel permeation chromatography and 1H NMR spectroscopy. The or-

ange crystals consisted of the monomer 25, were unreactive upon exposure to sunlight, and the crys-

tal structure was solved by X-ray single crystal structure analysis (Figure 3.21). The crystal structure

of 25 contained one molecule of DCM per unit cell and, similar to the crystal structure of 24, the

peracetylated glucose moieties and the tri(ethynylene) moieties were arranged into separate layers.

The tri(ethynylene) moieties formed two independent arrays, with an identity period of 6.693 Å in-

side each array. Close contacts of 3.829 Å between acetylene carbon atoms C-6 and C-6’ of adjacent

molecules in different arrays were observed. The tri(ethynylene) moieties of adjacent molecules in

different arrays showed close contacts between the aglyconic atoms C-7 and C-5’, C-6 and C-6’, as

well as C-5 and C-7’ (Figure 3.21). The reactivity of this polymorph was tested by prolonged exposure

to direct sunlight. However, even after 30 days in sunlight, no reaction of 25 was observed in this

crystal, which corroborated the unreactivity of this polymorph.

In conclusion, the glycosylated, bromine-terminated oligo(ethynylene)s displayed a remarkable

reactivity in the solid state. In the case of the di(ethynylene) 24, two polymorphs were isolated, one
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6.693 Å
3.829Å

Figure 3.21. Crystal structure of 25 viewed along the b axis. Crystal Data for 25: C43H44Br2Cl2O20,

monoclinic space group C2, Dc = 1.456 g cm−3, a = 27.5691(14), b = 6.6927(4), c = 14.4011(9)Å, β =

107.414(2)◦, V = 2525.4(3) Å3, Z = 2, µ = 1.777 mm−1. R = 0.066 [I>2σ(I)].

of which fulfilled the requirements for a dimerization to yield an (E)-1,2-dibromoethene in the solid

state, while the reactivity of the second polymorph remained uncertain. This reaction was subse-

quently exploited for the preparation of the (E)-1,2-dibromoethene on a preparative scale. A possible

geometric requirement for the dimerization reaction might be a close contact of the aglyconic carbon

connected to the bromine atom with the terminal triple bond of the reaction partner, as calcula-

tions had suggested a [2+1] photodimerization as the initial step. However, a more thorough analysis

with different compounds is required in order to determine the exact prerequisites for this solid-state

dimerization. The longer homologue 25 displayed an increased reactivity which resulted in the for-

mation of oligomers.

3.4 Global Deacetylation of the Precursor Molecules

In order to obtain amphiphilic oligo(ethynylene) precursor molecules that self-assemble in aqueous

media, the protected glycosylated oligo(ethynylene)s needed to be deacetylated. The major difficul-

ties were the fact that, after deacetylation, the molecules would be highly reactive due to the smaller

end group and display a tendency to aggregate in a fashion that would favor their carbonization.

Therefore, a solvent mixture needed to be found that was water-miscible on the one hand, in order

to allow for a direct processing of the molecules without evaporation of the solvent, but at the same
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time provided enough solubilizing power to molecularly disperse both the protected precursor and

the deacetylated amphiphilic molecules. Since the focus was put on hexa(ethynylene)s as reactive

molecules, the deacetylation of their peracetylated precursors 46 and 51 which were available in large

amounts, was investigated starting with the TIPS-protected hexa(ethynylene) 46 (Scheme 3.40).
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Scheme 3.40. Deacetylation of hexa(ethynylene)s 46 and 51. Reagents and Conditions: a) i) NaOMe,

solvent mixture, ii) Amberlite IR-120 (H+).

In order to obtain an amphiphilic system with moderate reactivity, a complete deprotection, that

is, the additional cleavage of the TIPS group in 46 was not considered. Thus, using a modified proto-

col according to the Zemplén de-O-acetylation,283 compound 46 was dissolved in a mixture of THF

and MeOH (1:1 v/v) at a concentration of 50 g L−1. Upon addition of catalytic amounts of sodium

methanolate (NaOMe), compound 46 degraded as evidenced by a color change of the solution from

yellow to dark green which darkened further over time and the observation of a black precipitate.

The solvent was then changed to a mixture of 1,4-dioxane and MeOH. Upon addition of NaOMe to a

solution of 46 in a mixture of 1,4-dioxane and MeOH (4:1, v/v) at a concentration of 5 g L−1, the color

of the solution remained yellow, and the formation of a second, low-running spot on thin layer chro-

matography was observed. After all starting material had been converted, as indicated by thin layer

chromatography, Amberlite IR-120 was added until the solution was neutral. The solution was sub-

sequently separated from the Amberlite resin by suction into a syringe using a thin needle. Column

chromatography then afforded the desired deacetylated oligo(ethynylene) 53 as a yellow oil.

In order to gain more insight into the deacetylation of 46, the progress of the reaction was fol-

lowed by 1H NMR spectroscopy (Figure 3.22). Thus, hexa(ethynylene) 46 was dissolved in a mixture

of 1,4-dioxane-d8 and CD3OD (4:1, v/v) and a spectrum before addition of NaOMe was recorded. Ini-

tial attempts had shown that the homogeneity of the magnetic field changed considerably upon the

addition of NaOMe. Thus, after addition of NaOMe, the field homogeneity was readjusted, and the

deacetylation reaction was monitored by 1H NMR spectroscopy. In the series of spectra after addition

of NaOMe compared to the spectrum before addition, a slight upfield or downfield shift was observed

for all peaks. The TIPS group remained unchanged, while the four acetate peaks coalesced over time

into one very intense peak resulting from the formation of methyl acetate. The peaks of the carbohy-

drate protons decreased steadily in intensity until they disappeared completely. Concurrently, new
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Figure 3.22. Monitoring of the deacetylation of 46. Upon addition of NaOMe, all of the resonances experience

a downfield or upfield shift. a) Spectral region from 5.3 to 2.3 ppm. b) Spectral region from 2.1 to 1.0 ppm.

The progress of the reaction is seen by the disappearance of the original carbohydrate and acetate peaks and

the appearance of new, coalescing carbohydrate peaks as well as the formation of methyl acetate.

peaks for the carbohydrate protons emerged at the positions expected from NMR spectra of 53. The

peaks of the alkyl linker also experienced a downfield shift. After approximately 40 min, the peaks of

the starting material had completely disappeared.

For synthetic purposes, a reaction time of around 60 minutes was required for the deprotec-

tion. Conveniently, 1,4-dioxane and MeOH are both water-miscible solvents such that the result-

ing organic solutions after neutralization were used as stock solutions for subsequent experiments

without further purification. The maximum concentration of peracetylated precursor 46 successfully

tested was 10 g L−1, which yielded organic stock solutions of 46 that were stable for weeks at room

temperature.

The insights gained in the deacetylation of 46 were then used in the deprotection of dodecyl-

terminated hexa(ethynylene) 51. The deacetylated amphiphile 54 was anticipated to be less stable

than 53 which is why an approach yielding a solution for the direct application on the water surface

was sought. Since an apolar solvent mixture was required for spreading the organic solutions on
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the water surface, peracetylated hexa(ethynylene) 51 was dissolved in a mixture of DCM and MeOH

(4:1, v/v) at a concentration of 5 g L−1. Monitoring of the deacetylation by thin layer chromatography

showed a second lower running spot which intensified over time until after approximately 3 h, the

spot of the starting material had disappeared.

1H NMR spectroscopy of the deprotection of 51 in a mixture of CD2Cl2 and CD3OD was subse-

quently carried out (Figure 3.23).

2.42.62.83.03.23.43.63.84.04.24.44.64.85.05.2 0.60.81.01.21.41.61.82.02.2

0 min

2 min 30s

11 h 4 min 38 s

3 h 2 min 19 s

x 3.5 x 1.0a) b)

Figure 3.23. Monitoring of the deacetylation of 51. Upon addition of NaOMe, all of the resonances experience

a downfield or upfield shift. a) Spectral region from 5.3 to 2.3 ppm. b) Spectral region from 2.2 to 0.5 ppm.

The progress of the reaction is seen by the disappearance of the original carbohydrate and acetate peaks and

the appearance of new, coalescing carbohydrate peaks as well as the formation of methyl acetate. Even after

extended measuring times, the reaction did not go to completion in the NMR tube.

The spectrum before addition of NaOMe was recorded in pure DCM, and the NaOMe was subse-

quently added as a solution in CD3OD (1 g L−1). Upon addition of NaOMe, all peaks experienced a

slight upfield or downfield shift, as had already been observed in the case of 46. The acetate peaks

coalesced to the single peak of methyl acetate over time, and the peaks of the carbohydrate protons
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disappeared slowly while new peaks appeared at similar chemical shifts as observed in the deprotec-

tion of 46. The peak of the alkyl linker at 2.45 ppm decreased while a new peak appeared at 2.51 ppm

emerged. The residual resonance of the alkyl linker remained unchanged. Apparently, no side prod-

ucts were formed during the reaction. However, the reaction proceeded much slower compared to

the deprotection of the TIPS-substituted hexa(ethynylene) 46, which may be explained by the forma-

tion of larger clusters of NaOMe in the mixture of DCM and MeOH as compared to the mixture of

1,4-dioxane and MeOH. Moreover, the reaction did not go to completion even after 11 h, which can

straightforwardly be attributed to the absence of stirring in the NMR tube. Reactions carried out on

the preparative scale in stirred flasks showed full conversion according to thin layer chromatography

after approximately 3 h. Hence, for synthetic purposes, the reactions were stirred for approximately

3 h before Amberlite IR-120 (H+) was added for a neutralization. The organic solution was then sep-

arated from the resin by suction into a syringe with a fine needle.

Thus, a simple protocol for the complete deacetylation of the protected hexa(ethynylene)s 46 and

51 was developed without noticeable decomposition of the obtained amphiphilie oligo(ethynylene).

This protocol yielded organic stock solutions which could be used directly for further investigations.

In the case of the TIPS-substituted hexa(ethynylene) 53, the solvents were water-miscible, as is ideal

for experiments in aqueous solution, and the resulting stock solutions were stable for weeks. A com-

plete deprotection of 53, including a cleavage of the TIPS group, was also investigated by other group

members,318 but an investigation was deemed to be beyond the scope of the present PhD thesis. For

the dodecyl-substituted hexa(ethynylene) 54, the stock solutions were in a water-immiscible, volatile

solvent ideal for subsequent experiments at the air-water interface, but the solutions had to be freshly

prepared for these experiments.
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3.5 Self-Assembly and Carbonization of the Molecular

Precursors in Aqueous Solution

The main goal of this thesis is the development of a novel pathway for the preparation of carbon-rich

nanostructures from reactive, molecular precursors with a controlled morphology and a controlled

surface functionalization (Figure 3.24).
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Figure 3.24. Schematic representation of a novel, wet-chemical pathway for the preparation of carbon-rich

nanostructures from molecular precursors. Reactive amphiphiles are envisioned to self-assemble into colloidal

aggregates in aqueous media which are then carbonized by a mild external stimulus.

Wet-chemical processes are a particularly interesting objective as they are easily scalable. In

order to prepare carbon nanostructures from molecular precursors in aqueous solution, reactive,

amphiphilic, molecular precursors are needed. These reactive amphiphiles are envisioned to self-

assemble into colloidal aggregates in aqueous media. Top-down methods may be used to further

modify the obtained colloids in order to, for example, control their size. A mild external stimulus

such as UV light or gentle heating is envisaged to carbonize the aggregates under retention of their

previously attained morphology. In this way, carbon-rich nanostructures would be prepared with a

controlled morphology as well as a controlled surface functionalization since the functional groups

of the employed amphiphiles should remain unaltered.

In order to achieve this goal, we intended to exploit the reactivity of amphiphilic

oligo(ethynylene)s for the controlled preparation of carbon-rich nanostructures. For this pur-

pose, a synthetic pathway for amphiphilic, glycosylated hexa(ethynylene)s as molecular precursors

had been devised as described before (Section 3.1), which had yielded stable organic solutions of

the amphiphilic, TIPS-substituted hexa(ethynylene) 53 and the amphiphilic, dodecyl-terminated
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hexa(ethynylene) 54. As the next step, the potential of these percursor molecules for the preparation

of carbon-rich nanostructures in aqueous solution or at the air-water interface was investigated.

In this section, the investigations of TIPS-substituted hexa(ethynylene) 53 in aqueous solution will

be described, which were carried out in close collaboration with Dr. Ruth Szilluweit and Dr. Martin

Fritzsche at EPFL. Initially, the aggregation and different methods for the carbonization of 53 were

studied by UV/Vis spectroscopy. The aggregates and the products obtained in these carbonization

reactions were subsequently investigated by electron microscopy (EM), dynamic light scattering

(DLS), small angle X-ray scattering (SAXS), X-ray photoelectron spectroscopy (XPS), and Raman

spectroscopy.

3.5.1 Aggregation in Aqueous Solution

3.5.1.1 Basic Investigation of the Aggregation Behavior

Prior to an investigation of the self-assembly of 53 in aqueous solution, the integrity of the

hexa(ethynylene) moiety was verified. A comparison of the UV/Vis spectrum of a sample of the

organic stock solution obtained after the deacetylation diluted in MeCN with the spectrum of the per-

acetylated precursor 46 in MeCN showed an identical fine structure with maxima at 296 nm, 280 nm,

and 265 nm (Figure 3.25). Apparently, the influence of the acetate groups on the hexa(ethynylene)

chromophore was negligible, and the oligo(ethynylene) moieties of the deprotected amphiphiles re-

mained intact in the stock solutions.

The organic stock solution of 53 was subsequently diluted with MilliQ water, resulting in an aque-

ous solution with a concentration of 2.9 mmol L−1 (containing 20% of a mixture of 1,4-dioxane/MeOH

4:1). The UV/Vis spectrum of a sample of this solution diluted in MilliQ water displayed significant

differences. Instead of the clearly resolved fine structure observed in the spectra of the molecularly

dispersed hexa(ethynylene) 53 in MeCN, a broad absorption from approximately 350 nm to 210 nm

with poorly resolved maxima at 309 nm, 288 nm, 274 nm, and 248 nm was observed (Figure 3.25, red

line). When a sample of this aqueous dispersion was redissolved in MeCN, the resulting UV/Vis spec-

trum displayed again the clearly resolved vibronic fine structure of the molecularly dispersed com-

pound 53 (Figure 3.25, blue line). These findings showed that 53 reversibly self-assembled in aqueous

media without carbonization in the absence of an external stimulus.
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Figure 3.25. a) UV/Vis spectra of the peracetylated hexa(ethynylene) 46 in MeCN (black line) and the

deacetylated, amphiphilic hexa(ethynylene) 53 in MeCN (green line). b) UV/Vis spectra of the deacetylated

hexa(ethynylene) 53 in MeCN (black line) and in water (red line). A sample of the latter aqueous suspension

was subsequently diluted with MeCN (blue line).

The morphology of the aggregates was investigated by cryo-TEM conducted by Dr. Ruth Szilluweit

and Davide Demurtas at EPFL. Cryo-TEM images of an aqueous dispersion of 53 at a concentration of

2.9 mmol L−1 (containing 20% 1,4-dioxane:MeOH 4:1) showed the aggregation of 53 into multilamel-

lar vesicles with diameters from 20 nm to 100 nm (Figure 3.26 a, b). Occasionally, smaller vesicles were

encapsulated by larger ones (Figure 3.26 b). The membrane thickness was determined to approxi-

mately 4–5 nm from the micrographs, which is longer than the extended length expected for a single

molecule of about 2.7 nm (Figure 3.27), but shorter than the combined lengths of two molecules. Dis-

regarding uncertainties from the limited resolution of the microscope, this suggests the presence of

bilayer lamellae in which the molecules partially interdigitate or are tilted with respect to the layer

normal. Furthermore, AFM images of a freshly prepared aqueous dispersion of 53 at a concentra-

tion of 2.9 mmol L−1 (containing 20% of a mixture of 1,4-dioxane/MeOH 4:1) drop-cast onto a mica

substrate showed terraces with a step height of 3.5–4 nm (Figure 3.26 c). The measured step height

agreed well to the membrane thickness estimated from the cryo-TEM images. As the vesicles had not

been carbonized yet, they presumably ruptured on the surface to yield flat lamellae.

The formation of vesicles from 53 was rationalized on the basis of the packing parameter intro-

duced by Israelachvili.319 In his model, Israelachvili established the packing parameter P as a simple

criterion to predict the type of structure that will be attained by a given amphiphile from the ratio of
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Figure 3.26. a), b) Cryo-TEM and c) AFM images of the vesicles formed from hexa(ethynylene) 53 in

aqueous solution. a), b) Uni- and multilamellar vesicles with a membrane thickness of approximately 4-5 nm

were observed which occasionally encapsulated each other. c) When a sample of an aqueous dispersion was

drop-cast onto a mica surface, the vesicles presumably ruptured on the surface and formed terraces with a

step height of 3.5–4 nm(height scale bar from –15 nm to 15 nm). d) Height profile corresponding to the AFM

image in c) along the indicated line.
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Figure 3.27. Molecular model of hexa(ethynylene) 53. a) Overall length of the molecule. b) and c) The radii

of the TIPS group and the glucopyranoside moiety both approximately amounted to 3Å.

the volume v per amphiphile versus the surface area a0 of the hydrophilic head group per amphiphile

and the length of the alkyl chain lc :

P = v

a0lc
(3.6)

According to this model, micelles are obtained if the packing parameter P of the amphiphile in

question equals 1/3, while amphiphiles assembling into lamellar structures, such as vesicles dis-

play a packing parameter P of 1. In this context, short single chain glycolipids such as n-octyl-β-

D-glucopyranoside were found to aggregate into micelles in aqueous solution,269,320 which is in good

agreement with the expectations based on the packing parameter. Evaluation of the glycosylated

oligo(ethynylene) 53 investigated here on the basis of the packing parameter showed that both the

TIPS group at the end of the oligo(ethynylene) moiety and the non-hydrated glucose head group
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have a cross-section of approximately 28 Å2. The equal values of the cross-sectional area of the am-

phiphilic head group and the lipophilic tail suggested a packing into lamellar structures. The miss-

ing degrees of conformational freedom of the hexa(ethynylene) moiety of 53 in comparison to the

flexible alkyl chains assumed in the model by Israelachvili amplify the tendency of amphiphile 53 to

pack into a lamellar arrangement as this is the only conceivable space-filling packing for such rigid,

dumbbell-shaped molecules. Moreover, a tilted arrangement of the molecules 53 in these structures

is anticipated in order to reduce the distance between the hexa(ethynylene) rods and, thus, maximize

the stabilization of the self-assembled structures by van der Waals interactions. Hence, in agreement

with a value for the packing parameter of P = 1, 53 formed vesicles.

In summary, hexa(ethynylene) 53 was found to reversibly self-assemble in aqueous media without

carbonization by an external stimulus. In agreement with a prediction based on its packing parameter

P , 53 aggregated into vesicles. Thus, multilamellar vesicles with a wide range of sized were observed

in which 53 presumably formed bilayers.

3.5.1.2 Vesicles with Tailored Sizes

Extrusion of aqueous dispersions containing vesicles through a polycarbonate membrane with pores

of the desired size is a common top-down technique to prepare unilamellar vesicles with a uniform

size.321,322 Three different samples of an aqueous solution of 53 at a concentration of 2.9 mmol L−1

(containing 20% 1,4-dioxane:MeOH 4:1) were extruded through polycarbonate membranes with

30 nm, 50 nm, and 100 nm pores, respectively. Investigations of the obtained dispersions by cryo-

TEM revealed that unilamellar vesicles with a membrane thickness of approximately 4–5 nm as op-

posed to the multilamellar vesicles observed before were formed in all three cases. While, in the

sample extruded through 30 nm pores, unilamellar vesicles with a large distribution of sizes ranging

from 30 nm to 100 nm were observed (Figure 3.28 a), the samples extruded through 50 nm and 100 nm

pores showed unilamellar vesicles with more uniform diameters of 30–60 nm (Figure 3.28 b) and 90–

110 nm (Figure 3.28 c), respectively. Hence, the vesicles retained their bilayer arrangement but were

converted from multilamellar vesicles to predominantly unilamellar vesicles, as it had already been

observed for the extrusion of egg phosphatidylcholine vesicles.321 Furthermore, the cryo-TEM mi-

crographs suggested that the size adjustment was successful for the 50 nm and the 100 nm pores, but

not for the 30 nm pores.

Close inspection of the vesicles revealed that, while the 100 nm vesicles were almost circular in

cross-section, the 50 nm vesicles showed many flat membrane patches connected by kinks, and even

smaller vesicles did not have a “round” appearance but rather looked like cross-sections of polyhedra

(Figure 3.28). This tendency to form flat membrane patches was an unusual observation as vesicles
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50 nm 100 nm30 nm

a) c)b)

Figure 3.28. Cryo-TEM images of the vesicles obtained after extrusion through a polycarbonate membrane

with a) 30 nm pore size, b) 50 nm pore size, and c) 100 nm pore size. While the size appeared to be

successfully adjusted for the 50 nm and 100 nm pores, the 30 nm pores yielded a large distribution of diameters.

Moreover, after extrusion, predominantly unilamellar vesicles with the desired size and a membrane thickness

of approximately 4–5 nm were observed.

are commonly perfectly circular in cross-section, and indicated an increased curvature energy for the

vesicles formed from 53. Most likely, this increase in curvature energy was caused by the high rigid-

ity of the membrane which itself was a result of the rigidity of the oligo(ethynylene) moiety. Flexible

alkyl chains of typical lipids can bend onto themselves and, hence, maximize stabilizing van der Waals

interactions both intermolecularly and intramolecularly. The rigid oligo(ethynylene) segment, how-

ever, does not have any degree of conformational freedom and has to maximize the stabilizing van

der Waals interactions intermolecularly, which, for rigid rods, is easier to achieve in a flat environ-

ment than in a curved one. This may also be the reason for the unsuccessful size adjustment in the

case of the 30 nm pores. The imposed curvature may have been too high leading to a fast fission and

fusion of the colloidal aggregates and, thus, to the large range of diameters observed.

For an assessment of the size distribution of a large ensemble of the vesicles, DLS measurements

were conducted by Dr. Sreenat Bolisetty in a collaboration with the group of Prof. Raffaele Mezzenga

at ETH Zürich. Three aqueous dispersions of 53 at a concentration of 5.7 mmol L−1 (containing 30%

of a mixture of 1,4-dioxane/MeOH 4:1) were prepared, two of which were extruded through either

50 nm or 100 nm pores, respectively. The average hydrodynamic radius for the vesicles in the un-

treated solution amounted to Rh = 54± 4 nm with a polydispersity of 1.34. After extrusion through

a membrane with 50 nm pores, it amounted to Rh = 38±6 nm, and after extrusion through 100 nm

pores to Rh = 58±6 nm with polydispersities of 1.14 and 1.21, respectively (Figure 3.29). The observed
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Figure 3.29. Intensity distribution of the sizes of the vesicles obtained upon injection of the organic stock

solution into MilliQ water as determined by DLS (black curve), after extrusion through polycarbonate mem-

branes with 50 nm pores (blue curve), and 100 nm pores (red curve).

hydrodynamic radii are slightly larger than the values expected from the pore size used, which might

be caused by a hydration shell around the glycosylated vesicles that increased the apparent hydrody-

namic radius of the vesicles. Nevertheless, the hydrodynamic radii determined by DLS agree well with

the diameters observed in the cryo-TEM images (Figure 3.28 b, c). The decreased polydispersity of the

extruded samples compared to the untreated samples supported a successful size adjustment of the

vesicles. Thus, using a simple top-down method, the nature and the average diameter of the vesicles

were controlled resulting in uniform aggregates in aqueous media. This was an important step for the

preparation of carbon-rich nanostructures from molecular precursors with a defined morphology as

it allowed to exert control over the precursor aggregates.

3.5.2 Carbonization of the Aggregates

With the possibility to prepare spherical precursor aggregates with a controlled size using a combi-

nation of bottom-up self-assembly and top-down extrusion, a method to carbonize the aggregates in

aqueous solution while preserving their morphology was sought as the next step. For this purpose,

heat, UV irradiation, as well as a combination of heat and UV irradiation were investigated as external

stimuli.

3.5.2.1 Heat-Induced Carbonization

For the investigation of a possible heat-induced carbonization, an aqueous solution of 53 at a con-

centration of 2.2 mmol L−1 (containing 30% of a mixture of 1,4-dioxane/MeOH 4:1) was heated to
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Figure 3.30. a) UV/Vis spectrum of 53 in aqueous dispersion (black line) and after 24 h at 90 ◦C. b) SEM

and c) TEM images of the products obtained after heating of an aqueous dispersion of hexa(ethynylene) 53

to 90 ◦C for 24 h. As can be clearly seen, solid spheres with a broad size distribution are obtained.

90 ◦C for 24 h. The corresponding UV/Vis spectrum showed a drastic decrease in intensity of the ab-

sorptions at wavelengths shorter than 320 nm in combination with a small increase in intensity at

wavelengths longer than 320 nm without distinguishable maxima (Figure 3.30 a). This change in the

absorption spectra was tentatively interpreted as a reaction of the hexa(ethynylene) moiety of 53.

SEM and TEM images of the reaction products displayed solid spheres as opposed to the hollow

spheres that would have been expected for a carbonization under retention of the previously attained

morphology. These results are very similar to the preparation of carbon nanospheres from symmet-

ric tetra(ethynylene) amphiphiles reported by Olesik and Ding, who observed films in their aqueous

solutions that were not stable during the heat treatment, melted into droplets, and then underwent

carbonization.236 Most likely, the vesicles formed in our case were not stable at 90 ◦C, either, and

melted into droplets that carbonized to yield solid spheres. Since the previously assembled mor-

phology was not retained when the aqueous dispersions were carbonized by heating, this method of

carbonization was not further explored.

3.5.2.2 UV-Induced Carbonization

For the investigation of a carbonization by UV irradiation, two different samples of 53 in aqueous

solution at concentrations of 2.2 mmol L−1 (containing 30% of a mixture of 1,4-dioxane/MeOH 4:1)

and 2.9 mmol L−1 (containing 20% of a mixture of 1,4-dioxane/MeOH 4:1) were irradiated with UV

light either for 2 h at room temperature or for 24 h at 1 ◦C. Moreover, a third sample with a concen-

tration of 2.9 mmol L−1 (containing 20% of a mixture of 1,4-dioxane/MeOH 4:1) was irradiated with
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Figure 3.31. a) UV/Vis spectra of 53 in aqueous dispersion (black line) and after 2 h UV irradiation at

room temperature (blue line). b) UV/Vis spectra of 53 in aqueous dispersion (black line) and after 24 h UV

irradiation at 1 ◦C (red line). c) UV/Vis spectra of 53 in aqueous dispersion (black line) and after 30 min UV

irradiation at 1 ◦C followed by 15 h heating at 90 ◦C (orange line).

UV light for 30 min at 1 ◦C followed by heating at 90 ◦C for 15 h. The UV/Vis spectra of the solution

irradiated at room temperature showed a drastic change after 2 h, while at 1 ◦C, the sample had to be

irradiated for 24 h for a significant change. The UV/Vis absorptions spectra of all solutions displayed

a drastic decrease in intensity at wavelengths below 320 nm (Figure 3.31). The UV irradiated samples

displayed a noticeable increase at wavelengths above 320 nm (Figure 3.31). The decrease in inten-

sity below 320 nm in the spectra for all samples as well as the increase above 320 nm for the samples

irradiated at 1 ◦C was again interpreted as a possible reaction of the hexa(ethynylene) moiety.

The morphology of the aggregates after the described treatments was investigated by electron mi-

croscopy. Cryo-TEM images of the sample irradiated with UV light at room temperature for 2 h as well

as the sample irradiated at 1 ◦C for 30 min followed by heating to 90 ◦C for 15 h showed dark round

objects which may result from flat discs or a projection of filled spheres (Figure 3.32 a-b). TEM micro-

graphs using uranyl acetate as a negative staining agent of the latter samples confirmed the presence

of filled distorted spheres (Figure 3.32 d). In sharp contrast, cryo-TEM images of the samples irradi-

ated for 24 h at 1 ◦C displayed distorted hollow spheres with a wall thickness of approximately 4 nm

(Figure 3.32 c), which was confirmed in negatively stained TEM images of these samples (Figure 3.32

e). The strong contrast observed inside the particles in the latter image presumably results from an

accumulation of uranyl acetate inside the vesicles or in a “dent” formed on top of the collapsed vesi-

cles.
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Figure 3.32. Cryo-TEM (a-c) and negatively stained TEM (d, e) images of the products obtained after

irradiating different aqueous dispersions of hexa(ethynylene) 53 with UV light under various conditions. a)

Filled carbon spheres were obtained after UV irradiation for 2 h at room temperature. b) UV irradiation at

1 ◦C for 30 min followed by heating to 90 ◦C for 15 h resulted in filled carbon spheres. c) UV irradiation at

1 ◦C for 24 h yielded hollow carbon spheres. Negatively stained TEM images of d) the samples obtained after

30 min UV irradiation at 1 ◦C and 15 h at 90 ◦C clearly revealed the presence of filled spheres, while e) the

samples prepared by irradiation of the aqueous dispersions for 24 h at 1 ◦C were found to be hollow. The

strong contrast inside the capsules probably results from an accumulation of uranyl acetate inside the capsules

or in a dent on top of the capsules.

Thus, while UV irradiation at room temperature and a combination of heat and UV irradiation

yielded filled spheres or discs, UV irradiation at 1 ◦C resulted in the formation of hollow capsules.

Apparently, the application of heat destroyed any previously attained morphology. In the case of UV
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irradiation, the loss of the morphology when the samples were irradiated without cooling may result

from a heating of the samples during the UV irradiation. Possibly the hexa(ethynylene) rods were

also preorganized in a more reactive arrangement at 1 ◦C. The observed flattening of the shell of the

particles may have resulted from a rigidification of the shell caused by the cross-linking. Furthermore,

the possible accumulation of uranyl acetate inside the vesicles upon staining indicated a potential

porosity of the particles which, however, needs to be further investigated.

3.5.2.3 Conclusions

The development of a carbonization method that would allow to preserve the morphology of the

precursors aggregates was a crucial goal for the preparation of carbon nanostructures with controlled

morphology. Heat, UV irradiation at room temperature, as well as a combination of UV irradiation

and heat were investigated and did not preserve the previously attained morphology of the aggregates

and presumably yielded solid spheres in all cases. When the aqueous dispersions were irradiated with

UV light at 1 ◦C, however, carbon nanocapsules were obtained. Thus, a carbonization method was

indeed found that allowed to prepare carbon-rich nanostructures under retention of the previously

assembled morphology.

3.5.3 Preparation of Carbon Nanocapsules with a Controlled Size

The bottom-up self-assembly of hexa(ethynylene) 53 into vesicles, the top-down size control via ex-

trusion through polycarbonate membranes and the UV irradiation at 1 ◦C were subsequently com-

bined to prepare carbon nanocapsules with a defined morphology, size, and surface functionaliza-

tion.

For these investigations, hexa(ethynylene) 53 was purified by column chromatography, the

fractions containing the product were lyophilized, and a stock solution of 53 was prepared at a con-

centration of 19.1 mmol L−1 in a mixture of 1,4-dioxane and MeOH (4:1). Using this solution, two

different aqueous dispersions of 53 at a concentration of 5.7 mmol L−1 (containing 30% of a mixture

of 1,4-dioxane/MeOH 4:1) were extruded through polycarbonate membranes with 50 nm pores and

100 nm pores, respectively, and one half of the respective solutions was irradiated with UV light at 1 ◦C

for 24 h. As described before, cryo-TEM images of these solutions before UV treatment showed unil-

amellar vesicles with diameters of 30–60 nm and 90–110 nm, respectively (Figure 3.33 a, b). Cryo-TEM

images of the UV-irradiated solutions showed the presence of distorted nanocapsules with essentially

the same diameters as the precursor vesicles. Thus, in the two samples, carbon nanocapsules with

diameters of about 30–60 nm and 90–110 nm were observed, respectively (Figure 3.33 c, d).
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Figure 3.33. Cryo-TEM images of aqueous dispersions of 53. a) Extruded through 50 nm pores, and b)

extruded through 100 nm pores before UV irradiation. After UV irradiation at 1 ◦C for 24 h, hollow nanocapsules

with approximate average diameters of c) 50 nm and d) 100 nm were obtained.

A quantitative analysis of the aqueous dispersions was conducted by DLS and SAXS in by Dr.

Sreenat Bolisetty in the group of Prof. Raffaele Mezzenga at ETH Zürich. As discussed earlier, DLS

had shown that the precursor solutions contained vesicles with hydrodynamic radii of Rh = 38±6 nm

and Rh = 58±6 nm as well as polydispersities of 1.14 and 1.21, respectively (Figure 3.34 a, b). SAXS

measurements of these non-irradiated solutions did not yield evaluable data, presumably, because

the vesicles were carbonized by the X-rays during the measurement, which corrupted the data. DLS

of the solutions after UV irradiation yielded hydrodynamic radii of Rh = 40±6 nm and Rh = 58±6 nm

as well as polydispersities of 1.14 and 1.21, respectively. These values were in almost perfect agree-
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ment with the radii of the vesicular precursors. Fitting of the SAXS data of the irradiated solutions was

consistent with a model for hollow spheres with a radius of 34 nm and a shell thickness of 4 nm for

the 50 nm precursors and a radius of 54 nm with a shell thickness of 4 nm for the 100 nm precursors

(Figure 3.34 c, d). These results endorsed the findings from the DLS measurements as well as from

electron microscopy (Figure 3.33 b, d) and strongly suggested a carbonization under nearly perfect

retention of the morphology of the precursors in terms of their size and their membrane thickness.
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Figure 3.34. a, b) Intensity distribution as determined by DLS of aqueous samples before (blue lines) and

after (red lines) UV irradiation for 24 h at 1 ◦C. a) Sample extruded through 50 nm pores, b) sample extruded

through 100 nm pores. c, d) SAXS data and corresponding curve fitting (black lines) of samples after UV

irradiation for 24 h at 1 ◦C. c) Sample extruded through 50 nm pores and d) through 100 nm pores after UV

irradiation, fitted with a model for a hollow sphere resulting in radii of 34 and 54 nm, respectively, and a wall

thickness of 4 nm in both cases.
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Figure 3.35. XPS spectra of a) the carbon nanocapsules, and b) the acetyl-protected hexa(ethynylene) 46.

The yellow curves show the peaks for the C1s electrons of the carbon atoms connected to silicon and the C sp

carbon atoms, the blue curves show the peaks for the C sp2 and C sp3 carbon atoms.

Table 3.5: Qualitative and quantitative analysis of the XPS data of the carbon nanocapsules.

Sample Peak Binding Energy/ eV Assignment % Area

Carbon Nanocapsules C1 284.5 C-Si 13.5%

C2 284.8 C=C 25.5%

C3 285.4 C-C 30.1%

C4 286.8 C-O 22.4%

46 C1 284.3 C-Si, C≡C 26.8%

C2 284.9 C-C 26.0%

C3 285.3 Acetyl CH3 13.5%

C4 286.7 C-O 16.9%

C5 287.8 C-1 3.4%

C6 289.2 C=O 13.5%

XPS measurements were conducted by Vincent Laporte at EPFL to gain information about the

carbon microstructure from the binding energy of the C1s electrons. A peak fitting of the C1s region

in the XPS spectrum of the carbon nanocapsules with a radius of 34 nm (SAXS) as a representative

example showed a small peak at 284.7 eV attributed to the C–Si carbon atoms (and remaining C sp)
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and three intensive peaks at 285.0 eV, 285.5 eV, and 286.8 eV were assigned to C sp2, C sp3, and C–O

carbon atoms, respectively (Figure 3.35, Table 3.5).

The peak fitting, however, was not sufficiently reliable to yield a stable fit for the peaks of the C sp2

and C sp3 atoms, which precluded reliable conclusions concerning the C sp2 and C sp3 content in

the carbon nanocapsules. XPS spectra of the pure and non-irradiated compound 53 were recorded

in order to assess the conversion of the C sp atoms by comparison with the spectrum of the pristine

monomer 53. However, these attempts were unsuccessful as the monomers carbonized in the X-ray

beam. As a substitute, an XPS spectrum of the peracetylated, TIPS-substituted hexa(ethynylene) 46

was measured. Comparison of the XPS spectrum of this compound with the spectrum of the carbon

nanocapsules showed a drastic decrease of the peak at 284.3 eV, which suggested that the triple bonds

had been almost quantitatively converted into C sp2 and C sp3 atoms. However, no conclusions about

the microstructure of the carbon nanocapsules could be drawn from these spectra.
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Figure 3.36. Photoluminescence (left) and Raman (right) spectra of the obtained carbon nanocapsules.

Photoluminescence was recorded at 488 nm. Raman spectra were recorded at different laser excitation wave-

lengths. Both the strong photoluminescence and the dispersion of the G band from 1605 cm−1 to 1570 cm−1

depending on the excitation wavelength indicated the presence of highly disordered, hydrogenated, amorphous

carbon. The ID/IG ratio at 514.5 nm was determined to 0.55 indicating a hydrogen content of 20%.

Raman spectroscopy was subsequently conducted as a different means to investigate the micro-

structure of the carbonaceous materials. Raman spectra of carbonaceous materials are usually dom-
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inated by two broad bands at around 1590 cm−1 and 1350 cm−1 commonly referred to as the G

and D bands which show the presence of carbon-carbon double bonds and aromatic rings, respec-

tively.323,324 However, Raman spectroscopy on disordered carbon materials is often plagued by pho-

toluminescence of the sample, the intensity of which strongly depends on the wavelength of the laser

used for excitation. Accordingly, first attempts to measure Raman spectra of the carbon nanocapsules

with a 1064 nm laser yielded uninterpretable data, as only photoluminescence was observed irre-

spective of the laser power used. For this reason, photoluminescence and Raman spectroscopy were

conducted by Bernt Ketterer in a collaboration with the group of Prof. Anna Fontcuberta i Morral at

EPFL on a Raman microscope with a tunable excitation wavelength. At 488 nm, the samples showed

a strong photoluminescence (Figure 3.36), which is usually observed for hydrogenated amorphous

carbons,323 but has also been reported for a low density amorphous nanostructured carbon film.325

Raman spectra were then collected at commonly employed excitation wavelengths of 458.9 nm,

488.0 nm, 514.5 nm, and 530.9 nm. After subtraction of the photoluminescence background, the G

band was clearly visible in all spectra and showed a red shift from 1605 cm−1 to 1570 cm−1 with in-

creasing excitation wavelength (Figure 3.36). Such a behavior is not found in crystalline graphite

and is a strong indication of the presence of highly disordered amorphous carbon and is also found

in hydrogen-containing amorphous carbon.323,326 Moreover, the relative intensity of the D band

increased with increasing wavelength of the laser excitation source. The intensity ratio ID /IG at

514.5 nm was determined to be 0.55, which is a value typically observed for amorphous carbon films

with a hydrogen content of approximately 20 atom%.323 It has to be noted, however, that no compre-

hensive Raman spectroscopic study of carbon materials prepared from oligo(ethynylene)s has been

reported as a point of reference. Hence, the similarity of the Raman spectra of the carbon nanocap-

sules to the Raman spectra of carbon films with a hydrogen content of approximately 20 atom% im-

plies that the materials obtained in the carbonization of hexa(ethynylene) 53 comprise an analogous

carbon microstructure. However, the former material does not necessarily contain hydrogen.

NMR spectroscopy was conducted in order to provide evidence for the presence of glucose on the

nanocapsules. We expected to observe the specific proton resonances of the carbohydrate moieties in

1H NMR spectra of the nanocapsules although presumably broadened. A broadening of the peaks was

expected since, similar to common polymers, the carbonization of the monomer creates multiple glu-

cose moieties in slightly different chemical environments which resonate at slightly different frequen-

cies. An aqueous dispersion of 53 at 2.9 mmol L−1 (containing 20% of a mixture of 1,4-dioxane/MeOH

4:1) was irradiated with UV light at 1 ◦C for 24 h. After removal of the solvent, the residue was redis-

solved in DMSO-d6 and an 1H NMR spectrum was recorded. In the spectral region from 5.2 ppm

to 3.3 ppm (Figure 3.37), a very large resonance from residual water was observed that did not per-
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Figure 3.37. Section of the 1H NMR spectra (400MHz) of the carbon nanocapsules (top) and the monomer

precursors (bottom).

mit a detailed analysis of this region. Nevertheless, a number of remarkably well resolved peaks was

observed that were tentatively assigned using the spectrum of the amphiphilic hexa(ethynylene) 53

as a reference. Thus, three doublets were distinguished at 5.00 ppm, 4.93 ppm, and 4.89 ppm cor-

responding to the hydroxyl protons OH-2, OH-3, and OH-4. A multiplet at 4.47 ppm was found to

correspond closely to the hydroxyl proton OH-6. The discernible doublet at 4.10 ppm was assigned
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to the anomeric proton. From 3.85 ppm to 3.75 ppm and from 3.60 ppm to 3.54 ppm, multiplets were

observed that corresponded well to the multiplets assigned to one of the diastereotopic protons of

the alkyl linker as well as protons H-6’ and H-6”, respectively (Figure 3.37).
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Figure 3.38. Section of the 1H NMR spectra (400MHz) of the carbon nanocapsules (top) and the monomer

precursors (bottom). The inset shows the resonance of the TIPS group in the carbon nanocapsules (top) and

in the precursors (bottom).

In the spectral region from 3.2 ppm to 1.3 ppm, the peak of residual non-deuterated DMSO

at 2.5 ppm dominated the spectrum. Moreover, two multiplets were observed from 3.15 ppm to

2.96 ppm and from 2.96 ppm to 2.88 ppm, which closely resembled the multiplets assigned to the pro-

tons H-3, H-4, H-5 and H-2, respectively (Figure 3.38). A triplet and a multiplet which were assigned

to the alkyl linker were observed at 2.59 ppm and from 1.81 ppm to 1.71 ppm in perfect agreement

with the corresponding resonances of the monomer spectrum. Finally, the characteristic signature

of the TIPS group was observed with two clearly distinguishable maxima at 1.05 ppm and 1.04 ppm

(inset in Figure 3.38). Thus, a comparison of the 1H NMR spectra of the reactive monomer with the
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spectrum obtained from the nanocapsules established a clear resemblance. Most signals of the hy-

drophilic glucose head group and the alkyl linker were retrieved from the spectrum of the carbonized

sample and both the splitting and the chemical shift were in excellent agreement. Next to the peaks

assigned to the glucose moiety, several other peaks were observed that may have resulted from im-

purities or side reactions during the carbonization.

3.5.4 Conclusions

The main goal of the current PhD thesis was the preparation of carbon nanostructures from molecular

precursors with a controlled morphology and functionalization. This goal has been successfully and

completely accomplished.

While the traditional methods for the preparation of carbon nanostructures employ unreactive

precursors that are converted in random processes under very harsh conditions, this project aimed

to exploit the reactivity of amphiphilic oligo(ethynylene)s to allow for a controlled carbonization un-

der mild conditions with a retention of the previously assembled morphology. Due to the novelty

of this approach, every step, starting with the investigation of the self-assembly of the precursors

molecules, over the morphological characterization of the aggregates, the identification of a suitable

method for the carbonization that would preserve the nanoscopic morphology, up to the characteri-

zation of the obtained carbonaceous materials needed to be established from the very beginning. In

this context, the self-assembly properties of hexa(ethynylene) amphiphile 53 were established, and

a morphological characterization of the unstable and reactive aggregates was achieved using cyro-

TEM as an imaging technique. A rigorous control of the morphology in the sense of uniformity was

achieved by extrusion of the aqueous dispersions containing the aggregates through polycarbonate

membranes with the desired pore size. UV irradiation at 1 ◦C was identified as a suitable method

to convert the vesicular precursor aggregates into hollow carbon nanocapsules with the same size

distribution. Cross-linking in the nanocapsules was rigorously established by XPS and Raman spec-

troscopy that also allowed to conclude that the nanocapsules consisted of amorphous carbon. Fi-

nally, the presence of glucose moieties on the capsules was demonstrated by 1H NMR spectroscopy.

These accomplishments represent a radical departure from the conventional methods for the prepa-

ration of carbon nanostructures and may open up new avenues for the synthesis of tailored carbon

nanostructures. Moreover, the versatility of this approach was reflected by the various carbonaceous

products obtained with the different carbonization methods.
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3.6 Self-Assembly and Carbonization of Molecular

Precursors at the Air-Water Interface

In addition to the preparation of carbon-rich nanostructures with a controlled morphology and

surface functionalization from the glycosylated, TIPS-substituted hexa(ethynylene) 53 in solution

(Section 3.5), the possibility to access carbon nanostructures with a different morphology from simi-

lar molecular precursors was investigated. For this purpose, the preparation of functionalized carbon

sheets from the glycosylated, dodecyl-substituted hexa(ethynylene) 54 was studied (Figure 3.39).
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Figure 3.39. Envisioned self-assembly of glycosylated hexa(ethynylene) 54 at the air-water interface. Car-

bonization under mild conditions should afford functionalized carbon sheets.

As the air-water interface naturally provides a flat surface at which amphiphiles are known to form

films with the lipophilic tails pointing into the air, the study of the self-assembly and the carboniza-

tion of hexa(ethynylene) amphiphiles was pursued at the air-water interface in close collaboration

with Dr. Cristina Stefaniu in the group of Prof. Gerald Brezesinski at the Max Planck Institute for Col-

loids and Interfaces in Potsdam, Germany. Hexa(ethynylene) 54 was chosen for this approach as the

dodecyl-chain was envisioned to enhance the film-forming properties compared to the correspond-

ing terminal hexa(ethynylene) and, at the same time, allow for a tight packing of the oligo(ethynylene)

moieties. In this section, the film-forming properties of the dodecyl-terminated hexa(ethynylene)

54 at the air-water interface, the analysis of the films by infrared reflection-absorption spectroscopy



3 Results and Discussion 121

(IRRAS), Brewster angle microscopy (BAM), X-ray reflectivity and grazing incidence X-ray diffraction

(GIXD) before and after UV irradiation at the air-water interface will be described. Moreover, the

carbon films were transferred onto a holey carbon grid after UV irradiation and investigated by TEM.

3.6.1 Investigation of the Film-Forming Properties

As a first step in these investigations, the film forming properties of hexa(ethynylene) 54 at the

air-water interface as well as the properties of these films were established. A stock solution of

the hexa(ethynylene) amphiphile 54 in a volatile, water-immiscible solvent with a concentration of

1.0 mmol L−1 (in CHCl3/DCM/MeOH 25:4:1) was prepared by diluting the solution obtained after

the deprotection reaction (in DCM/MeOH 4:1) (see Section 3.4) with chloroform. The film-forming

properties of dodecyl-terminated hexa(ethynylene) 54 were investigated by spreading 100µL of the

organic stock solution onto the water surface in a Langmuir trough with movable barriers. After

evaporation of the organic solvent, isotherms (20 ◦C) of the surface pressure versus the available

surface area were recorded. The available surface area was reduced at a constant barrier speed

(5 Å2/molecule/min) and was correlated to the mean molecular area with the concentration of the

applied stock solution.

The plot of the surface pressure versus the mean molecular area remained constant at 0 mN m−1

up to a mean molecular area of 39 Å2 (Figure 3.40 a).
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Figure 3.40. Langmuir isotherms recorded at 20 ◦C. a) At a mean molecular area of 39.0Å2, the formation

of a liquid expanded phase was observed which is present up to the collapse of the film at a surface pressure

of 57 mN m−1, corresponding to a mean molecular area of 26Å2. b) Upon expansion before the collapse, the

film relaxes with a slight hysteresis. c) Plot of the surface compressibility modulus versus the surface pressure.
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Upon further compression, the surface pressure increased steeply without intermediate plateaus

up to a maximum surface pressure of 57 mN m−1 at a mean molecular area of 26 Å2. At this pressure,

the plot became a horizontal line again that remained at 57 mN m−1. Thus, below a mean molecular

area of 39 Å2, the molecules in the film resided in a gas-like phase. Above this value, the gas-like

phase coexisted with a liquid-like phase (liquid-expanded or liquid-condensed). The abrupt end of

the increase in surface pressure at 57 mN m−1 marked the collapse of the monolayer film by means

of multilayer formation or submersion into the subphase. The observed mean molecular area of

26 Å2 corresponds well to the expected value for cyclic carbohydrate head groups such as the present

glucopyranoside.

For the investigation of the reversibility of the compression, a fresh layer was prepared by spread-

ing 50µL of the stock solution (1 mmol L−1) on the Langmuir trough, which was compressed after

evaporation of the organic solvent. As before, the surface pressure started to increase at a mean

molecular area of 39 Å2 (Figure 3.40 b, black line). When the barriers were retracted at a surface pres-

sure of 46 mN m−1, the surface pressure started to decrease immediately and went back to 0 mN m−1

with almost no hysteresis (Figure 3.40 b, black line). The layer was again compressed, and the sur-

face pressure started to increase at a molecular area of 39 Å2 displaying the same slope (Figure 3.40 b,

red line). These findings show that the compression is reversible up to a surface pressure of at least

46 mN m−1, providing evidence that no reaction is induced by the surface pressure alone, and no

molecules are lost into the subphase upon compression.

In order to gain more insight into the nature of the film, the compression isotherm was analyzed in

terms of the compressibility modulus as a function of the surface pressure. The surface compressibil-

ity modulus C−1
s of the layer was calculated from the slope of the plot of the surface pressure versus

the area per molecule (Figure 3.40 c) applying the following equation:327

C−1
s =−A

(
∂π

∂A

)
T

(3.7)

where A is the area per molecule at the indicated surface pressure and π is the corresponding sur-

face pressure. The plot of the surface compressibility modulus versus the surface pressure shows

a steep increase to values above 100 mN m−1 and continues to increase up to a surface pressure

of approximately 40 mN m−1 before it declines. High compressibility moduli (low compressibility)

indicate a tight packing of the molecules. According to a classification by Davies and Rideal,327

films in the liquid expanded phase are characterized by compressibility moduli between 12.5 and

50 mN m−1, while films in the liquid condensed phase exhibit higher compressibility moduli of 100

to 250 mN m−1. Hence, this analysis suggested that in the film, the gas-like phase coexisted with a

liquid condensed phase.
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3.6.2 IRRAS Investigations of the Films

IRRAS measurements were subsequently conducted in order to identify diagnostic bands of

functional groups which might be used to monitor a possible carbonization reaction. Moreover, in-

formation about the conformation of functional groups, in particular, the dodecyl chain, was sought

as the position of the symmetric and asymmetric CH2 vibrational bands in the spectrum is character-

istic for their conformation. This would then also allow to determine whether the molecules are in a

liquid condensed (ordered) or liquid expanded (disordered) state.
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Figure 3.41. IRRA spectra of a film of glycosylated hexa(ethynylene) 54 (40◦, s-polarized light). The insets

show magnifications of the methylene and the acetylene bands. The spectra were recorded at surface pressures

of 0 mN m−1 (red line) and 30 mN m−1 (blue line).

In the experimental IRRAS setup, a reference and a sample trough were shuttled into and out of the

IR beam successively for each spectrum. The former trough was filled with water, and its spectra were

subtracted as background from the spectra recorded of the monolayer film on the sample trough.

IRRA spectra of a film prepared by spreading 50µL of the stock solution of 54 (1 mmol L−1) were

recorded at angles of incidence of 40◦ and 60◦ using both p- and s-polarized light after evaporation

of the organic solvent. The film was investigated both before compression at 0 mN m−1 and at an

increased surface pressure of 30 mN m−1. This pressure was chosen as the standard surface pressure

for all further investigations of compressed films including the UV irradiation since the film was far

from collapse. This ensured sufficient film stability, while, at the same time, the mean molecular area

was already as small as 31 Å2 per molecule leading to a tight packing of the molecules. Both p- and
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s-polarized spectra showed the same bands, and the p-polarized IRRA spectra were generally more

intense than the s-polarized spectra. However, as the s-polarized spectra recorded at 40◦ had the best

signal-to-noise ratio, all results will be presented using these spectra.

The spectra at both surface pressures showed large peaks with a positive sign centered at

3598 cm−1 (OH stretching vibration), 1670 cm−1, and 1530 cm−1 (OH bending vibrations) arising

from the subphase (Figure 3.41). At 2361 cm−1 and 2334 cm−1, the CO2 band was observed, which re-

sults from an insufficient compensation. The remaining bands at 2924 cm−1 and 2854 cm−1 showed

the CH2 asymmetric and symmetric stretching vibrations of the amphiphile 54, respectively, and the

bands at 2199 cm−1 and 2171 cm−1 represented its hexa(ethynylene) moiety. Upon compression to

30 mN m−1, the bands of the OH stretching vibration and the methylene vibrations became more in-

tense, and the symmetric CH2 stretching vibration as well as one of the hexa(ethynylene) bands were

shifted to 2851 cm−1 and 2175 cm−1, respectively (Figure 3.41 blue line).

Several pieces of information about the film can be obtained from these observations. The posi-

tions of the asymmetric and symmetric CH2 vibrations are a diagnostic tool to determine the confor-

mation of an alkyl chain. If the alkyl chain is in an all-trans conformation, the asymmetric and sym-

metric CH2 vibrational bands are observed at 2916 cm and 2849 cm−1, while they occur at 2924 cm−1

and 2854 cm−1 for a disordered, gauche conformation. Hence, the position of the CH2 stretching vi-

brations at 0 mN m−1 clearly showed that the alkyl chains were in a disordered (gauche) state. The in-

crease of the intensity of the OH band upon compression to 30 mN m−1 can be explained by a tighter

packing of the hexa(ethynylene) molecules resulting in a stronger shielding of the water signal from

the subphase of the sample trough. Although the shift of the symmetric CH2 vibration to 2851 cm−1

suggested that the alkyl chains adopted a more ordered arrangement upon compression, this has to

be interpreted with caution. The fact that the asymmetric CH2 vibration remained at its position,

strongly disagreed with a conformational change, as both bands should be affected. Moreover, the

band of the symmetric CH2 stretching vibration has an unsymmetric shape. Most likely, the apparent

shift results from a reading error. Thus, even upon compression to a surface pressure of 30 mN m−1,

the alkyl chains remained in a disordered (gauche) state suggesting that the molecules were in a liquid

expanded phase. This contrasts the results from the analysis of the compressibility modulus, which

suggested that the molecules formed a liquid condensed phase upon compression. This contradic-

tion can be rationalized by taking into account the large difference of the size of the polar head group

versus the size of the aliphatic chain. While the polar heads probably formed an ordered arrangement

(and possibly formed a liquid condensed phase giving rise to the observed compressibility values),

the available space for the lipophilic chains did not force them to adopt an ordered conformation,

and, hence, they formed a liquid expanded phase.
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In conclusion, the vibrations corresponding to the CH2 and (C≡C) moieties were clearly observed

by IRRAS. The position of the CH2 bands indicated that the alkyl chains were in a disordered state.

Upon compression of the film to 30 mN m−1, the alkyl chains did not undergo a conformational

change and presumably remained in a liquid expanded state. The band for the hexa(ethynylene) was

clearly visible in the IRRA spectra. Thus, IRRAS could be used to monitor the progress of a reaction of

this moiety.

3.6.3 Carbonization of the Langmuir Films

The investigations above discussed helped to determine the basic film-forming properties of the re-

active amphiphile 54. As the molecules formed a liquid expanded film at the air-water interface, the

possible carbonization of the hexa(ethynylene) moieties was investigated in the next step. This car-

bonization of a film of 54 at the air-water interface was envisaged to be carried out by UV irradiation

as a mild external stimulus. In order to ensure a dense packing of the molecules for an effective cross-

linking, we chose a surface pressure of 30 mN m−1 for these investigations as it guaranteed a small

mean molecular area of 31 Å2 and sufficient stability of the film. Although the reversibility of the film

formation suggests that surface pressure alone does not suffice to induce the carbonization, the ef-

fect of increased surface pressure over a prolonged period of time was investigated in addition to the

reaction by UV irradiation.

Thus, 55µL of the stock solution of compound 54 (1 mmol L−1) were spread onto the water surface

of a Langmuir trough, and the resulting layer was compressed to 30 mN m−1 after evaporation of

the organic solvent. IRRA spectra were recorded at angles of incidence of 40◦ and 60◦ using s- and

p-polarized light at a constant surface pressure of 30 mN m−1 for 6 h at hourly intervals and once

more after 12 h. The film was subsequently irradiated with UV light at a constant surface pressure

of 30 mN m−1 for 5 min, for additional 10 min, and a third time for 15 min yielding a total irradiation

time of 30 min. The barriers of the Langmuir trough were set to constant surface pressure for these

measurements, which resulted in a noticeable compression during the measurement over time and a

significant compression during UV irradiation. Moreover, for these measurements of surface pressure

values, one has to take into account that, already after the first 5 min of irradiation, the Wilhelmy plate

was not in its equilibrium position, but instead tilted with respect to the normal of the water surface.

As observed earlier, the spectra measured at an angle of 40◦ using s-polarized light provided the

best signal-to-noise ratio and will, therefore, be analyzed for these measurements. An overlay of

the spectra recorded over time revealed a very small decrease in the intensity of the CH2 bands at

2924 cm−1 and 2851 cm−1 (Figure 3.42). More noticeably, the intensity of the (C≡C) bands decreased

slightly accompanied by a shift of the hexa(ethynylene) band at 2175 cm−1 to 2171 cm−1.
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Figure 3.42. IRRA spectra of amphiphile 54 (40◦, s-polarized light) recorded over time (black to grey lines)

and after UV irradiation (violet lines) at 30 mN m−1. The insets show magnifications of the methylene (left

inset) and the acetylene (right inset) bands. Over time, a small decrease in intensity was observed for all

peaks, while a large decrease was observed upon UV irradiation.

Hence, this signal returns to the position where it had been initially observed at 0 mN m−1 sur-

face pressure. In contrast to the reversible hysteresis behavior described in Section 3.6.1, these

observations suggest that molecules 54 may be submerged into the subphase. Alternatively, the

hexa(ethynylene) moieties of 54 may indeed start to react after being exposed to an increased sur-

face pressure over extended periods of time.

The spectra recorded throughout the UV irradiation, on the other hand, displayed a drastic de-

crease of intensity for the OH stretching vibration as well as the CH2 vibrations (Figure 3.42). The

hexa(ethynylene) bands disappeared completely during the accumulated 30 min of UV irradiation

suggesting a reaction of this moiety. Moreover, a shift of the symmetric CH2 vibration from 2851 cm−1

to 2854 cm−1 was observed, which brings the band back to the position before compression of the

film. However, as the position of the asymmetric CH2 band remained unaltered, no conformational

change can be concluded from this observation, which, probably, again results from a reading error

due to the unsymmetric shape of the band.

A direct comparison of the intensity change of the CH2 bands versus the (C≡C) bands seems

valid, as the position of the CH2 bands does not change over time, indicating that no conformational

changes are taking place, and both bands are affected by the same loss of intensity. In this context,

the asymmetric CH2 stretching vibration is used as “internal standard” as no conformational change
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can be observed and throughout UV irradiation, no changes of intensity are expected for the dodecyl

chains.

Accordingly, the ratio of the intensity of the (C≡C) band at 2199 cm−1 versus the intensity of the

asymmetric CH2 stretching vibration at 2924 cm−1 was plotted against time. For the spectra at a

surface pressure of 30 mN m−1 over extended periods of time, this plot displays a constant decrease

(Figure 3.43 black dashed line) indicating a slow reaction of the hexa(ethynylene) moiety. The shift in

the peak position of the (C≡C) band at 2175 cm−1 to 2171 cm−1 might result from this reaction.
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Figure 3.43. Plot of the ratio of intensities of the hexa(ethynylene) band at 2199 cm−1 over the asymmetric

CH2 band versus time. A small decrease can be seen overnight (black dashed line) and a large decrease upon

UV irradiation (grey solid line).

Upon UV irradiation, the ratio of the intensity of the (C≡C) band at 2199 cm−1 over the intensity

of the CH2 band at 2924 cm−1 rapidly decreased to 0 within the 30 min of UV irradiation implying a

complete conversion of the hexa(ethynylene) moieties (Figure 3.43). The decreased intensity of the

OH band indicated that the macroscopic density of the film on the water surface was reduced by UV

irradiation. The fact that the barriers compressed over time and, even more pronounced, during UV

irradiation may be explained by a contraction of the layer during the reaction of the hexa(ethynylene)

moiety. However, the relevance of the compression of the barriers during irradiation should not

be overestimated. Schlüter and coworkers questioned the physical meaning of the surface pressure

as measured by the Wilhelmy plate during the polymerization of their free-standing 2-dimensional

monolayer organometallic sheet since, according to the authors, the Wilhelmy plate is “frozen” into

the layer upon polymerization and no longer interacts reversibly with the monolayer on the water
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surface.328 As the Wilhelmy plate was found to be tilted in our case, the measurements of the sur-

face pressure may have been corrupted. Nevertheless, the observed overall contraction agrees with

the predicted compactization of the film during a carbonization as presented in the basic analysis of a

carbonization of oligo(ethynylene)s in the Introduction (Section 1.2.6.3). As a result of such a contrac-

tion, islands may have formed, which resulted in a decreased macroscopic density of the film which

would explain the change in intensity of the OH band. For the measurements over time, however, a

compression due to additional loss of material into the subphase cannot be fully excluded.

3.6.4 Investigation of the Microstructure of Irradiated Films

The reactive amphiphile 54 was proved to form stable Langmuir films, and a reaction of the

hexa(ethynylene) moieties was successfully induced by UV irradiation. However, the investigation

of the microstructure of the film at the air-water interface by IRRAS measurements was complicated

by the fact that the P and R branches of the bending vibration of H2O in the range from 1750 cm−1

to 1450 cm−1 covered all other bands that may arise in this region. More specifically, bands corre-

sponding to C=C double bonds would be expected to appear in this region in case of a successful

cross-linking of the molecules. In order to circumvent this loss of information, the subphase was

changed to D2O. Due to the heavier isotope deuterium, the band of the bending vibration of D2O is

shifted to lower wavenumbers compared to the band of H2O and covers the range from 1500 cm−1

to 1000 cm−1. This, therefore, allows to analyze any IR bands in the region between 2000 cm−1 and

1500 cm−1 and identify the possibly arising C=C double bonds as a result of the UV irradiation.

Thus, IRRA spectra of a film of 54 on a D2O subphase were measured after spreading 45µL of

an organic stock solution of amphiphile 54 at a concentration of 1.4 mmol L−1. These spectra were

recorded at surface pressures of 0 mN m−1, 30 mN m−1, and 30 mN m−1 after 30 min of UV irradiation

for angles of incidence of 40◦ and 60◦ using s- and p-polarized light, respectively. For the analysis of

these measurements, the spectra recorded at an angle 40◦ using s-polarized light again provided the

best signal to noise ratio and were accordingly used. As anticipated from the change of subphase, the

OD bending vibration was found at 1500–1000 cm−1, which allowed for a detection of possible signals

in the spectral region from 2000–1500 cm−1. In agreement with the observations made for a H2O

subphase, the intensity of the OD stretching vibration at 2685 cm−1 was increased upon compression

to 30 mN m−1. This rendered the analysis of the CH2 stretching vibrations more difficult as these

bands were superimposed by the OD stretching vibration (Figure 3.44). The (C≡C) vibrations, on

the other hand, were clearly visible at slightly different wavenumbers of 2208 cm−1 and 2179 cm−1

with reversed intensity compared to the spectra recorded on a H2O subphase. Not unexpectedly, the

spectral region from 2000–1500 cm−1 did not show any signals for the films without irradiation.
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Figure 3.44. IRRA spectra of hexa(ethynylene) 54 recorded on a D2O subphase at 0 mN m−1 (red line),

30 mN m−1 (green line), and 30 mN m−1 after 30 min of UV irradiation (violet line). The insets show magnifi-

cations of the hexa(ethynylene) band (left inset) and of the region between 1900 cm−1 and 1400 cm−1 (right

inset). The displayed spectra were recorded under 40◦ using s-polarized light.

The recorded spectra after 30 min of UV irradiation of the compressed film indicated the reaction

of the hexa(ethynylene) moieties in that the (C≡C) vibrations at 2208 cm−1 and 2179 cm−1 were com-

pletely diminished. In agreement with the observations made for the H2O subphase, the intensity of

the OD stretching vibration was affected by the irradiation in that the intensity decreased. Finally, the

change of the subphase allowed to observe the rise of two broad signals at 1724 cm−1 and 1593 cm−1

after UV irradiation (Figure 3.44 violet line).

These observations may be accordingly interpreted in conjunction with the results obtained on

the H2O subphase as both measurements seem to reveal a similar behavior of the film. More

specifically, the increasing intensity of the OD band upon compression of the film may be interpreted

in terms of an increased film density. The observed reversed intensity of the (C≡C) band does not

necessarily indicate a difference in the film structure, but may rather be interpreted in terms of a dif-

ferent absorption-reflection behavior on D2O. For the spectra after UV irradiation, the disappearance

of the (C≡C) vibration, while at the same time, the asymmetric CH2 vibrations remain to be observed

at almost unchanged intensities, indicate that a reaction of the hexa(ethynylene) moieties is taking

place. Most importantly, the development of two peaks at 1593 cm−1 and 1724 cm−1 suggest that,

during this reaction, C=C as well as C=O groups are formed the expected bands of which fall in the

respective regions.316 Hence, these initial investigations into the microstructure of the UV irradiated
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films allow to conclude that a carbon sheet was successfully prepared from the reactive amphiphile

54 under very mild conditions. The observed carbonyl functionalities may have formed by random

reactions of reactive species present during irradiation with the subphase or oxygen.

3.6.5 Visualization of the Films

A visualization of the films by means of Brewster angle microscopy (BAM) should allow to gain further

insight into the obtained structures. In BAM, light is diffracted into the subphase under the Brewster

angle such that a clean water surface yields a black image while the presence of molecules at the air-

water interface yields an image showing the film and possible structural patterns. While this method

allows to monitor Langmuir films in their native state, the resolution of the obtained images is limited.

In order to gain further insight into the structure of the obtained films on the nanometer scale, a

transfer to other substrates is necessary that allows to utilize microscopic techniques with higher

resolution, such as TEM.

For the investigations by means of BAM, a film of amphiphile 54 was prepared by spreading 50µL

of the organic stock solution onto the water surface of a Langmuir trough under the installed micro-

scope. After evaporation of the organic solvent, images of the film were recorded starting at a surface

pressure of 0 mN m−1(Figure 3.45). At 0 mN m−1, the images showed an unstructured film along with

occasional dust particles on the surface remaining from an insufficient cleaning of the water surface

before application of the film (Figure 3.45 a). Upon compression to an increased surface pressure of

30 mN m−1, the observable structure of the film changed in that a texture was observed in the com-

pressed state (Figure 3.45 b). The film was subsequently irradiated with UV light at this surface pres-

sure, and already after 5 min of irradiation, a change in the film structure was observed, although the

texture remained present (Figure 3.45 c). After the total of 30 min of UV irradiation, only a negligible

difference in texture compared to the image taken after 5 min was observed (Figure 3.45 d).

The observation of texture upon compression suggested the formation of domains from the am-

phiphilic molecules 54 in the film upon tighter packing. No crystalline domains were observed in

agreement with the previously discussed disordered packing of the dodecyl chains. The preserva-

tion of the observed texture throughout the UV irradiation indicates that the film microstructure was

maintained the process. Moreover, even after expansion of the barriers and reduction of the surface

pressure, the texture unaltered (Figure 3.45 d, e). While large areas of the film appeared to be homoge-

neous, occasional cracks were visible (Figure 3.45 e). Repeated compression and expansion of these

areas with cracks, however, did not change the shape of the cracks, indicating an increased stiffness

of the cross-linked film. The mechanical stability was enhanced to such an extent that, only upon

violent manipulation with a needle, a rupture of the film was achieved (Figure 3.45 f).
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Figure 3.45. BAM images of the films obtained from amphiphile 54. a) The imaged air-water interface at

a surface pressure of 0 mN m−1 shows the formation of a film as well as residual dust. b) At 30 mN m−1, the

appearance of the film changed and the formation of texture was seen. c) Already after 5 min of UV irradiation,

a small change was observed although the texture remained even after d) a total of 30 min UV irradiation, and

expansion of the barriers. e) Occasional cracks were seen in the film which persisted during repeated expansion

and compression cycles indicating an increased mechanical stability. f) Mechanically induced rupture of the

film led to the formation of islands.

For TEM investigations, the films were transferred to a TEM grid as a solid substrate. Thus, a

film of amphiphile 54 was prepared by spreading 50µL of the organic stock solution on a Langmuir

trough. After compression to a surface pressure of 30 mN m−1, the film was irradiated with UV light

for 30 min and subsequently transferred onto a holey carbon TEM grid using the Langmuir-Schäfer
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Figure 3.46. TEM images of the films obtained from amphiphile 54 after transfer onto a holey carbon TEM

grid. a) A film spanning many micrometers was seen. The arrows point at cracks observed in the film. b) and

c) show these cracks at higher magnification.

transfer technique. The resulting TEM images show a cross-linked homogeneous film spanning the

holes of the TEM grid over multiple micrometers, which corroborates the mechanical stability of the

obtained carbon sheets (Figure 3.46 a). Upon close inspection of magnified regions of the film, several

cracks were identified. These cracks, however, are of a different size regime than the cracks observed

in the BAM and could arise from the transfer onto the TEM grid or from drying the sample prior to

imaging (Figure 3.46 b, c).

3.6.6 X-Ray Investigations of the Films

Since the formation of homogeneous carbon sheets was proven by the above presented investiga-

tions, further insight into the film structure was sought. For an investigation of the thickness of the

obtained carbon sheets in their native state as well as a possible elucidation of the packing of am-

phiphile 54 before and after UV irradiation, the reflection and diffraction of a high-energy X-ray beam

of native films at the air-water interface was investigated at the DESY high energy synchrotron radi-

ation source in Hamburg, Germany, in collaboration with Prof. Gerald Brezesinski and Dr. Cristina

Stefaniu.

For this purpose, 100µL of the organic stock solution of compound 54 were spread onto the water

surface of a Langmuir trough aligned with the X-ray beam. The chamber surrounding the Langmuir

trough was flushed with He before reflectivity and diffraction experiments were carried out at a sur-
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face pressure of 30 mN m−1 before and after irradiation. For the reflectivity measurements, the syn-

chrotron beam was used to establish a height profile of the electron density of the film on the water

surface. After fitting of the experimental curves, this height profile can be extracted from a plot of

the ratio of the measured electron density divided by the electron density of water versus the vertical

z-axis, which relates the measured electron density to the vertical distance.
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Figure 3.47. Plot of the ratio of the electron density of the films of 54 over the electron density of water

before (black squares) and after (red circles) irradiation.

For the measurement of a film before UV irradiation, the corresponding plot showed a change of

the electron density up to a z-value of 42 Å, at which point the electron density of the subphase was

reached (Figure 3.47 black squares). This indicated a film thickness of approximately 4.2 nm before

UV irradiation.

A fresh film of 54 prepared in an equal manner, was investigated after UV irradiation for 30 min

at a surface pressure of 30 mN m−1. The corresponding height plot of the electron density showed

a change of the electron density with a different curve progression (Figure 3.47 red circles). After

irradiation, the electron density of the subphase was reached after a measured distance of 50 Å. This

indicates a film thickness of approximately 5.0 nm after UV irradiation.

In order to evaluate the obtained values for the film before and after UV irradiation, a compar-

ison with the approximated extended length of the molecule was conducted. Simple modeling of

amphiphile 54 suggested an extended length of 3.9 nm (Figure 3.48). The obtained value of 4.2 nm

for the film thickness before UV irradiation, therefore, agrees fairly well with the expected layer thick-
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3.9 nm

Figure 3.48. Molecular model of hexa(ethynylene) 54 including the extended length of the molecule.

ness. Even when taking into account that the dodecyl chains are not fully extended, the presence of

multilayers is, hence, highly unlikely.

After UV irradiation, the measured thickness of the carbon sheet increased to 5.0 nm. Possibly,

the roughness of the layer is increased during the polymerization and, thereby, an error is introduced

which is more difficult to assess. The difference in progression of the electron density curve indicates

a change in the distribution of electron density after UV irradiation. While this would be generally

expected as a result of the polymerization, further studies are required to clarify this drastic increase

in electron density.

An elucidation of the packing of amphiphile 54 in the film was attempted by GIXD of freshly pre-

pared films. After spreading 100µL of the organic stock solution of 54 and subsequent compression

to 30 mN m−1, the synchrotron beam was conducted onto the surface at a grazing incidence angle of

0.11◦. Within multiple measurements of the compressed film, no diffraction peaks were observed. In

good agreement with the observations from IRRAS, this ultimately proves the absence of long-range

order, as expected for liquid-expanded monolayers. Repetition of the diffraction experiment with an

equally prepared film after 30 min of UV irradiation did not display any evaluable peaks either.

3.6.7 Conclusions

These investigation of the self-assembly of the amphiphilic hexa(ethynylene) 54 at the air-water in-

terface resulted in a novel approach for the preparation of carbon sheets from reactive molecular

precursors under mild conditions. In this context, the study of the film-forming properties revealed

that amphiphile 54 formed stable films at the air-water interface, which were monolayers according

to X-ray reflectivity measurements. Spectroscopic analysis of the film at different surface pressures

before and after UV irradiation disclosed that the dodecyl chains formed a liquid-expanded phase

upon compression. Furthermore, IRRAS allowed to monitor the effects of increased surface pressure

over prolonged periods of time and the effects of UV irradiation on the hexa(ethynylene) moieties.

One must conclude that solely UV irradiation leads to a reaction of the hexa(ethynylene) moieties in
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a reasonable time frame. Moreover, the CH2 bands seem to display a retention of the earlier observed

conformation of the dodecyl chains after UV irradiation, and, thus, indicate that the liquid expanded

phase is preserved. Furthermore, IRRAS spectroscopy suggested that C=C double bonds and C=O

functionalities were formed upon UV irradiation which allowed to conclude that the cross-linking of

the hexa(ethynylene) moieties under very mild conditions had been successful. The imaging of the

film by BAM revealed that a texture was formed after compression, which was retained upon UV ir-

radiation. The resulting carbon sheet displayed a highly increased mechanical stability and rigidity.

Similarly, TEM investigations showed that the sheets spanned the micrometer-sized holes of the TEM

grid while only displaying few defects. Further elucidation of the type of carbon formed during the

carbonization by, for example, Raman spectroscopy is a desirable goal. Moreover, a proof of the glu-

cose functionalization is still pending, and AFM imaging of transferred films should be carried out in

order to support the results from the X-ray reflectivity measurements.





4 Conclusions and Outlook

In conclusion, the main goal of this PhD thesis, that is, the development of a novel pathway for the

preparation of carbon-rich nanostructures with a controlled morphology and a defined functional-

ization, has been successfully and completely accomplished. The novel approach presented in this

thesis is in stark contrast to the currently employed approaches for the preparation of carbon nano-

structures as it relies on functionalized reactive oligo(ethynylene) precursors and employs very mild

conditions.

The foundation for the development of this approach was the establishment of a novel synthetic

protocol for the synthesis of functionalized oligo(ethynylene)s on the basis of the Negishi reaction.

Due to the high functional group tolerance and the reliability of this novel procedure, highly function-

alized unsymmetric oligo(ethynylene)s up to the hexa(ethynylene) were prepared on the multi-gram

scale. The series of glycosylated oligo(ethynylene)s prepared in the course of this thesis were charac-

terized spectroscopically and displayed the same trends as reported in the literature for homologous

series of oligo(ethynylene)s. Moreover, a novel solid-state dimerization of a bromine-terminated gly-

cosylated di(ethynylene) was discovered.

A mild deprotection procedure was established for the deacetylation of the glycosylated

hexa(ethynylene)s prepared with the developed Negishi protocol. The obtained hexa(ethynylene)

amphiphile was subsequently shown to reversibly self-assemble into vesicles in aqueous solution.

By simple extrusion of the aqueous dispersions through polycarbonate membranes with pores of a

defined size, the diameter of the vesicles was easily adjusted to 60 nm or 110 nm. Thus, combin-

ing “bottom-up” self-assembly with “top-down” extrusion, precursor aggregates with the desired size

were prepared. UV irradiation at 1 ◦C was identified as a means to covalently capture the morphol-

ogy of the aggregates in a carbonization reaction. The obtained carbon nanocapsules consisted of

amorphous carbon and had glucose moieties still attached to them as a complex functionalization.

In addition to the carbon nanocapsules, carbon nanosheets were prepared at the air-water inter-

face. For this purpose, a film of a dodecyl-terminated glycosylated hexa(ethynylene) was carbonized

by UV irradiation on the water surface. The obtained carbon sheets displayed an increased mechan-

ical stability compared to non cross-linked films and could be transferred to TEM grids. The stability

of the monomolecular sheets was high enough to span several micrometers.
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Thus, the groundwork for the preparation of tailored, functionalized carbon nanostructures has

been laid in this PhD thesis. In contrast to the commonly employed methods, we exploited highly

reactive molecular precursors for this purpose, which allowed to exert control over the morphology

of the carbon nanostructure in the sense of a retention of a previously assembled morphology. More-

over, due the mild reaction conditions, the functionalization of the molecular precursors remained

providing access to functionalized carbon-rich nanostructures with a defined mesoscopic morphol-

ogy.

In future work, several points could be adressed. The complete deprotection of 53 could

be investigated and the self-assembly and carbonization of the resulting glycosylated terminal

hexa(ethynylene) could be studied. However, the presumably highly increased reactivity of this

compound might pose some problems concerning the processing of these solutions. Moreover, us-

ing these systems of glycosylated hexa(ethynylene)s, the carbonization in the presence of transition

metal salts under mild conditions could be investigated. This might allow to gain insight into the

mechanism of the formation of carbon-coated nanowires from glucose in the presence of AgNO3 as

described by Antonietti and coworkers.183

A highly rewarding goal would be an extension of the morphological control. While in this thesis,

control has been achieved in the sense of retention, the preparation of carbon nanostructures with

different morphologies and possibly different functionalizations is highly desirable. For this purpose,

a different type of oligo(ethynylene) might be more suitable. In particular, platform compounds, such

as amines, are attractive as long oligo(ethynylene) homologues such as hexa(ethynylene)s might be

isolable as the corresponding ammonium salts. Functionalizations with different structure-directing

groups might then lead to a set of guidelines for the preparation of functionalized carbon-rich nano-

structures with a tailored morphology. A further functionalization of the structure-directing groups

might ultimately allow to prepare carbon-rich nanostructures with a tailored morphology and a tai-

lored functionalization.



5 Experimental

5.1 Instrumentation

Solution Phase NMR Spectroscopy was carried out on Bruker Avance 300, 400, or 500 spectrom-

eters operating at frequencies of 300.23 MHz, 400.13 MHz, or 500.13 MHz, respectively, for 1H nuclei

and 75.49 MHz, 100.62 MHz, or 125.77 MHz, respectively, for 13C nuclei. Deuterated solvents were

purchased from Cambridge Isotope Laboratories, Inc. and Armar Chemicals. The spectra were cali-

brated to the respective residual proton peaks of the deuterated solvents (1H NMR: 7.26 ppm CDCl3 ,

5.32 ppm CD2Cl2 , 2.50 ppm DMSO−D6; 13C NMR: 77.16 ppm CDCl3, 54.00 ppm CD2Cl2, 39.52 ppm

DMSO−D6).

High Resolution Mass Spectra were recorded as service measurements at the mass spectrometry

service at the Institute of Organic Chemistry at the Department of Chemistry and Applied Biosciences

at ETH Zurich and were performed on an Ionspec Ultima 494 as well as a Bruker Daltonics maXis for

HiRes-ESI-MS, and a Micromass Autospec device for HiResEI-MS.

Combustion Elemental Analyses were carried out as service measurements at the Institute of

Organic Chemistry at the Department of Chemistry and Applied Biosciences at ETH Zurich using a

LECO CHN/900 instrument.

Melting Points were measured with a Büchi Melting Point B/540 device.

UV-Vis spectra were recorded on a Perkin-Elmer UV-20 spectrometer with a scan speed of 480 nm

per minute or a JASCO v670 with a scan speed of 400 nm per minute using 1 cm quartz cuvettes from

Hellma.

IR spectra were recorded on a “Spectrum One” IR spectrometer from Perkin Elmer using KBr pel-

lets and on a JASCO FT/IR 6300 spectrometer using the Miracle ATR acessory from PIKE.
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IRRA spectra were recorded in collaboration with the Max Planck Institute for Colloids and Inter-

faces, Golm, Germany, on an IFS 66 FT-IR spectrometer from Bruker equipped with a liquid nitrogen-

cooled MCT (mercury cadmium telluride) detector attached to an external air/water reflection unit

(XA-511 Bruker). The IR beam was conducted out of the spectrometer and focused onto the water

surface of the thermostated Langmuir trough. The measurements were carried out with p- and s-

polarized light at different angles of incidence above and below the Brewster angle. Measurements

were performed using a trough with two compartments. One compartment contained the monolayer

system under investigation (sample), whereas the other was filled with the pure subphase (reference).

The trough was shuttled by a computer-controlled shuttle system to illuminate either the sample or

the reference. The single-beam reflectance spectrum from the reference trough was taken as back-

ground for the single-beam reflectance spectrum of the monolayer in the sample trough to calculate

the reflection-absorption spectrum as logR/R0 in order to eliminate the water vapor signal. In order

to maintain a constant water vapor content, the whole system was placed into a hermetically sealed

box. The resolution and scanner speed in all experiments were 8 cm−1 and 20 kHz. The incident IR

beam is polarized with a KRS-5 wire grid polarizer. For s-polarized light, spectra were co-added over

200 scans, and spectra with p-polarized light were co-added over 400 scans.

Raman spectra were recorded on a JASCO FT/IR-6300 spectrometer equipped with an RFT-6000

Raman accessory with a 1064 nm laser. For the carbon nanocapsules, micro-Raman scattering exper-

iments were performed by Bernt Ketterer in the group of Anna Fontcuberta i Morral at EPFL at am-

bient conditions using a custom-built micro-Raman spectrometer with a back-scattering geometry

for the 457.9 nm, 488 nm, 514.5 nm, and 530.9 nm excitation lines of an Ar+Kr+ ion laser. The laser

was focused to a diffraction-limited spot using a microscope objective with numerical aperture NA =

0.75. The power of the incident light was 500µW. The scattered light was collected by a TriVista triple

spectrometer coupled with a multichannel CCD detector.

X-ray photoelectron spectroscopy For X-ray Photoelectron Spectroscopy (XPS) experiments,

polymerized sample solutions were dropped onto a SiO2 surface and dried over night. XPS data were

collected by an Axis Ultra instrument (Kratos analytical, Manchester, UK) under ultra-high vacuum

condition (<10−8 Torr) and using a monochromatic Al Kα X-ray source (1486.6 eV) by Vincent Laporte

in the Surface Analysis Facility of the Interdisciplinary Centre for Electron Microscopy at EPFL. The

source power was maintained at 150 W and the emitted photoelectrons were sampled from a 75 mm–

300 mm area. The analyzer pass energy was 80 eV for survey spectra and 40 eV for high-resolution

spectra. Both curve fitting of the spectra and quantification were performed with the CasaXPS soft-

ware, using relative sensitivity factors given by Kratos.
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Optical Rotation values were measured on a JASCO P-2000 at a wavelength of λ = 589 nm and

with a pathlength of 10 cm.

Small angle X-ray Scattering SAXS measurements were performed using a microfocused X-ray

source of wavelengthλ = 1.54 Å operating at 45 kV and 88 mA. The scattered X-ray signal was collected

on a gas-filled 2D detector. The scattering vector q was calibrated using silver behenate. Samples

were filled in capillaries with a thickness of 1 mm. Data were collected and azimuthally averaged to

yield 1D intensity versus scattering vector q . The fitting model was implemented using the software

modules supplied by NIST.329

Dynamic light scattering Dynamic light scattering measurements were performed using a de-

vice from LS Instruments equipped with He-Ne laser emitting a polarized light beam of wavelength

of 632.8 nm. Samples were filled in glass tubes with a pathlength of 10 mm. The scattered intensity

fluctuations were collected at a fixed angle of 90◦ by averaging 3 runs of 600 s each. The time correla-

tion function (TCF) of the scattered intensity was analyzed by the CONTIN method.

Electron Microscopy Transmission electron microscopy at the Max Planck Insitute for Colloids

and Interfaces, Golm, Germany was carried out on a Zeiss EM 912 at an acceleration voltage of 120

kV. Scanning and transmission electron microscopy at EPFL were conducted by Dr. Ruth Szilluweit on

an FEI XLF30 FEG (SEM) and on a Philips FEI CM12 (TEM), respectively. For cryo-TEM, the samples

were prepared by the plunge-freezing method. For this purpose, a TEM grid (holey or lacey carbon)

was fixed in tweezers and 5µL of the sample were placed onto the grid. Afterwards the tweezers were

mounted into a plunge-freezing apparatus and, after blotting, the grid was immediately dropped into

a container filled with liquid ethane that was surrounded by liquid nitrogen. A Philips FEI CM12

transmission electron microscope operating at 100keV was used to image the samples. The operation

temperature was –180 ◦C and a cryo-specimen holder was used. Digital micrographs were recorded

with a Gatan MultiScan CCD-camera. For negatively stained TEM measurements, the suspensions

used for cryo-experiments were 100-150 times diluted. 5µL of the sample were placed onto a carbon

coated copper grid (300µm mesh) and incubated for 3 min. Afterwards the grids were washed with

MilliQ-water. For the negative staining, 5µL of aqueous uranyl acetate solution 2 % (w/v) were placed

for 30 s onto the grid, and the excess solution was then removed with a filter paper. The samples were

observed with Philips CM12 EM operating at 100 keV.

Langmuir isotherms were recorded in collaboration with the Max-Planck Institute of Colloids and

Interfaces, Golm, Germany, on a polytetrafluoroethylene Langmuir trough equipped with a micro
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balance (R&K, Potsdam, Germany) and a filter paper Wilhelmy plate was used and thermostated at

20 ◦C (E1 Medingen, Leipzig, Germany). Langmuir-Schäfer (LS) transfers were conducted on a trough

from R&K Potsdam.

Grazing Incidence X-ray Diffraction and X-ray Reflectivity were performed at the liquid

surface diffractometer of the undulator beam line BW1 at HASYLAB, (DESY, Hamburg, Germany)

equipped with a Langmuir trough with a single movable barrier and a microbalance with a filter paper

Wilhelmy plate. The trough was thermostated at 20 ◦C and its hermetic container was flushed with

He. The synchrotron beam was monochromated by a beryllium (002) crystal (wavelenght: λ≈ 1.3 Å)

before striking the liquid sample surface at an incidence angle of αi = 0.85 ·αcr = 0.85 · 0.13◦(αcr :

critical angle for total external reflection). For grazing incidence X-ray diffraction (GIXD) a linear

position-sensitive detector (OED-100-M, Braun, Garching, Germany) was rotated around the sample

to detect the intensity of the diffracted beam as a function of the vertical and horizontal scattering

angles (α f and 2θ). A soller collimator was located between the sample and the detector. The Bragg

rods and Bragg peaks were background-subtracted before evaluating peak positions and full width at

half maximum values. The vertical and horizontal scattering vector components were calculated us-

ing Qz = 2π/λ · sin(α f ) and Qx y = 4π/λ · sin(2θ/2). For X-ray reflectivity, the vertical scattering vector

component qz = (4π/λ) · sin(αr ) in the interval 0.01 Å−1 to 0.85 Å−1 was recorded as a function of the

vertical incidence angle αi with the help of a NaI scintillation detector, while the vertical reflection

angle equals the vertical incidence angle αr = αi . The reflectivity was normalized to the FRESNEL

reflectivity (R/RF ). To access the electron density profile normal to the interface and normalized

to water ρ/ρwater, a model-independent approach including linear combinations of b-splines was

used.330,331 Afterwards the thicknesses, electron densities and roughnesses of a pile of homogeneous

boxes were fitted to the electron density profile.

Brewster Angle Microscopy was performed on a custom-made computer-interfaced film bal-

ance coupled with a Brewster angle microscope (BAM1+, NFT, Göttingen, Germany) to measure the

equilibrium surface pressure isotherms at a compression rate of ≤ 10 Å2/ (molecule · min). According

to the Wilhelmy method, the surface pressure was measured with a roughened glass plate with an ac-

curacy of ±0.1 mN m−1, and the area per molecule with ±0.5 Å2. The lateral resolution of the BAM1+

was approximately 4µm. Simple imaging processing software was used to improve the contrast.

X-Ray Crystallography routine X-ray data collection and reduction was performed as service

measurements by Dr. Bernd Schweizer at the Laboratory of Organic Chemistry at the Department

of Chemistry and Applied Biosciences at ETH Zürich with an Oxford Xcalibur CCD or a Bruker Kappa
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CCD diffractometer. The structures were solved and refined with standard SHELX procedures.332 At

EPFL, X-ray data collection and reduction was performed as service measurements by Dr. Rosario

Scopeliti at the Institute of Chemical Sciences and Engineering, EPF Lausanne. The data collec-

tion was measured at low temperature (100(2) K) using Mo Kα radiation on a Bruker APEX II CCD

diffractometer having a kappa geometry goniometer. Data reduction was carried out by EvalCCD333

and then corrected for absorption.334 The solution and refinement was performed by SHELX.335

The structure was refined using full-matrix least-squares based on F 2 with all non hydrogen atoms

anisotropically defined. Hydrogen atoms were placed in calculated positions by means of the “riding”

model. Disorder problems dealing with the Br-alkyl and one CO moiety were found during the last

stages of refinement and solved using the split model. Some restraints were applied in order to get

reasonable parameters.

Vesicle Preparation From a stock solution (10 g L−1 in 1,4-dioxane/MeOH 4:1) different con-

centrations were prepared in MilliQ-water (2 g L−1 for cryo-TEM experiments and 3 g L−1 for SAXS

and WAXS measurements). Multilamellar vesicles were obtained by vortexing the suspension every

10 min for 30 s (in total 4 times). Afterwards, the multilamellar vesicles were transformed into unil-

amellar vesicles by the extrusion method.321 For this purpose, the aqueous dispersions were extruded

through a carbonate membrane with the desired pore size using a miniextruder (Avanti Polar Lipids,

Alabaster, USA).

Scanning Force Microscopy (SFM) was performed by Ruth Szilluweit. A drop of the aqueous

solution was placed onto mica and dried over night. The obtained samples were then analyzed in

tapping mode using a Nanoscope IIIa (Veeco Instruments Inc., Santa Barbara, USA) instrument at

room temperature in air. Cantilevers with a resonance frequency of f0 = 315 kHz and a force constant

of k = 14 N m−1 were used. Scan rates between 0.5 and 2 Hz were applied, the image resolution was

512·512 pixels.

5.2 Chromatography

TLC Analyses were performed on Silica Gel TLC plates F254 from Merck. UV-light (254 nm),

anisaldehyde, or KMnO4 were used for detection.

Column Chromatography was conducted on Geduran® Silica gel Si 60 from Merck (40 – 60µm).

For separations involving carbohydrates, silica gel from Acros Organics (40 – 60µm, 60 Å) was used.
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5.3 General Procedures

UV Polymerizations were performed using a 250 W Ga-doped low pressure Hg lamp from UV-

Light Technology, Birmingham, UK. For polymerizations of colloidal solutions, the lamp was placed

50 cm away from the sample which was cooled to 1 ◦C using a cryostat from Julabo. For polymeriza-

tions at the air-water interface, the lamp was placed 60 cm away from the sample which was ther-

mostated to 20 ◦C.

Solvents and Reagents. Unless otherwise noted, all reactions were carried out in dried Schlenk

glassware in an inert N2 or Ar atmosphere. Due to the sensitivity of the oligo(ethynylene)s, brown

glassware is recommended for reactions and storage. Furthermore, storage is recommended at 0 ◦C or

at –20 ◦C. Higher oligo(ethynylene)s are best stored as a solution in ethyl acetate or Et2O. All reagents

were purchased as reagent grade and used without further purification. Solvents were purchased as

reagent grade and distilled prior to use. For reactions under dry conditions, diethylether, toluene, and

THF were dried over sodium/benzophenone, CH2Cl2 was dried over CaH2, and acetone was dried

using P2O5. The solvents were freshly distilled and stored over molecular sieves prior to use. Ace-

tonitrile was purchased over molecular sieves from Acros Organics. At EPFL, a solvent purification

system (SPS) from Innovative Technologies was employed to dry and degas toluene, THF, CH2Cl2,

and acetonitrile. In this case, the solvents were purchased as HPLC grade, degassed by purging with

Ar, and dried by running over the supplied columns. Reaction mixtures employing solvents from the

SPS were not further degassed.

General Procedure for Sonogashira Couplings (Procedure A). The terminal acetylene, the

halide-terminated acetylene, and diisopropylamine were dissolved in dry THF. The solution was de-

gassed in three freeze-pump-thaw cycles. After covering the flask with aluminum foil and cooling to

0 ◦C, Pd-catalyst and CuI were added. The mixture was stirred for several hours, followed by dilution

with CH2Cl2 and subsequent aqueous workup. The organic phase was dried over MgSO4, filtered,

and concentrated in vacuo. The purification was carried out by column chromatography (silica gel)

to separate the desired product from homo- and self-coupling products.

General Procedure for Negishi Couplings Using TMS-Protected Building Blocks (Proce-

dure B). The trimethylsilyl-protected oligo(ethynylene) building block was dissolved in dry THF,

the flask was wrapped with aluminum foil, and the solution was cooled to 0 ◦C before MeLi·LiBr com-

plex (1.5 M or 2.2 M in Et2O) was added. In the case of di(ethynylene) compounds, the cooling bath

was removed and the red-brown mixture was stirred for 30 min before it was cooled to 0 ◦C again.
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Solutions of tri(ethynylene) compounds were kept at 0 ◦C and stirred for 1–3 h. Then, ZnCl2 (0.7 M in

THF) was added, and the cooling bath was removed in the case of di(ethynylene)s. The resulting yel-

low solution was stirred for 30 min to 1 h. Solutions of tri(ethynylene) compounds were kept at 0 ◦C

during this time. In a second flask, the halide-terminated acetylene compound was dissolved in dry

THF or toluene, and Pd catalyst was added. If solvents from stock bottles were used, both solutions

were degassed in three freeze-pump-thaw cycles, if solvents from the solvent purification system were

used, this step was omitted. Then, both solutions were cooled to 0 ◦C, the zinc acetylide solution was

transferred to the reaction mixture via a cannula or with a N2- or Ar-flushed syringe, and the resulting

mixture was stirred for several hours at 0 ◦C warming up to room temperature in the dark. Then, the

mixture was diluted with CH2Cl2 or Et2O, and subjected to an aqueous workup. The organic phase

was dried over MgSO4 or Na2SO4, and concentrated in vacuo. The purification was carried out by

column chromatography (silica gel) to separate the desired product from side products.

General Procedure for Negishi Couplings Using Terminal Acetylenes (Procedure C). The

terminal acetylene was dissolved in dry THF or mixtures of dry THF and dry toluene, the flask was

wrapped with aluminum foil, and the solution was cooled to 0 ◦C before n-butyl lithium (1.6 M or

2.5 M in n-hexane) was added. The cooling bath was removed and the red-brown mixture was stirred

for 30 min before it was cooled to 0 ◦C again. Then, ZnCl2 (0.7 M in THF) was added, and the cooling

bath was removed. The resulting yellow solution was stirred for 30 min to 1 h. In a second flask,

the halide-terminated acetylene compound was dissolved in dry THF or toluene, and Pd catalyst

was added. If solvents from stock bottles were used, both solutions were degassed in three freeze-

pump-thaw cycles. If solvents from the solvent purification system were used, this step was omitted.

Then, both solutions were cooled to 0 ◦C, the zinc acetylide solution was transferred to the reaction

mixture via a cannula or with a N2- or Ar-flushed syringe, and the resulting mixture was stirred for

several hours at 0 ◦C in the dark. Then, the mixture was diluted with CH2Cl2 or Et2O and subjected

to an aqueous workup. The organic phase was dried over MgSO4 or Na2SO4, and concentrated in

vacuo. The purification was carried out by column chromatography (silica gel) to separate the desired

product from side products.

General Procedure for the Deacetylation of TIPS-Protected Compounds (Procedure D).

The compound was dissolved in dry 1,4-dioxane and dry MeOH was added to give a final concentra-

tion of 10 g L−1 in a mixture of 1,4-dioxane and MeOH (7:1). The flask was wrapped with aluminum

foil, sodium methanolate (0.4–1.0 equiv.) was added, and the resulting mixture was stirred for 2–8 h.

Then, Amberlite IR-120 (H+) was added in order to neutralize the solution, and the resulting mixture

was stirred for 30 min to 1 h. Using a syringe equipped with a fine needle, the solution was transferred
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into a brown glass vial for storage at room temperature. No further purification was carried out for

subsequent experiments.

General Procedure for the Deacetylation of Dodecyl-Terminated Compounds (Procedure

E). The compound was dissolved in dry CH2Cl2 and dry MeOH was added to give a final concen-

tration of 4 g L−1 in a mixture of CH2Cl2 and MeOH (5:1). The flask was wrapped with aluminum

foil, sodium methanolate (0.4–1.0 equiv.) was added, and the resulting mixture was stirred for 2–10 h.

Then, Amberlite IR-120 (H+) was added in order to neutralize the solution, and the resulting mixture

was stirred for 30 min to 1 h. Using a syringe equipped with a fine needle, the solution was transferred

into a brown glass vial for storage at room temperature. No further purification was carried out for

subsequent experiments.

5.4 Syntheses

7’-Trimethylsilylhepta-2’,4’,6’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 1. Fol-

lowing general procedure B, 1,4-bis(trimethylsilyl)butadiyne 8 (148 mg, 0.76 mmol), MeLi·LiBr com-

plex (0.5 mL, 1.5 M in Et2O, 0.76 mmol), ZnCl2 (1.1 mL, 0.7 M in THF, 0.76 mmol), 3’-Bromoprop-

2’-ynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 7 (253 mg, 0.54 mmol), and PdCl2(dppf)·DCM

(44 mg, 0.54 mmol) were dissolved in two flasks in dry THF (2 mL) and dry toluene (7 mL), respec-

tively. After both solutions had been degassed in three freeze-pump-thaw cycles, the two solutions

were combined, and the flask was wrapped with aluminum foil. The mixture was stirred for 25 h at

0 ◦C, before it was diluted with DCM, washed once with saturated NaHCO3 solution, and once with

saturated NaCl solution. The organic phase was dried over MgSO4 and concentrated in vacuo. Col-

umn chromatography (silica gel; EtOAc/hexanes gradient 1:2 → 1:1) yielded 1 (220 mg, 80%) as a light

brown solid.

1H NMR (500.13 MHz, CDCl3): δ = 5.20 (dd, J = 9.5 Hz, 1H, H-3), 5.06 (dd, J = 9.7 Hz, 1H, H-4),

4.97 (dd, J = 9.5 Hz, 8.1 Hz, 1H, H-2), 4.69 (d, J = 7.9 Hz, 1H, H-1), 4.42 (d, J = 2.5 Hz, 2H, OCH2),

4.24 (dd, J = 12.4 Hz, 4.6 Hz, 1H, H-6’), 4.11 (dd, J = 12.4 Hz, 2.1 Hz, 1H, H-6”), 3.70 (ddd, J = 9.9 Hz,

4.5 Hz, 2.2 Hz, 1H, H-5), 2.06 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.98 (s, 3H, CH3), 0.19 (s,

9H, Si(CH3)3). 13C NMR (125.77 MHz, CDCl3): δ = 170.7, 170.2, 169.5, 169.5 (4 C=O), 98.6 (C-1), 88.4,

87.6, 72.8 (3 C≡C), 72.8 (C-3), 72.1 (C-5), 72.1 (C≡C), 71.0 (C-2), 68.2 (C-4), 64.0 (C≡C), 61.8 (C-6), 60.7

(C≡C), 56.7 (OCH2), 20.8, 20.8, 20.7, 20.7 (4 COCH3), -0.5 (Si(CH3)3). IR (KBr) ν 2961, 2079, 1753, 1366,

1221, 1059 ( cm−1). UV (MeCN) λmax (log ε) 220 (5.09), 209 (5.04) nm. m. p.: 132 ◦C (decomp). [α]23
D –

44.9 (c 0.7, CHCl3). HRMS (ESI): calcd for C24H30O10NaSi: ([M+Na]+) 529.1500; found 529.1495. Anal.
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calcd for C24H30O10Si C, 56.90%; H, 5.97%; O, 31.58%; Si, 5.54%; found C, 56.70%; H, 6.05%. Rf: 0.5

(EtOAc/hexanes 1:1).

β-D-Glucose pentaacetate 2. Acetic anhydride (120 mL, 1.3 mol) containing sodium acetate

(9.7 g, 118 mmol) was heated to reflux. D-Glucose (11.1 g, 62 mmol) was added and the reaction was

stirred for 10 min. The mixture was then poured into an ice/water mixture (800 mL). The precipitate

was filtered off which yielded 2 (12.21 g, 76%) as a white solid after recrystallisation from ethanol.

1H NMR (300.23 MHz, CDCl3): δ = 5.69 (d, J = 8.1 Hz, 1H, H-1), 5.22 (dd, J = 9.3 Hz, 1H, H-4),

5.09 (m, 2H, H-2, H-3), 4.26 (dd, J = 12.3 Hz, 4.5 Hz, H-6’), 4.07 (dd, J = 12.3 Hz, 1.8 Hz, H-6”), 3.83

(ddd, J = 9.9 Hz, 4.5 Hz, 1.8 Hz, 1H, H-5), 2.11(s, 3H, CH3), 2.08 (s, 3H, CH3), 2.02 (s, 6H, 2 CH3), 2.00

(s, 3H,CH3). 13C NMR (75.49 MHz, CDCl3): δ = 170.5, 170.0, 169.3, 169.2, 169.9 (5 C=O), 91.7 (C-1),

72.8, 72.7, 70.2, 67.7 (C-2, C-3, C-4, C-5), 61.4 (C-6), 20.8, 20.7, 20.5 (5 COCH3). HRMS (ESI): calcd for

C16H22O11Na ([M+Na]+) 413.1054; found 413.1063. Anal. calcd for C16H22O11 C, 52.85%; H, 5.74%; O,

41.41%; found C, 52.79%; H, 5.64%; O, 41.28%. Rf: 0.26 (EtOAc/n-heptane 1:1).

Iodopropargyl alcohol 3. Propargyl alcohol (16.0 g, 285 mmol) was dissolved in MeOH (400 mL).

A solution of KOH (56.0 g, 1.0 mol) in H2O (100 mL) was prepared, cooled to 0 ◦C, and added to the

reaction mixture. I2 (63.5 g, 250 mmol) was added in one portion, and the solution was stirred at

room temperature over night. The reaction mixture was neutralized with 1M HCl and extracted with

Et2O. The organic phase was washed with saturated Na2S2O3 solution, dried over Na2SO4, filtered,

and concentrated in vacuo to afford 3 (43.3 g, 83%) was obtained as a colorless solid material.

1H NMR (400.13 MHz, CDCl3): δ = 4.40 (s, 2H, CH2), 2.35 (s, 1H, OH). 13C NMR (100.61 MHz,

CDCl3): δ = 92.6 (C≡CI), 52.6 (CH2), 3.0 (C≡CI). Anal. calcd for C3H3IO: C, 19.80%; H, 1.66%; I,

69.74%; found: C, 19.85%; H, 1.64%; I, 69.77%. HRMS (EI): calcd for C3H3IO: ([M]+) 181.9233; found:

181.9236. Rf: 0.7 (CH2Cl2/MeOH 10:1). m. p.: 42–43 ◦C.

Bromopropargyl alcohol 4. Potassium hydroxide (30.0 g, 0.53 mol) was dissolved in ice water

(150 mL). Bromine (9.61 mL, 0.18 mol) was added dropwise to the stirred solution that then turned

orange. After addition of propargyl alcohol (10.0 g, 0.18 mol), the solution became a yellowish slurry.

After 45 min, the mixture was extracted with CHCl3 (three times). The combined organic phases were

washed with saturated NaCl solution and dried over Na2SO4. Filtration and evaporation of the solvent

yielded 4 (9.62 g, 40%) as a yellow liquid.

1H NMR (300.23 MHz, CDCl3): δ = 4.28 (s, 2H, CH2), 2.24 (s, 1H, OH). 13C NMR (75.49 MHz,

CDCl3): δ = 78.3 (C≡CBr), 51.9 (CH2) , 46.0 (C≡CBr). Anal. calcd for C3H3BrO: C, 26.70%; H, 2.24%;
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Br, 59.21%; found: C, 26.56%; H, 2.46%; O, 12.13%. HRMS (EI): calcd for C3H3BrO: ([M]+) 133.9362;

found: 133.9362.

Prop-2’-ynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 5. Propargyl alcohol (1.16 g,

20.4 mmol) and β-D-glucose pentaacetate (4.02 g, 10.2 mmol) were dissolved in dry DCM (100 mL).

The mixture was cooled to 0 ◦C, and boron trifluoride etherate (1.77 g, 12.24 mmol) was added. Then,

the cooling bath was removed, and the reaction was stirred for 24 h. The mixture was washed twice

with saturated NaHCO3 solution and once with saturated NaCl solution. The organic phase was

dried over Na2SO4, and 5 (4.86 g, 77%) was obtained as colorless needles after recrystallization from

ethanol.

1H NMR (300.23 MHz, CDCl3): δ = 5.22 (dd, J = 9.4 Hz, 1H, H-3), 5.07 (dd, J = 9.7 Hz, 1H, H-4),

4.98 (dd, J = 9.5 Hz, 8.0 Hz, 1H, H-2), 4.76 (d, J = 7.9 Hz, 1H, H-1), 4.35 (d, J = 2.4 Hz, 2H, OCH2), 4.25

(dd, J = 12.3 Hz, 4.6 Hz, 1H, H-6’), 4.12 (dd, J = 12.3 Hz, 2.4 Hz, 1H, H-6”), 3.71 (ddd, J = 9.9 Hz, 4.6 Hz,

2.4 Hz, 1H, H-5), 2.46 (t, J = 2.4 Hz, 1H, CCH), 2.06 (s, 3H, CH3), 2.03 (s, 3H, CH3), 2.00 (s, 3H, CH3),

1.98 (s, 3H, CH3). 13C NMR (75.49 MHz, CDCl3): δ = 170.6, 170.2, 169.4, 169.4 (4 C=O), 98.1 (C-1),

78.1, 75.6 (2 C≡C), 72.7 (C-3), 71.2 (C-5), 71.0 (C-2), 68.3 (C-4), 61.8 (C-6), 55.9 (OCH2), 20.7, 20.6,

20.6, 20.5 (4 COCH3). IR (KBr) ν 3275, 290, 2120, 1734, 1368, 1236, 1047 ( cm−1). m. p.: 116-117 ◦C.

[α]23
D –43.4 (c 0.9, CHCl3). HRMS (ESI): calcd for C17H22O10Na ([M+Na]+) 409.1105; found 409.1106.

Anal. calcd for C17H22O10 C, 52.85%; H, 5.74%; O, 41.41%; found C, 52.79%, H, 5.64%, O, 41.28%. Rf:

0.40 (EtOAc/n-heptane 2:1).

3’-Iodo-2’-propynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 6. Iodopropargyl alcohol

(1.70 g, 9.20 mmol) and β-D-glucose pentaacetate (3.00 g, 7.70 mmol) were dissolved in dry DCM

(80 mL). The mixture was cooled to 0 ◦C, and boron trifluoride etherate (1.30 g, 9.20 mmol) was added.

Then, the cooling bath was removed, and the reaction was stirred for 22 h. The mixture was diluted

with CH2Cl2, washed twice with saturated Na2S2O3 solution, once with saturated NaHCO3 solution,

and once with saturated NaCl solution. The organic phase was dried over Na2SO4, and 6 (2.60 g, 66%)

was obtained as colorless needles after recrystallization from ethanol.

1H NMR (300.23 MHz, CDCl3): δ = 5.21 (dd, J = 9.4 Hz, 1H, H-3), 5.06 (dd, J = 9.7 Hz, 1H, H-4), 4.97

(dd, J = 9.3 Hz, 8.1 Hz, 1H, H-2), 4.71 (d, J = 7.9 Hz, 1H, H-1), 4.48 (s, 2H, CH2), 4.24 (dd, J = 12.3 Hz,

4.6 Hz, 1H, H-6’), 4.11 (dd, J = 12.3 Hz, 2.2 Hz, 1H, H-6”), 3.70 (ddd, J = 9.9 Hz, 4.5 Hz, 2.4 Hz, 1H,

H-5), 2.06 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.98 (s, 3H, CH3). 13C NMR (75.49 MHz,

CDCl3): δ = 170.7, 170.3, 169.5, 169.5 (4 C=O), 98.4 (C-1), 88.9 (C≡CI), 72.8 (C-3), 72.0 (C-5), 71.0 (C-2),

68.3 (C-4), 61.8 (C-6), 57.7 (OCH2), 20.8, 20.8, 20.7, 20.7 (4 COCH3), 4.5 (C≡CI). IR (KBr) ν 2965, 2185,



5 Experimental 149

1753, 1368, 1221, 1051 ( cm−1). m. p.: 152-153 ◦C. [α]23
D –39.1 (c 0.9, CHCl3). HRMS (ESI): calcd for

C17H21O10INa ([M+Na]+) 535.0072; found 535.0074. Anal. calcd for C17H21O10I C, 39.86%; H, 4.13%;

O, 31.23%, I, 24.77%; found C, 39.62%; H, 4.13%; O, 31.06%. Rf: 0.31 (EtOAc/n-heptane 1:1).

3’-Bromoprop-2’-ynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 7. N-

Bromosuccinimide (2.70 g, 15.2 mmol) and prop-2’-ynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside

5 (5.40 g, 14.0 mmol) were dissolved in MeCN (250 mL) in a flask wrapped with aluminum foil. AgNO3

(0.47 g, 2.6 mmol) was added to the stirred solution and stirring was continued for 16 h. The mixture

was diluted with DCM (400 mL), washed with 1M HCl (200 mL), saturated NaHCO3 solution (200 mL),

saturated NaCl solution (200 mL), and dried over Na2SO4. Removal of the solvent in vacuo yielded 7

(6.50 g, 100%) as a colorless crystalline material.

1H NMR (300.23 MHz, CDCl3): δ = 5.22 (dd, J = 9.6 Hz, 1H, H-3), 5.07 (dd, J = 9.9 Hz, 1H, H-4), 4.97

(dd, J = 9.3 Hz, 7.9 Hz, 1H, H-2), 4.71 (d, J = 7.8 Hz, 1H, H-1), 4.36 (s, 2H, OCH2), 4.24 (dd, J = 12.2 Hz,

4.5 Hz, 1H, H-6’), 4.12 (dd, J = 12.2 Hz, 2.5 Hz, 1H, H-6”), 3.71 (ddd, J = 9.9 Hz, 4.5 Hz, 2.5 Hz, 1H, H-5),

2.06 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.98 (s, 3H, CH3). 13C NMR (75.49 MHz, CDCl3):

δ = 170.7, 170.3, 169.5, 169.5 (4 C=O), 98.5 (C-1), 74.8 (C≡CBr), 72.8 (C-3), 72.0 (C-5), 71.1 (C-2), 68.3

(C-4), 61.8 (C-6), 57.1 (OCH2), 47.4 (C≡CBr), 20.8, 20.8, 20.7, 20.7 (4 COCH3). IR (KBr) ν 2963, 2899,

2216, 1755, 1368, 1221, 1055 ( cm−1). m. p.: 125-127 ◦C. [α]23
D –39.8 (c 0.8, CHCl3). HRMS (ESI): calcd

for C17H21O10BrNa ([M+Na]+) 487.0210; found 487.0205. Anal. calcd for C17H21O10Br C, 43.89%; H,

4.55%; O, 34.39%; Br, 17.17%; found C, 43.87%; H, 4.55%; O, 34.22%. Rf: 0.45 (EtOAc/n-heptane 2:1).

1,4-Bis(trimethylsilyl)butadiyne 8. 1,1,2,3,4,4-Hexachlorobutadiene (50.0 g, 190 mmol) was

added dropwise to a solution of n-butyl lithium (500 mL, 1.6 M in n-hexane, 800 mmol) in dry THF

(500 mL) over a period of 1.5 h at –78 ◦C. The mixture was stirred for 0.5 h at room temperature,

trimethylsilylchloride (48.7 mL, 0.38 mol) was added at 0 ◦C, and stirring was continued for 12 h at

room temperature. The solvent was removed in vacuo, the residue was taken up in Et2O, washed

with H2O and saturated NaCl solution, dried over Na2SO4, and filtered. After removal of the solvent

in vacuo, the crude product was purified by sublimation (40 ◦C, 10−2 mbar) to give 8 (33.7 g, 92%) as

colorless crystals.

1H NMR (300.23 MHz, CDCl3): δ = 0.18 (s, 18H, Si(CH3)3). 13C NMR (75.49 MHz, CDCl3): δ = 88.2

(Si-CC), 86.1 (Si-CC), –0.4 (Si(CH3)3). HRMS (EI): calcd for C10H18Si2 ([M]+) 194.0947; found 194.0943.

Anal. calcd for C10H18Si2 C, 61.78%; H, 9.33%; Si, 28.89%; found C, 61.78%; H, 9.54%. Rf: 0.73

(EtOAc/n-heptane 1:1).
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1-Iodo-4-trimethylsilylbuta-1,3-diyne 9. 1,4-Bis(trimethylsilyl)butadiyne 8 (4.00 g, 20.5 mmol)

was dissolved in dry Et2O (150 mL). MeLi·LiI complex (24.7 mL, 1 M in Et2O, 24.7 mmol) was added at

room temperature, the flask was wrapped with aluminum foil and the solution was stirred overnight.

Then, the mixture was cooled to –78 ◦C, and iodine (5.3 g, 20.5 mmol) was added. After 30 min, the

cooling bath was removed, and the solution was stirred overnight. The mixture was then washed

twice with saturated Na2S2O3 solution and once with saturated NaCl solution. The organic phase

was dried over MgSO4 and evaporated to give 9 (3.48 g, 68%) as colorless crystals after sublimation

(30 ◦C, 10−2 mbar).

1H NMR (300.23 MHz, CDCl3): δ = 0.19 (s, 9 H, Si(CH3)3). 13C NMR (75.49 MHz, CDCl3): δ = 88.9,

83.3, 79.1 (3 C≡C), –0.3 (Si(CH3)3), –0.9 (CI). HRMS (EI): calcd for C7H9ISi ([M]+) 247.9518; found

247.9513. Rf: 0.67 (EtOAc/n-heptane 1:1).

1-Bromo-4-trimethylsilylbuta-1,3-diyne 10. 1,4-Bis(trimethylsilyl)butadiyne 8 (4 g,

20.5 mmol) was dissolved in dry Et2O (150 mL). MeLi·LiBr complex (16.47 mL, 1.5 M in Et2O,

24.7 mmol) was added at room temperature, the flask was wrapped with aluminum foil, and the

solution was stirred overnight. Then, the mixture was cooled to –78 ◦C, and bromine (3.5 g, 22.7 mmol)

was added. The cooling bath was removed, and the solution was stirred for 2 h allowing it to warm

to room temperature. The mixture was washed twice with saturated Na2S2O3 solution and once

with saturated NaCl solution. The organic phase was dried over Na2SO4and evaporated to give 10

(4.2 g, 100%) as a brown liquid which was used without further purification for synthesis. For further

purification, the crude product can be distilled (80 ◦C, 5·10−2 mbar). CAUTION! Bromodiacetylenes

are reportedly explosive on heating! A safety shield must be used for the distillation!

1H NMR (300.23 MHz, CDCl3): δ = 0.19 (s, 9 H, Si(CH3)3). 13C NMR (75.49 MHz, CDCl3): δ = 88.2,

83.6, 66.0 (3 C≡C), 40.4 (CBr), –0.4 (Si(CH3)3). HRMS (EI): calcd for C6H6BrSi ([M-CH3]+) 184.9417;

found 184.9415. Anal. calcd for C7H9BrSi: C, 41.80%; H, 4.51%; Si, 13.96%; Br, 39.73%; found C,

41.53%; H, 4.42%. Rf: 0.66 (EtOAc/n-heptane 1:1).

Trimethylsilylbuta-1,3-diyne 11. 1,4-Bis(trimethylsilyl)butadiyne 8 (8.02 g, 41.25 mmol) was

dissolved in dry Et2O (200 mL). MeLi·LiBr complex (33.0 mL, 1.5 M in Et2O, 49 mmol) was added at

room temperature, and the solution was stirred overnight. Then, the solution was poured into ice-

cold saturated NH4Cl solution. The organic phase was collected, and the aqueous phase was ex-

tracted three times with pentane. The combined organic phases were dried over MgSO4 and con-

centrated to approximately 50 mL in vacuo at 0 ◦C. Distillation (23 ◦C, 3·10−2 mbar) yielded 11 (4.95 g,

98%) as a slightly yellow oil.
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1H NMR (300.23 MHz, CDCl3): δ = 2.10 (s, 1H, CCH), 0.20 (s, 9H, Si(CH3)3). 13C NMR (75.49 MHz,

CDCl3): δ = 87.5, 84.8, 68.4, 66.7 (4 C≡C), –0.4 (Si(CH3)3). HRMS (EI): calcd for C6H7Si ([M-CH3]+)

107.0312; found 107.0314. Rf: 0.69 (EtOAc/n-heptane 1:1).

5-Trimethylsilylpenta-2,4-diyn-1-ol 12. 1,4-Bis(trimethylsilyl)butadiyne 8 (5.8 g, 30 mmol) was

dissolved in dry Et2O (150 mL). MeLi·LiBr complex (24 mL, 1.5 M in Et2O, 36 mmol) was added at room

temperature, and the solution was stirred overnight in the dark. Then, the mixture was cooled to –

78 ◦C, and paraformaldehyde (2.7 g, 90 mmol) was added. After 20 min, the cooling bath was removed

and stirring was continued for 6 h. The mixture was diluted with Et2O, washed twice with 1M HCl and

once with saturated NaCl solution. The combined aqueous phases were extracted twice with Et2O.

The organic phases were combined, dried over Na2SO4, and evaporated. Column chromatography

(silica gel; ethyl acetate/hexanes 1:5) yielded 12 (3.7 g, 81%) as an orange oil.

1H NMR (300.23 MHz, CDCl3): δ = 4.33 (d, J = 6.3 Hz, 2H, OCH2), 1.73 (t, J = 6.4 Hz, 1H, OH),

0.20 (s, 9 H, Si(CH3)3). 13C NMR (75.49 MHz, CDCl3): δ = 87.7, 87.3, 76.0, 70.6 (diacetylene C), 51.3

(CH2), –0.4 (Si(CH3)3). HRMS (ESI): calcd for C7H9OSi ([M-CH3]+) 137.0423; found 137.0417. Anal.

calcd for C8H12OSi: C, 63.10%; H, 7.94%; O, 10.51%; Si, 18.44%; found C, 62.89%; H 7.80%. Rf: 0.42

(EtOAc/hexanes 1:2).

1,4-Bis(triethylsilyl)buta-1,3-diyne 13. 1,1,2,3,4,4-Hexachlorobutadiene (7.82 g, 30 mmol) was

added dropwise to a solution of n-butyl lithium (75.0 mL, 1.6 M in n-hexane, 120 mmol) in dry THF

(80 mL) over a period of 20 min at –78 ◦C. The mixture was stirred for 20 min at this temperature,

after which it was allowed to warm to room temperature and stirred for another 2.5 h. Triethylsi-

lylchloride (10.0 mL, 60 mmol) was added at 0 ◦C, and stirring was continued for 2 h at room temper-

ature. The solvent was removed in vacuo, the residue was taken up in CH2Cl2, washed twice with

H2O and once with saturated NaCl solution, dried over MgSO4, and filtered. After removal of the sol-

vent in vacuo, the crude product was purified by silica filtration (hexanes) and subsequent distillation

(100 ◦C, 2.3·10−2 mbar) to give 13 (6.12 g, 73%) as a colorless liquid.

1H NMR (300.23 MHz, CDCl3): δ = 1.00 (t, J = 7.9 Hz, 18H, Si(CH2CH3)3), 0.63 (q, J = 7.9 Hz,

12H, Si(CH2CH3)3). 13C NMR (75.49 MHz, CDCl3): δ = 89.4, 83.2 (C≡C), 7.5 (Si(CH2CH3)3), 4.3

(Si(CH2CH3)3). Rf: 0.74 (EtOAc/n-heptane 1:1).

Triethylsilylbuta-1,3-diyne 14. 1,1,2,3,4,4-Hexachlorobutadiene (0.96 g, 3.54 mmol) was added

dropwise to a solution of n-butyl lithium (9.25 mL, 1.6 M in n-hexane, 14.8 mmol) in dry THF (15 mL)

at –78 ◦C. The mixture was stirred for 1.5 h at this temperature, after which it was allowed to warm to
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room temperature and stirred for another 1.5 h. Triethylsilylchloride (0.58 g, 3.85 mmol) was added

dropwise at 0 ◦C, and the mixture was stirred for 20 min at 0 ◦C. Then the cooling bath was removed,

and the mixture was stirred for 2 h. The mixture was quenched by pouring it into an ice-cold satu-

rated NH4Cl solution. The organic phase was collected and the aqueous phase was extracted twice

with pentane. The organic phases were combined, dried over MgSO4, and filtered. After removal of

the solvent in vacuo, the crude product was purified by distillation (23 ◦C, 2.5·10−2 mbar, fractions

collected at –40 ◦C) to give 14 (0.40 g, 66%) as a colorless liquid which quickly turned purple under

ambient conditions.

1H NMR (300.23 MHz, CDCl3): δ = 2.08 (s, 1H, CCH), 1.00 (t, J = 7.9 Hz, 9H, Si(CH2CH3)3), 0.63 (q,

J = 7.8 Hz, 6H, Si(CH2CH3)3). Rf: 0.67 (EtOAc/n-heptane 1:1).

3-Triisopropylsilylprop-2-ynal 16. n-Butyl lithium (1.75 mL, 1.6 M in n-hexane, 2.8 mmol) was

added to triisopropylsilylacetylene (0.51 g, 2.80 mmol) in dry Et2O (8 mL) at –78 ◦C. The mixture was

stirred for 5 min at this temperature and then allowed to warm to room temperature over 10 min be-

fore it was again cooled to –78 ◦C. DMF (0.26 mL, 3.3 mmol) was added, and the solution was allowed

to warm to room temperature over 40 min before it was poured into ice-cold aqueous 1M HCl. The

mixture was extracted twice with Et2O, and the combined organic phases were washed with saturated

NaHCO3 solution and once with saturated NaCl solution. The organic phase was dried over MgSO4

and concentrated in vacuo. Column chromatography (silica gel, n-heptane) yielded 16 (0.52 g, 88%)

as a colorless liquid.

1H NMR (500.13 MHz, CDCl3): δ = 9.18 (s, 1H, CHO), 1.15–1.01 (m, 21H, Si(CH(CH3)2)3).

13C NMR (75.49 MHz, CDCl3): δ = 176.6 (CHO), 104.6, 100.7 (2 C≡C), 18.5 (Si(CH(CH3)2)3), 11.0

(Si(CH(CH3)2)3). HRMS (EI): calcd for C12H22OSi ([M]+) 210.4135; found: 210.4136. Anal. calcd

for C12H22OSi C, 68.51%; H, 10.54%; O, 7.60%; Si, 13.35%; found C, 68.62%; H, 10.62%. Rf: 0.07 (n-

heptane), 0.54 (DCM/n-heptane 1:1).

1,1-Dibromo-3-triisopropylsilylbut-1-en-3-yne 17. 3-Triisopropylsilylprop-2-ynal 16 (1 g,

4.76 mmol) was added to a red solution of CBr4 (2.05 g, 6.19 mmol) and PPh3 (3.24 g, 12.35 mmol)

in DCM (20 mL) at 0 ◦C, and the mixture was stirred for 10 min. Another portion of CBr4 (0.5 g,

1.51 mmol) and PPh3 (0.8 g, 3.05 mmol) in DCM (5 mL) was added at 0 ◦C as TLC indicated the pres-

ence of residual starting material, and the resulting mixture was stirred for 1 h at room temperature.

The solvent was evaporated, the residue was taken up in DCM (approx. 5 mL), and n-heptane was

added, resulting in the formation of a yellow precipitate. Silica gel filtration (n-heptane) afforded 17

(1.56 g, 4.26 mmol, 89%) as a yellow liquid.
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1H NMR (500.13 MHz, CDCl3): δ = 6.61 (s, 1H, CHCC), 1.10 (s, 21H, Si(CH(CH3)2)3). 13C NMR

(125.77 MHz, CDCl3): δ = 120.1, 103.1 (2 C=C), 102.7, 101.0 (2 C≡C), 18.7 (Si(CH(CH3)2)3), 11.3

(Si(CH(CH3)2)3). HRMS (EI): calcd for C10H15Br2Si ([M-C3H7]+) 320.9305; found: 320.9304. Anal.

calcd for C13H22Br2Si C, 42.64%; H, 6.05%; Br, 43.64%; Si, 7.67%; found C, 42.88%; H, 6.11%. Rf: 0.57

(n-heptane), 0.83 (DCM/n-heptane 1:1).

1-Triisopropylsilyl-4-trimethysilylbutadiyne 18. Lithium diisopropylamide (0.9 mL,

2 M in THF/n-heptane/ethylbenzene, 1.80 mmol) was added over 2 min to 1,1-dibromo-3-

triisopropylsilylbut-1-en-3-yne 17 (0.3 g, 0.82 mmol) in dry hexanes (12 mL) at –78 ◦C. The resulting

mixture was stirred for 15 min at this temperature before it was allowed to warm to room temperature

over 30 min. The mixture was then cooled to 0 ◦C, stirred for 3 h, and diluted with dry THF (5 mL).

Chlorotrimethylsilane (0.12 g, 1.1 mmol) was added, and the mixture was stirred overnight. The next

day, the solution was poured into an ice-cold saturated NH4Cl solution which was subsequently

extracted three times with Et2O. The combined organic phases were washed with saturated NH4Cl

solution, saturated NaHCO3 solution, and saturated NaCl solution. The organic phase was dried over

MgSO4 and concentrated in vacuo. Column chromatography (silica gel, pentane) afforded 18 (0.21 g,

89%) as a brownish oil.

1H NMR (500.13 MHz, CDCl3): δ = 1.08 (s, 21H, Si(CH(CH3)2)3), 0.20 (s, 9H, Si(CH3)3). 13C NMR

(125.77 MHz, CDCl3): δ = 90.0, 88.6, 84.6, 83.3 (4 C≡C), 18.7 (Si(CH(CH3)2)3), 11.4 (Si(CH(CH3)2)3),

–0.3 (Si(CH3)3). HRMS (EI): calcd for C13H23Si2 ([M-C3H7]+) 235.1333; found: 235.1333. Anal. calcd

for C16H30Si2 C, 68.98%; H, 10.85%; Si, 20.16%; found C, 69.15%; H, 11.08%. Rf: 0.56 (n-heptane), 0.86

(DCM/n-heptane 1:1).

1-Triisopropylsilyl-5-trimethysilylpenta-1,4-diyn-3-ol 19. n-Butyl lithium (10.7 mL,

17.28 mmol) was added to trimethylsilylacetylene (1.69 g, 17.16 mmol) in dry THF (100 mL) at

–78 ◦C, and the mixture was allowed to warm up over 15 min. The solution was cooled to –78 ◦C,

3-triisopropylprop-2-ynal 16 (3.03 g, 14.41 mmol) was added over 5 min, and the mixture was allowed

to warm to room temperature over 2 h. The solution was poured into an ice-cold saturated NH4Cl

solution which was subsequently extracted twice with Et2O. The combined organic phases were

washed with saturated NaCl solution, dried over Na2SO4, and concentrated in vacuo. 19 (4.45 g,

100%) was obtained as a yellow liquid.

1H NMR (500.13 MHz, CDCl3): δ = 5.08 (s, 1H, CHOH), 2.49 (bs, 1H, OH), 1.06 (s, 21H,

Si(CH(CH3)2)3), 0.16 (s, 9H, Si(CH3)3). 13C NMR (125.77 MHz, CDCl3): δ = 104.3, 102.4, 89.3, 86.3

(4 C≡C), 53.0 (CHOH), 18.6 (Si(CH(CH3)2)3), 11.3 (Si(CH(CH3)2)3), –0.3 (Si(CH3)3). HRMS (EI): calcd

for C17H32OSi2 ([M]+) 308.1987; found 308.1981. Rf: 0.03 (n-heptane), 0.34 (DCM/n-heptane 1:1).
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1-Triisopropylsilyl-5-trimethysilylpenta-1,4-diyn-3-one 20. Pyridinium chlorochromate

(1.42 g, 6.59 mmol) was added to a solution of 1-triisopropylsilyl-5-trimethysilylpenta-1,4-diyn-3-ol

19 (1.01 g, 3.27 mmol) in dry DCM (20 mL) containing Celite (1.22 g) and 4 Å molecular sieves (1.23 g)

at room temperature, and the mixture was stirred overnight. The next day, the mixture was concen-

trated in vacuo and applied to a plug (silica gel, DCM:n-heptane 1:1) to give 20 (0.98 g, 98%) as a

yellowish oil.

1H NMR (500.13 MHz, CDCl3): δ = 1.14–1.06 (m, 21H, Si(CH(CH3)2)3), 0.25 (s, 9H, Si(CH3)3).

13C NMR (125.77 MHz, CDCl3): δ = 160.2 (C=O), 105.2, 103.0, 99.4, 98.2 (4 C≡C), 18.6 (Si(CH(CH3)2)3),

11.2 (Si(CH(CH3)2)3), –0.8 (Si(CH3)3). HRMS (EI): calcd for C17H30OSi2 ([M]+) 306.1830; found

306.1828. Anal. calcd for C17H30OSi2 C, 66.60%; H, 9.86%; O, 5.22%; Si, 18.32%; found C, 66.49%;

H, 9.97%. Rf: 0.03 (n-heptane), 0.57 (DCM/n-heptane 1:1).

1,1-Dibromo-2-(triisopropylsilylethynyl)-2-(trimethylsilylethynyl)ethene 21. CBr4

(0.95 g, 2.85 mmol) and PPh3 (1.50 g, 5.71 mmol) were dissolved in DCM (15 mL) at 0 ◦C resulting in

a red solution to which 1-triisopropylsilyl-5-trimethysilylpenta-1,4-diyn-3-one 20 (0.7 g, 2.28 mmol)

was added. The cooling bath was removed and the resulting mixture was stirred for 10 min before

another portion of CBr4 (0.49 g, 1.48 mmol) and PPh3 (0.78 g, 2.97 mmol) in DCM (5 mL) was added as

TLC indicated the presence of residual starting material. The resulting mixture was stirred for 20 min

at room temperature, concentrated to a slurry in vacuo, and purified by silica gel filtration (pentane)

to afford 21 (1.00 g, 95%) as a yellow liquid. As an alternative to the plug, the solvent was removed, the

residue taken up in MeCN, and extracted with pentane. Evaporation of the pentane phase yielded

the desired product.

1H NMR (300.23 MHz, CDCl3): δ = 1.10 (m, 21H, Si(CH(CH3)2)3), 0.22 (s, 9H, Si(CH3)3). 13C NMR

(75.49 MHz, CDCl3): δ = 114.8 (C=CBr2), 109.6 (C=CBr2), 102.5, 102.2, 100.6, 99.9 (4 C≡C), 18.7

(Si(CH(CH3)2)3), 11.3 (Si(CH(CH3)2)3), -0.3 (Si(CH3)3). HRMS (EI): calcd for C18H30Br2Si2 ([M]+)

460.0248; found 460.0243. Rf: 0.49 (n-heptane), 0.83 (DCM/n-heptane 1:1).

1-Triisopropylsilyl-6-trimethylsilylhexatriyne 22. n-Butyl lithium (1.48 mL, 1.6 M in

n-hexane, 2.37 mmol) was added over 3 min to 1,1-dibromo-2-triisopropylsilylethynyl-2-

trimethylsilylethynylethene 21 (0.85 g, 1.84 mmol) in dry hexanes (40 mL) at –78 ◦C. The mixture

was stirred for 10 min at this temperature and then allowed to warm to room temperature over

35 min before it was poured into an ice-cold saturated NH4Cl solution. The mixture was extracted

twice with Et2O, and the combined organic phases were washed once with saturated NaCl solution.

The organic phase was dried over MgSO4 and concentrated in vacuo to give 22 (0.55 g, 99%) as a
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brown oil which was used in further synthetic steps. The compound can be distilled for further

purification (140 ◦C, 2.3 · 10−2 mbar) to give a yellow oil.

1H NMR (500.13 MHz, CDCl3): δ = 1.12–1.04 (m, 21H, Si(CH(CH3)2)3), 0.20 (s, 9H, Si(CH3)3).

13C NMR (125.77 MHz, CDCl3): δ = 89.8, 88.2, 87.2, 85.3, 62.5, 61.1 (6 C≡C), 18.6 (Si(CH(CH3)2)3), 11.4

(Si(CH(CH3)2)3), –0.4 (Si(CH3)3). HRMS (EI): calcd for C18H30Si2 ([M]+) 302.1881; found 302.1886.

Anal. calcd for C18H30Si2 C, 71.45%; H, 9.99%; Si, 18.56%; found C, 71.65%; H, 9.94%. Rf: 0.56 (n-

heptane), 0.86 (DCM/n-heptane 1:1).

5’-Trimethylsilylpenta-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 23. 5-

Trimethyl-silylpenta-2,4-diynol 12 (3.00 g, 20.0 mmol) and β-D-glucose pentaacetate (6.40 g,

16.4 mmol) were dissolved in dry DCM (200 mL). The mixture was cooled to 0 ◦C, and boron

trifluoride etherate (2.80 g, 19.7 mmol) was added. Then, the cooling bath was removed, and the

reaction was stirred for 24 h. The mixture was washed twice with saturated NaHCO3 solution and

once with saturated NaCl solution. The organic phase was dried over MgSO4, and 23 (6.26 g, 79%)

was obtained as fine colorless needles after recrystallization from ethanol.

1H NMR (500.13 MHz, CDCl3): δ = 5.21 (dd, J = 9.5 Hz, 1H, H-3), 5.06 (dd, J = 9.7 Hz, 1H, H-4),

4.98 (dd, J = 9.5 Hz, 8.1 Hz, 1H, H-2), 4.72 (d, J = 8.0 Hz, 1H, H-1), 4.40 (d, J = 6.1 Hz, 2H, OCH2),

4.24 (dd, J = 12.4 Hz, 4.7 Hz, 1H, H-6’), 4.11 (dd, J = 12.4 Hz, 2.2 Hz, 1H, H-6”), 3.71 (ddd, J = 10.0 Hz,

4.6 Hz, 2.3 Hz, 1H, H-5), 2.06 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.98(s, 3H, CH3), 0.19

(s, 9H, Si(CH3)3). 13C NMR (75.49 MHz, CDCl3): δ = 170.7, 170.3, 169.5, 169.5 (4 C=O), 98.3 (C-1),

88.2, 87.0 (2 C≡C), 72.8 (C-3), 72.2, 72.1 (2 C≡C), 72.1 (C-5), 71.0 (C-2), 68.3 (C-4), 61.8 (C-6), 56.5

(OCH2), 20.8, 20.8, 20.7, 20.7 (4 COCH3), –0.4 (Si(CH3)3). IR (KBr) ν 2965, 2108, 1753, 1368, 1221, 1051

( cm−1). m. p.: 102-103 ◦C. [α]23
D –42.2 (c 0.7, CHCl3). HRMS (ESI): calcd for C22H30O10NaSi ([M+Na]+)

505.15004; found 505.14983. Anal. calcd for C22H30O10Si C, 54.76%; H, 6.27%; O, 33.16%; Si, 5.82%;

found C, 54.78%; H, 6.24%. Rf: 0.50 (EtOAc/n-heptane 2:1).

5’-Bromopenta-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 24. 5’-

Trimethylsilylpenta-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 23 (1.00 g, 4.10 mmol)

and N-bromosuccinimide (0.56 g, 3.10 mmol) were dissolved in dry acetonitrile (25 mL). The flask

was wrapped with aluminum foil, and silver fluoride (0.40 g, 3.10 mmol) was added at room temper-

ature. After 1.5 h, the resulting suspension was filtered through a paper filter and diluted with DCM.

The resulting solution was washed once with water and once with saturated NaCl solution. The

organic phase was dried over MgSO4 and evaporated in vacuo to give 24 (1.01 g, 100%) as colorless

crystals.
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1H NMR (300.23 MHz, CDCl3): δ = 5.23 (dd, J = 9.4 Hz, 1H, H-3), 5.09 (dd, J = 9.7 Hz, 1H, H-4), 5.00

(dd, J = 9.6 Hz, 8.0 Hz, 1H, H-2), 4.72 (d, J = 7.9 Hz, 1H, H-1), 4.41 (d, 2H, OCH2), 4.26 (dd, J = 12.4 Hz,

4.6 Hz, 1H, H-6’), 4.14 (dd, J = 12.4 Hz, 2.3 Hz, 1H, H-6”), 3.73 (ddd, J = 9.9 Hz, 4.6 Hz, 2.4 Hz, 1H, H-5),

2.09 (s, 3H, CH3), 2.07 (s, 3H, CH3), 2.02 (s, 3H, CH3), 2.00 (s, 3H, CH3). 13C NMR (75.49 MHz, CDCl3):

δ = 170.7, 170.3, 169.5, 169.5 (4 C=O), 98.5 (C-1), 72.8 (C-3), 72.2 (C≡C), 72.2 (C-5), 71.1 (C-2), 69.7

(C-4), 68.3 (C-6), 64.7, 61.8 (2 C≡C), 56.5 (OCH2), 42.4 (C≡C), 20.8, 20.8, 20.7, 20.7 (4 COCH3). IR (KBr)

ν 2959, 2241, 2143, 1753, 1368, 1221, 1061 ( cm−1). m. p.: 108 ◦C (decomp). [α]23
D –37.7 (c 0.9, CHCl3).

HRMS (ESI): calcd for C19H21O10BrNa ([M+Na]+) 511.0210; found 511.0214. Rf: 0.45 (EtOAc/hexanes

1:1).

7’-Bromohepta-2’,4’,6’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 25. N-

Bromosuccinimide (0.23 g, 1.3 mmol) and 7’-trimethylsilylhepta-2’,4’,6’-triynyl 2,3,4,6-tetra-O-

acetyl-β-D-glucopyranoside 1 (0.60 g, 1.2 mmol) were dissolved in dry MeCN (100 mL). The flask was

wrapped with aluminum foil, and AgF (0.22 g, 1.3 mmol) was added at room temperature. After 3.5 h,

the reaction mixture was filtered through a plug of silica gel and Celite. The resulting solution was

washed once with water and once with saturated NaCl solution. The organic phase was dried over

Na2SO4 and evaporated to yield 25 (0.59 g, 98%) as a red solid.

1H NMR (400.13 MHz, CDCl3): δ = 5.20 (dd, J = 9.5 Hz, 1H, H-3), 5.06 (dd, J = 9.7 Hz, 1H, H-4), 4.97

(dd, J = 9.6 Hz, 8.0 Hz, 1H, H-2), 4.69 (d, J = 7.9 Hz, 1H, H-1), 4.41 (d, J = 1.5 Hz, 2H, OCH2), 4.24 (dd,

J = 12.4 Hz, 4.6 Hz, 1H, H-6’), 4.11 (dd, J = 12.4 Hz, 2.3 Hz, 1H, H-6”), 3.71 (ddd, J = 10.0 Hz, 4.6 Hz,

2.4 Hz, 1H, H-5), 2.06 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.98 (s, 3H, CH3). 13C NMR

(100.61 MHz, CDCl3): δ = 170.7, 170.3, 169.5, 169.5 (4 C=O), 98.6 (C-1), 72.8 (C-3), 72.1 (C-5), 72.0,

71.9 (2 C≡C), 71.0 (C-2), 68.2 (C-4), 65.7, 64.3 (2 C≡C), 61.8 (C-6), 58.2 (C≡C), 56.6 (OCH2), 42.4 (C≡C),

20.8, 20.8, 20.7, 20.6 (4 COCH3). IR (KBr) ν 2959, 2893, 2183, 2102, 1751, 1736, 1363, 1220, 1045, 1039

( cm−1). UV (MeCN) λmax (log ε) 217 (3.98), 210 (3.98) nm.[α]23
D –51.2 (c 0.19, CHCl3) HRMS (ESI):

calcd for C21H21O10BrNa ([M+Na]+) 535.0210; found: 535.0210. Rf: 0.50 (EtOAc/hexanes 1:1).

9-Trimethylsilylnona-2’,4’,6’,8’-tetraynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 26.

Following general procedure B, 1,4-bis(trimethylsilyl)butadiyne 8 (148 mg, 0.76 mmol), MeLi·LiBr

complex (0.5 mL, 1.5 M in Et2O, 0.76 mmol), ZnCl2 (1.1 mL, 0.7 M in THF, 0.76 mmol), 5’-

Bromoprop-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 24 (270 mg, 0.54 mmol), and

PdCl2(dppf)·DCM (46 mg, 0.54 mmol) were dissolved in two flasks in dry THF (2 mL) and dry toluene

(8 mL), respectively. After both solutions had been degassed in three freeze-pump-thaw cycles, the

two solutions were combined, and the flask was wrapped with aluminum foil. The mixture was stirred

for 31 h at 0 ◦C, before it was diluted with Et2O, washed once with saturated NaHCO3 solution, and
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once with saturated NaCl solution. The organic phase was dried over MgSO4, and concentrated in

vacuo. Column chromatography (silica gel; EtOAc/hexanes gradient 1:2 → 1:1) yielded 26 (130 mg,

45%) as a light brown solid.

1H NMR (300.23 MHz, CD2Cl2): δ = 5.22 (dd, J = 9.5 Hz, 1H, H-3), 5.05 (dd, J = 9.7 Hz, 1H, H-

4), 4.94 (dd, J = 9.6 Hz, 8.0 Hz, 1H, H-2), 4.71 (d, J = 7.9 Hz, 1H, H-1), 4.46 (s, 2H, OCH2), 4.24 (dd,

J = 12.3 Hz, 4.8 Hz, 1H, H-6’), 4.10 (dd, J = 12.3 Hz, 2.5 Hz, 1H, H-6”), 3.75 (ddd, J = 10.0 Hz, 4.8 Hz,

2.5 Hz, 1H, H-5), 2.05 (s, 3H, CH3), 2.03 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.97 (s, 3H, CH3), 0.21 (s, 9H,

Si(CH3)3). 13C NMR (75.49 MHz, CD2Cl2): δ = 170.9, 170.5, 169.9, 169.8 (4 C=O), 99.5 (C-1), 89.6, 87.7,

74.2 (3 C≡C), 73.1 (C-3), 72.7 (C-5), 72.0 (C≡C), 71.5 (C-2), 68.8 (C-4), 64.3, 63.2 (2 C≡C), 62.3 (C-6),

62.0, 61.5 (2 C≡C), 57.4 (OCH2), 21.0, 21.0, 21.0, 20.9 (4 COCH3), –0.4 (Si(CH3)3). IR (KBr) ν 2963,

2144, 2058, 1757, 1368, 1217, 1082 ( cm−1). UV (MeCN) λmax (log ε) 232 (5.55), 222 (5.40), 212 (5.00)

nm. m. p.: 131 ◦C (decomp). [α]23
D –44.5 (c 0.5, CHCl3). MS (ESI): calcd for C26H30O10NaSi ([M+Na]+)

553.15; found 553.15. Anal. calcd for C26H30O10Si C, 58.85%; H, 5.70%; O, 30.15%; Si, 5.29%; found C,

58.46%; H, 5.91%. Rf: 0.43 (EtOAc/n-heptane 1:1).

11’-Trimethylsilylundeca-2’,4’,6’,8’,10’-pentaynyl 2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside 27. Following general procedure B, 1,4-bis(trimethylsilyl)butadiyne 8 (268 mg,

1.38 mmol), MeLi·LiBr complex (0.63 mL, 2.2 M in Et2O, 1.39 mmol), ZnCl2 (1.99 mL, 0.7 M in THF,

1.39 mmol), 7’-Bromoprop-2’,4’,6’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 25 (500 mg,

0.97 mmol), and PdCl2(dppf)·DCM (79 mg, 0.097 mmol) were dissolved in two flasks in dry THF

(4 mL) and dry toluene (16 mL), respectively. After both solutions had been degassed in four freeze-

pump-thaw cycles, the two solutions were combined, and the flask was wrapped with aluminum foil.

The mixture was stirred for 28 h at 0 ◦C, before it was diluted with Et2O, washed twice with saturated

NaHCO3 solution, and once with saturated NaCl solution. The organic phase was dried over MgSO4,

and concentrated in vacuo. Column chromatography (silica gel; EtOAc/hexanes 1:3) yielded 27

(70 mg, 13%) as a light brown solid.

1H NMR (300.23 MHz, CD2Cl2): δ = 5.22 (dd, J = 9.6 Hz, 1H, H-3), 5.08 (dd, J = 9.6 Hz, 1H, H-4),

4.99 (dd, J = 9.5 Hz, 7.9 Hz, 1H, H-2), 4.70 (d, J = 7.9 Hz, 1H, H-1), 4.45 (d, J = 1.0 Hz, 2H, OCH2),

4.25 (dd, J = 12.3 Hz, 4.6 Hz, 1H, H-6’), 4.13 (dd, J = 12.3 Hz, 2.3 Hz, 1H, H-6”), 3.72 (ddd, J = 9.9 Hz,

4.6 Hz, 2.4 Hz, 1H, H-5), 2.08 (s, 3H, CH3), 2.06 (s, 3H, CH3), 2.02 (s, 3H, CH3), 1.99 (s, 3H, CH3), 0.21 (s,

9H, Si(CH3)3). 13C NMR (75.49 MHz, CD2Cl2): δ = 170.7, 170.3, 169.5, 169.5 (4 C=O), 98.7 (C-1), 89.2,

87.7, 73.4 (3 C≡C), 72.8 (C-3), 72.2 (C-5), 72.1 (C≡C), 71.1 (C-2), 68.3 (C-4), 64.4, 63.5, 62.8, 62.3, 62.0,

(5 C≡C), 61.8 (C-6), 61.1, (2 C≡C), 56.6 (OCH2), 20.8, 20.8, 20.7, 20.7, 20.9 (4 COCH3), –0.5 (Si(CH3)3).

IR (KBr) ν 2964, 2215, 2175, 2112, 2049, 1755, 1369, 1228, 1082 ( cm−1). UV (MeCN) λmax (log ε) 258
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(5.56), 244 (5.41), 233 (5.01) nm. HRMS (ESI): calcd for C28H30O10NaSi ([M+Na]+) 577.1500; found

577.1498. Rf: 0.51 (EtOAc/hexanes 1:1).

13’-Triisopropylsilyltrideca-2’,4’,6’,8’,10’,12’-hexaynyl 2,3,4,6-tetra-O-acetyl-

β-D-glucopyranoside 28. Following general procedure B, 1-triisopropylsilyl-6-

trimethylsilylhexatriyne 22 (301 mg, 0.99 mmol), MeLi·LiBr complex (0.43 mL, 2.2 M in Et2O,

0.97 mmol), ZnCl2 (1.43 mL, 0.7 M in THF, 0.99 mmol), 7’-Bromoprop-2’,4’,6’-triynyl 2,3,4,6-tetra-O-

acetyl-β-D-glucopyranoside 25 (250 mg, 0.49 mmol), and PdCl2(dppf)·DCM (38 mg, 0.05 mmol) were

dissolved in two flasks in dry THF (3 mL) and dry toluene (12 mL), respectively. After both solutions

had been degassed in four freeze-pump-thaw cycles, the two solutions were combined, and the flask

was wrapped with aluminum foil. The mixture was stirred for 67 h at 0 ◦C, before it was quenched

with saturated NH4Cl solution. The mixture was extracted with Et2O, the organic phase was washed

once with saturated NaHCO3 solution, and once with saturated NaCl solution. The organic phase

was dried over Na2SO4, and concentrated to approximately 4 mL in vacuo. Column chromatography

(silica gel; EtOAc/hexanes 1:2) yielded 28 (110 mg, 34%) as a light brown solid.

1H NMR (500.13 MHz, CD2Cl2): δ = 5.22 (dd, J = 9.5 Hz, 1H, H-3), 5.08 (dd, J = 9.7 Hz, 1H, H-4),

4.98 (dd, J = 9.5 Hz, 8.1 Hz, 1H, H-2), 4.69 (d, J = 7.9 Hz, 1H, H-1), 4.45 (d, J = 2.8 Hz, 2H, OCH2),

4.25 (dd, J = 12.4 Hz, 4.6 Hz, 1H, H-6’), 4.13 (dd, J = 12.3 Hz, 2.1 Hz, 1H, H-6”), 3.72 (ddd, J = 10.0 Hz,

4.5 Hz, 2.3 Hz, 1H, H-5), 2.07 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.01 (s, 3H, CH3), 1.99 (s, 3H, CH3),

1.10–1.02 (m, 21H, Si(CH(CH3)2)3). 13C NMR (125.77 MHz, CD2Cl2): δ = 170.7, 170.3, 169.5, 169.5 (4

C=O), 98.8 (C-1), 89.4, 87.6, 73.6 (3 C≡C), 72.8 (C-3), 72.2 (C-5), 72.0 (C≡C), 71.0 (C-2), 68.3 (C-4),

64.4, 63.6, 63.5, 63.2, 62.1, (5 C≡C), 61.8 (C-6), 61.2, 61.2, (2 C≡C), 56.6 (OCH2), 20.8, 20.8, 20.7, 20.7,

20.9 (4 COCH3), 18.6 (Si(CH(CH3)2)3), 11.4 (Si(CH(CH3)2)3). HRMS (ESI): calcd for C36H42O10NaSi

([M+Na]+) 685.2439; found 685.2452. Rf: 0.56 (EtOAc/hexanes 1:1).

Penta-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 29. 5’-Trimethylsilylpenta-

2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 23 (3.00 g, 6.2 mmol) was dissolved in dry

THF (50 mL). The mixture was cooled to 0 ◦C, and tetrabutylammonium fluoride (1.96 g, 0.62 mmol)

was added. The resulting mixture was stirred for 10 min at this temperature before it was washed

twice with water. The organic phase was dried over MgSO4, and 23 (2.18 g, 86%) was obtained as fine

colorless needles after recrystallization from ethanol.

1H NMR (300.23 MHz, CDCl3): δ = 5.21 (dd, J = 9.4 Hz, 1H, H-3), 5.05 (dd, J = 9.7 Hz, 1H, H-

4), 4.96 (dd, J = 9.4 Hz, 8.0 Hz, 1H, H-2), 4.70 (d, J = 7.9 Hz, 1H, H-1), 4.39 (s, 2H, OCH2), 4.23 (dd,

J = 12.4 Hz, 4.6 Hz, 1H, H-6’), 4.11 (dd, J = 12.4 Hz, 2.3 Hz, 1H, H-6”), 3.71 (ddd, J = 9.4 Hz, 4.3 Hz,
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2.0 Hz, 1H, H-5), 2.22 (s, 1H, CCH), 2.05 (s, 3H, CH3), 2.03 (s, 3H, CH3), 1.99 (s, 3H, CH3), 1.97 (s, 3H,

CH3). 13C NMR (75.49 MHz, CDCl3): δ = 170.7, 170.2, 169.5, 169.4 (4 C=O), 98.6 (C-1), 72.8 (C-3), 72.1

(C-5), 71.4 (C≡C), 71.0 (C-2), 71.0 (C≡C), 68.9 (C-4), 68.3, 67.2 (C≡C), 61.8 (C-6), 56.4 (OCH2), 20.8,

20.7, 20.6, 20.6 (4 COCH3). HRMS (ESI): calcd for C19H22O10Na ([M+Na]+) 433.1105; found 433.1104.

Anal. calcd for C19H22O10 C, 55.61%; H, 5.40%; O, 38.99%; found C, 55.35%; H, 5.35%; O. 38.92%.Rf:

0.32 (EtOAc/hexanes 1:1).

Hepta-2’,4’,6’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 30. 7’-

Trimethylsilylhepta-2’,4’,6’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 1 (1 g, 2 mmol) was

dissolved in DCM (30 mL) and MeOH (30 mL). AgNO3 (0.51 g, 3 mmol) was added, and the mixture

was stirred for 2 h at room temperature. More AgNO3 (100 mg, 0.6 mmol) was added because of a

slow progress in the reaction. After additional 30 min, KI (0.6 g, 3.6 mmol) was added. The reaction

mixture was filtered after thin layer chromatography showed full conversion. Evaporation of the

solvent yielded 30 (0.77 g, 89%) as a brown solid which was used in the next step without further

purification.

1H NMR (300.23 MHz, CDCl3): δ = 5.23 (dd, J = 9.4 Hz, 1H, H-3), 5.09 (dd, J = 9.7 Hz, 1H, H-4), 5.00

(dd, J = 9.5 Hz, 8.0 Hz, 1H, H-2), 4.71 (d, J = 7.9 Hz, 1H, H-1), 4.44 (s, 2H, OCH2), 4.26 (dd, J = 12.4 Hz,

4.6 Hz, 1H, H-6’), 4.14 (dd, J = 12.4 Hz, 2.3 Hz, 1H, H-6”), 3.73 (ddd, J = 9.9 Hz, 4.6 Hz, 2.4 Hz, 1H, H-5),

2.18 (s, 1H, CCH), 2.09 (s, 3H, CH3), 2.07 (s, 3H, CH3), 2.02 (s, 3H, CH3), 2.00 (s, 3H, CH3). 13C NMR

(75.49 MHz, CDCl3): δ = 170.6, 170.1, 169.4, 169.4 (4 C=O), 98.6 (C-1), 72.7 (C-3), 72.2 (C≡C) 72.1 (C-

5), 71.7 (C≡C), 70.9 (C-2), 68.4 (C-4), 68.2, 68.0, 63.5 (3 C≡C), 61.7 (C-6), 59.5 (C≡C), 56.5 (OCH2),

20.7, 20.7, 20.6, 20.6 (COCH3). IR (KBr) ν 3271, 2969, 2891, 2045, 1753, 1435, 1368, 1225, 1061 ( cm−1).

m. p.: 114-116 ◦C (decomp). [α]23
D –48.5 (c 0.9, CHCl3). HRMS (ESI): calcd for C21H22O10Na ([M+Na]+)

457.1105; found 457.1111. Rf: 0.3 (EtOAc/n-heptane 1:1).

Nona-2’,4’,6’,8’-tetraynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 31. 9-

Trimethylsilylnona-2’,4’,6’,8’-tetraynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 26 (210 mg,

0.38 mmol) was dissolved in a mixture of DCM (6 mL) and MeOH (6 mL). The flask was wrapped

with aluminum foil, AgNO3 (0.1 g, 0.57 mmol) was added, and the mixture was stirred for 40 min

at room temperature. More AgNO3 (27 mg, 0.16 mmol) was added because of a slow progress of

the reaction. After 2 h, KI (0.15 mg, 0.9 mmol) was added. When monitoring of the reaction by

thin layer chromatography indicated full conversion, the solvent was evaporated. The residue

was dissolved in a mixture of EtOAC and hexanes (1:1), and the formed silver iodide was removed

by silica gel filtration (silica gel, EtOAc/hexanes 1:1). The solution was concentrated until black
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insoluble material started to form, and the filtered solution of the crude nona-2’,4’,6’,8’-tetraynyl

2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 31 was used without purification.

Deca-2’,4’,6’,8’-tetrayne-1’,10’-diyl bis(2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside) 32.

From Penta-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 29: Copper(I) chloride (0.493 g,

4.98 mmol) was added to a solution of TMEDA (1.25 g, 10.8 mmol) in dry DCM (30 mL), and

the mixture was stirred for 1 h. In a second flask, penta-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside 29 (1.97 g, 4.80 mmol) was dissolved in dry DCM (60 mL) over 4 Å molecular sieves.

Then, the catalyst solution was transferred to the reactant solution with a syringe. The flask was

wrapped with aluminum foil, and the mixture was stirred for 14 h at room temperature with a

constant stream of air flowing through the solution. The reaction mixture was diluted with CH2Cl2,

washed once with water, once with saturated NH4Cl solution, and once with saturated NaCl solution.

The organic phase was dried over MgSO4 and evaporated to yield 32 (1.88 g, 97%) as a brown solid.

From 5’-Trimethylsilylpenta-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 23: 5’-

Trimethylsilylpenta-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 23 (0.51 g, 1.06 mmol)

was dissolved in dry MeCN (15 mL), the flask was wrapped with aluminum foil. AgF (195 mg,

1.54 mmol) was added, and the resulting mixture was stirred for 2.5 h. CuBr2 (342 mg, 1.53 mmol) was

added, the mixture was stirred for 2 h, before TMEDA (0.15 mL, 1.0 mmol) was added. The resulting

mixture was stirred for 30 min, before it was filtered through a paper filter. The filtrate was diluted

with DCM and washed once with saturated NH4Cl solution, and once with saturated NaCl solution.

The organic phase was dried over MgSO4 and evaporated to give 32 (0.39 g, 95%) as a brown solid.

1H NMR (300.23 MHz, CD2Cl2): δ = 5.22 (dd, J = 9.7 Hz, 1H, H-3), 5.05 (dd, J = 9.7 Hz, 1H, H-

4), 4.94 (dd, J = 9.6 Hz, 7.9 Hz, 1H, H-2), 4.70 (d, J = 7.9 Hz, 1H, H-1), 4.46 (s, 2H, OCH2), 4.24 (dd,

J = 12.3 Hz, 4.8 Hz, 1H, H-6’), 4.10 (dd, J = 12.3 Hz, 2.7 Hz, 1H, H-6”), 3.75 (ddd, J = 9.9 Hz, 4.7 Hz,

2.4 Hz, 1H, H-5), 2.05 (s, 3H, CH3), 2.03 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.97 (s, 3H, CH3). 13C NMR

(75.49 MHz, CD2Cl2): δ = 170.9, 170.5, 169.9, 169.8 (4 C=O), 99.5 (C-1), 74.6 (C≡C), 73.1 (C-3), 72.7

(C-5), 71.8 (C≡C), 71.4 (C-2), 68.8 (C-4), 64.0, (C≡C), 62.3 (C-6), 62.1 (C≡C), 57.3 (OCH2), 21.0, 21.0,

20.9, 20.9 (4 COCH3). IR (KBr) ν 2960, 2236, 2155 1755, 1372, 1228, 1063 ( cm−1). UV (MeCN) λmax

(log ε) 239 (5.39), 228 (5.26), 218 (4.91) nm. Rf: 0.20 (EtOAc/hexanes 1:1).

Tetradeca-2’,4’,6’,8’,10’,12’-hexayne-1’,14’-diyl bis(2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside) 33. From Hepta-2’,4’,6’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 30.

Copper(I) chloride (90 mg, 0.9 mmol) was added to a solution of TMEDA (210 mg, 1.8 mmol) in dry

DCM (6 mL), and the mixture was stirred for 1 h. In a second flask, hepta-2’,4’,6’-triynyl 2,3,4,6-tetra-

O-acetyl-β-D-glucopyranoside 30 (0.4 g, 0.9 mmol) was dissolved in dry DCM (12 mL). Then, the
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catalyst solution was transferred to the reactant solution with a syringe. The flask was wrapped with

aluminum foil, and the mixture was stirred for 1 h at room temperature with a constant stream of

air flowing through the solution. The reaction mixture was diluted with CH2Cl2, washed once with

saturated NH4Cl solution, once with water, and once with saturated NaCl solution. The organic

phase was dried over MgSO4 and evaporated. Column chromatography (silica gel; EtOAc/hexanes

1:1) yielded 33 (0.2 g, 51%) as a brown solid.

From 7’-Trimethylsilylhepta-2’,4’,6’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 1: 7’-

Trimethylsilylhepta-2’,4’,6’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 1 (201 mg,

0.397 mmol) was dissolved in dry MeCN (8 mL), the flask was wrapped with aluminum foil, and

the solution was cooled to 0 ◦C. AgF (105 mg, 0.828 mmol) was added, and the resulting mixture was

stirred for 3.5 h allowing it to warm to room temperature. CuBr2 (134 mg, 0.600 mmol) was added

at 0 ◦C, and the mixture was stirred for 15 min at 0 ◦C, before TMEDA (0.06 mL, 0.398 mmol) was

added at 0 ◦C. The resulting mixture was stirred for 10 min, before it was filtered through a paper

filter. The filtrate was diluted with DCM and washed once with saturated NH4Cl solution, and once

with saturated NaCl solution. The organic phase was dried over MgSO4 and evaporated. Column

chromatography (silica gel; EtOAc/hexanes gradient 1:2 → 3:1) yielded 33 (124 mg, 72%) as a light

brown solid.

1H NMR (300.23 MHz, CD2Cl2): δ = 5.22 (dd, J = 9.5 Hz, 1H, H-3), 5.05 (dd, J = 9.7 Hz, 1H, H-

4), 4.94 (dd, J = 9.6 Hz, 8.0 Hz, 1H, H-2), 4.70 (d, J = 7.9 Hz, 1H, H-1), 4.47 (s, 2H, OCH2), 4.24 (dd,

J = 12.4 Hz, 4.8 Hz, 1H, H-6’), 4.10 (dd, J = 12.3 Hz, 2.4 Hz, 1H, H-6”), 3.75 (ddd, J = 10.0 Hz, 4.8 Hz,

2.5 Hz, 1H, H-5), 2.05 (s, 3H, CH3), 2.03 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.97 (s, 3H, CH3). 13C NMR

(75.49 MHz, CD2Cl2): δ = 170.9, 170.5, 169.9, 169.8 (4 C=O), 99.5 (C-1), 75.0 (C≡C), 73.0 (C-3), 72.7

(C-5), 71.8 (C≡C), 71.4 (C-2), 68.8 (C-4), 64.2, 63.3, 63.0 (C≡C), 62.3 (C-6), 62.1 (C≡C), 57.3 (OCH2),

21.0, 21.0, 20.9, 20.9 (4 COCH3). IR (KBr) ν 2965, 2199, 2170, 2079, 1753, 1368, 1225, 1063 ( cm−1). UV

(MeCN) λmax (log ε) 287 (5.68), 271 (5.56), 257 (5.18), 244 (4.73) nm. [α]23
D –21.0 (c 0.8, CHCl3). m. p.:

122 ◦C (decomp). HRMS (ESI): calcd for C42H42O20Na ([M+Na]+) 889.2162; found 889.2174. Anal.

calcd for C42H42O20 C, 58.20%; H, 4.88%; O, 36.92%; found C, 57.97%; H, 5.05%; O, 36.77%. Rf: 0.14

(EtOAc/n-heptane 1:1).

Octadeca-2’,4’,6’,8’,10’,12’,14’,16’-octayne-1’,18’-diyl bis(2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside) 34. Copper(I) chloride (40 mg, 0.4 mmol) was added to a solution of TMEDA

(280 mg, 2.4 mmol) in CH2Cl2 (3 mL), and the mixture was stirred for 30 min. Then, the catalyst

solution was transferred to a solution containing the crude nona-2’,4’,6’,8’-tetraynyl 2,3,4,6-tetra-O-

acetyl-β-D-glucopyranoside 31 in ethyl acetate/hexanes with a syringe. The flask was wrapped with
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aluminum foil, and the mixture was stirred for 1 h at room temperature with a constant stream of air

flowing through the solution. Upon cooling the mixture to –20 ◦C, a precipitate formed which was

filtered off. The precipitate was dissolved in CH2Cl2, and the resulting organic solution was washed

once with saturated NH4Cl solution, and once with 0.2 M HCl. The filtrate was subjected to the same

aqueous workup after dilution with Et2O. The combined organic phases were dried over MgSO4.

Then, the solvent was carefully removed in vacuo to give 34 (0.1 g, 58%) as a red solid.

1H NMR (300.23 MHz, CD2Cl2): δ = 5.22 (dd, J = 9.5 Hz, 1H, H-3), 5.05 (dd, J = 9.7 Hz, 1H, H-

4), 4.94 (dd, J = 9.5 Hz, 8.0 Hz, 1H, H-2), 4.70 (d, J = 7.9 Hz, 1H, H-1), 4.47 (s, 2H, OCH2), 4.24 (dd,

J = 12.3 Hz, 4.8 Hz, 1H, H-6’), 4.11 (dd, J = 12.3 Hz, 2.3 Hz, 1H, H-6”), 3.75 (ddd, J = 9.9 Hz, 4.7 Hz,

2.4 Hz, 1H, H-5), 2.05 (s, 3H, CH3), 2.03 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.97. 13C NMR (75.49 MHz,

CD2Cl2): δ = 170.9, 170.5, 169.9, 169.8 (4 C=O), 99.6 (C-1), 75.2 (C≡C), 73.1 (C-3), 72.7 (C-5), 71.8

(C≡C), 71.4 (C-2), 68.8 (C-4), 64.1, 63.3, 63.3, 63.3, 63.2, 62.3 (6 C≡C), 62.3 (C-6), 57.3 (OCH2), 21.0,

21.0, 21.0, 20.9 (4 COCH3). IR (KBr) ν 2961, 2210, 2129, 2023, 1753, 1368, 1227, 1059 ( cm−1). UV

(MeCN) λmax (log ε) 326 (5.70), 306 (5.62), 289 (5.32), 275 (4.92), 262 (4.49) nm. [α]23
D –6.7 (c 0.4,

CHCl3). m. p.: 121 ◦C (decomp). HRMS (ESI): calcd for C46H42O20Na: ([M+Na]+) 937.2162; found

937.2159. Rf: 0.14 (EtOAc/n-heptane 1:1).

Heptadeca-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 35. Following general

procedure C, n-butyl lithium (2.54 mL, 1.6 M in n-hexane, 4.1 mmol), tetradec-1-yne (1.0 mL,

4.1 mmol), and ZnCl2 (5.81 mL, 0.7 M in THF, 4.1 mmol) were dissolved in a mixture of THF (3 mL)

and toluene (10 mL). In a second flask, PdCl2(dppf)·DCM (0.28 g, 0.3 mmol) and 3’-bromoprop-2’-

ynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 7 (0.79 g, 1.7 mmol) were dispersed in dry toluene

(30 mL). After both solutions had been degassed in three freeze-pump-thaw cycles, the two solutions

were combined at 0 ◦C, and the flask was wrapped with aluminum foil. The resulting mixture was

stirred for 10 h at 0 ◦C, allowed to warm to room temperature, and stirred for further 24 h. The mix-

ture was diluted with Et2O, washed twice with saturated NaHCO3 solution, and once with saturated

NaCl solution. The organic phase was dried over Na2SO4 and concentrated in vacuo. Column chro-

matography (silica gel, EtOAc/n-heptane gradient 1:10 → 1:2) yielded 35 (0.71 g, 73%) as an orange

oil.

1H NMR (500.13 MHz, CDCl3): δ = 5.20 (dd, J = 9.5 Hz, 1H, H-3), 5.06 (dd, J = 9.7 Hz, 1H, H-4), 4.96

(dd, J = 9.6 Hz, 8.0 Hz, 1H, H-2), 4.72 (d, J = 8.0 Hz, 1H, H-1), 4.38 (d, J = 2.7 Hz, 2H, OCH2), 4.24 (dd,

J = 12.4 Hz, 4.6 Hz, 1H, H-6’), 4.10 (dd, J = 12.3 Hz, 2.1 Hz, 1H, H-6”), 3.70 (ddd, J = 10.0 Hz, 4.5 Hz,

2.3 Hz, 1H, H-5), 2.25 (t, J = 7.0 Hz, 2H, CCCH2), 2.05 (s, 3H, CH3), 2.03 (s, 3H, CH3), 1.99 (s, 3H, CH3),

1.97 (s, 3H, CH3), 1.56–1.44 (m, 2H, CCCH2CH2), 1.40–1.15 (m, 18H, (CH2)9CH3), 0.84 (t, J = 6.9 Hz,
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3H, (CH2)11CH3). 13C NMR (125.77 MHz, CDCl3): δ = 170.7, 170.3, 169.5, 169.4 (4 C=O), 98.3 (C-1),

82.1 (C≡C), 72.8 (C-3), 72.4 (C≡C), 72.0 (C-5), 71.0 (C-2), 69.8 (C≡C), 68.3 (C-4), 64.3 (C≡C), 61.8 (C-

6), 56.7 (OCH2), 32.0, 29.7, 29.7, 29.7, 29.5, 29.4, 29.1, 28.9, 28.1, 22.7 ((CH2)10CH3), 20.8, 20.7, 20.6,

20.6 (4 COCH3), 19.3 (CCCH2), 14.2 (CH3). HRMS (ESI): calcd for C31H46O10Na ([M+Na]+) 601.2983;

found: 601.3003. Rf: 0.20 (EtOAc/n-heptane 1:2).

Nonadeca-2’,4’,6’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 36. Following gen-

eral procedure C, n-butyl lithium (3.04 mL, 1.6 M in n-hexane, 4.9 mmol), tetradec-1-yne (1.20 mL,

4.9 mmol), and ZnCl2 (7.01 mL, 0.7 M in THF, 4.9 mmol) were dissolved in a mixture of THF (4 mL)

and toluene (30 mL). In a second flask, PdCl2(dppf)·DCM (0.33 g, 0.4 mmol) and 5’-bromoprop-2’,4’-

diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 24 (0.80 g, 1.6 mmol) were dispersed in dry toluene

(130 mL). After both solutions had been degassed in three freeze-pump-thaw cycles, the two solu-

tions were combined at 0 ◦C, and the flask was wrapped with aluminum foil. The resulting mixture

was stirred for 12 h at 0 ◦C, allowed to warm to room temperature, and stirred for further 8 h. The mix-

ture was diluted with Et2O, washed twice with saturated NaHCO3 solution, and once with saturated

NaCl solution. The organic phase was dried over Na2SO4 and concentrated in vacuo. Column chro-

matography (silica gel, EtOAc/n-heptane gradient 1:10 → 1:4) yielded 36 (0.59 g, 60%) as an orange

oil.

1H NMR (500.13 MHz, CDCl3): δ = 5.23 (dd, J = 9.5 Hz, 1H, H-3), 5.09 (dd, J = 9.7 Hz, 1H, H-4),

5.00 (dd, J = 9.5 Hz, 8.0 Hz, 1H, H-2), 4.72 (d, J = 8.0 Hz, 1H, H-1), 4.43 (d, J = 3.7 Hz, 2H, OCH2),

4.26 (dd, J = 12.4 Hz, 4.7 Hz, 1H, H-6’), 4.14 (dd, J = 12.4 Hz, 2.2 Hz, 1H, H-6”), 3.72 (ddd, J = 10.0 Hz,

4.6 Hz, 2.3 Hz, 1H, H-5), 2.30 (t, J = 7.1 Hz, 2H, CCCH2), 2.09 (s, 3H, CH3), 2.07 (s, 3H, CH3), 2.02 (s,

3H, CH3), 2.00 (s, 3H, CH3), 1.57–1.48 (m, 2H, CCCH2CH2), 1.41–1.18 (m, 18H, (CH2)9CH3), 0.87 (t,

J = 6.9 Hz, 3H, (CH2)11CH3). 13C NMR (125.77 MHz, CDCl3): δ = 170.8, 170.3, 169.6, 169.5 (4 C=O),

98.6 (C-1), 82.0 (C≡C), 72.9 (C-3), 72.6 (C≡C), 72.2 (C-5), 71.2 (C≡C), 71.1 (C-2), 68.4 (C-4), 65.4,

64.7 (2 C≡C), 61.9 (C-6), 58.8 (C≡C), 56.8 (OCH2), 32.1, 29.8, 29.7, 29.7, 29.6, 29.5, 29.2, 29.0, 28.1,

22.8 ((CH2)10CH3), 20.9, 20.8, 20.7, 20.7 (4 COCH3), 19.6 (CCCH2), 14.3 (CH3). HRMS (ESI): calcd for

C33H46O10Na ([M+Na]+) 625.2983; found: 625.2974. Anal. calcd for C33H46O10 C, 65.76%; H, 7.69%;

O, 26.55%; found: C, 65.98%; H, 7.81%; O, 26.37%. Rf: 0.35 (EtOAc/n-heptane 1:2).

Henicosa-2’,4’,6’,8’-tetraynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 37. Following

general procedure C, n-butyl lithium (0.51 mL, 1.6 M in n-hexane, 0.8 mmol), tetradec-1-yne (0.20 mL,

0.8 mmol), and ZnCl2 (1.17 mL, 0.7 M in THF, 0.8 mmol), were dissolved in a mixture of THF (1 mL)

and toluene (4 mL). In a second flask, PdCl2(dppf)·DCM (0.06 g, 0.07 mmol) and 7’-bromohepta-

2’,4’6’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 25 (0.20 g, 0.4 mmol) were mixed in toluene
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(25 mL), respectively. After both solutions had been degassed in three freeze-pump-thaw cycles, the

two solutions were combined at 0 ◦C, and the flask was wrapped with aluminum foil. The resulting

mixture was stirred for 13 h at 0 ◦C, allowed to warm to room temperature, and stirred for further 7 h.

The mixture was diluted with Et2O, washed twice with saturated NaHCO3 solution, and once with sat-

urated NaCl solution. The organic phase was dried over Na2SO4 and concentrated in vacuo. Column

chromatography (silica gel, EtOAc/n-heptane 1:2) yielded 37 (0.11 g, 44%) as an orange oil.

1H NMR (500.13 MHz, CDCl3): δ = 5.23 (dd, J = 9.5 Hz, 1H, H-3), 5.08 (dd, J = 9.7 Hz, 1H, H-4),

4.99 (dd, J = 9.5 Hz, 8.0 Hz, 1H, H-2), 4.71 (d, J = 7.9 Hz, 1H, H-1), 4.44 (d, J = 3.2 Hz, 2H, OCH2),

4.26 (dd, J = 12.4 Hz, 4.6 Hz, 1H, H-6’), 4.13 (dd, J = 12.3 Hz, 2.0 Hz, 1H, H-6”), 3.72 (ddd, J = 9.9 Hz,

4.4 Hz, 2.2 Hz, 1H, H-5), 2.31 (t, J = 7.0 Hz, 2H, CCCH2), 2.08 (s, 3H, CH3), 2.06 (s, 3H, CH3), 2.02 (s,

3H, CH3), 2.00 (s, 3H, CH3), 1.58–1.50 (m, 2H, CCCH2CH2), 1.44–1.16 (m, 18H, (CH2)9CH3), 0.87 (t,

J = 6.8 Hz, 3H, (CH2)11CH3). 13C NMR (125.77 MHz, CDCl3): δ = 170.8, 170.3, 169.6, 169.5 (4 C=O),

98.6 (C-1), 82.2 (C≡C), 72.8 (C-3), 72.4 (C≡C), 72.2 (C-5), 72.2 (C≡C), 71.0 (C-2), 68.3 (C-4), 65.6, 64.9,

63.8 (3 C≡C), 61.8 (C-6), 59.9, 59.6 (2 C≡C), 56.7 (OCH2), 32.1, 29.8, 29.8, 29.7, 29.6, 29.5, 29.1, 29.0,

28.0, 22.8 ((CH2)10CH3), 20.9, 20.8, 20.7, 20.7 (4 COCH3), 19.6 (CCCH2), 14.3 (CH3). HRMS (ESI): calcd

for C35H46O10Na ([M+Na]+) 649.2983; found: 649.2997. Rf: 0.25 (EtOAc/n-heptane 1:2).

1-Bromotetradec-1-yne 38. Tetradec-1-yne (10.00 g, 51.45 mmol) and AgNO3 (2.61 g,

15.44 mmol) were added successively to N-bromosuccinimide (9.65 g, 54.22 mmol) in dry MeCN

(150 mL) in a flask wrapped with aluminum foil. The mixture was stirred for 2 h, before a concen-

trated aqueous KCl (5 mL, 1.6 g, 21.46 mmol KCl in 5 mL water) solution was added. The mixture was

filtered, water (250 mL) was added, and the resulting mixture was extracted three times with pentane

(3x 200 mL). The combined organic phases were dried over MgSO4 and concentrated in vacuo to give

38 (14.09 g, 100%) as a slightly yellow liquid.

1H NMR (500.13 MHz, CDCl3): δ = 2.19 (t, J = 7.1 Hz, 2H, CCCH2), 1.57-1.44 (m, 2H, CCCH2CH2),

1.41-1.22 (m, 18H, (CH2)9CH3), 0.88 (t, J = 6.7 Hz, 3H, (CH2)11CH3). 13C NMR (75.49 MHz, CDCl3):

δ = 80.6 (C≡CBr), 37.6 (C≡CBr), 32.1, 29.8, 29.8, 29.8, 29.7, 29.5, 29.2, 29.0, 28.5, 22.9 ((CH2)10CH3),

19.8 (CCCH2), 14.3 (CH3). HRMS (EI): calcd for C14H25 ([M-Br]+) 193.1956; found: 193.1957. Rf: 0.70

(n-heptane).

1-Trimethylsilyloctadeca-1,3,5-triyne 39. Following general procedure B, 1,4-

bis(trimethylsilyl)butadiyne 8 (11.75 g, 60.44 mmol), MeLi·LiBr complex (26.62 mL, 2.2 M in Et2O,

58.56 mmol), and ZnCl2 (86.3 mL, 0.7 M in THF, 60.41 mmol) were mixed in a flask in THF (80 mL).

In a second flask, n-butyl lithium (1.6 mL, 2.5 M in n-hexane, 4.00 mmol, old bottle) was added to
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a suspension of PdCl2(dppf)·DCM (599 mg, 0.73 mmol) in toluene (400 mL) at 0 ◦C until an orange

solution was obtained. Then, the zinc diacetylide solution was transferred into the catalyst solution

via a cannula and 1-bromotetradec-1-yne 38 (10.04 g, 36.74 mmol) was added simultaneously

with a syringe at 0 ◦C. The resulting mixture was stirred for three days, while warming up to room

temperature. The mixture was concentrated, diluted with Et2O, washed twice with saturated NH4Cl

solution, and once with saturated NaCl solution. The organic phase was dried over MgSO4, and the

solvent was removed in vacuo. Then the mixture was diluted with MeCN, extracted with pentane

(3x 200 mL), and the combined pentane phases were evaporated to give a brown liquid. The brown

liquid was purified by a silica plug (n-heptane) to give 39 (10.92 g, 95%) as an orange oil.

1H NMR (500.13 MHz, CDCl3): δ = 2.29 (t, J = 7.0 Hz, 2H, CCCH2), 1.74–1.44 (m, 2H, CCCH2CH2),

1.43–1.20 (m, 18H, (CH2)9CH3), 0.88 (t, J = 6.7 Hz, 3H, (CH2)11CH3), 0.19 (s, 9H, Si(CH3)3). 13C NMR

(125.77 MHz, CDCl3): δ = 88.6, 85.6, 81.3, 65.7, 62.7, 60.1 (6 C≡C), 32.1, 29.8, 29.8, 29.7, 29.6, 29.5,

29.2, 29.0, 28.2, 22.9 ((CH2)10CH3), 19.6 (CCCH2), 14.3 (CH3), –0.3 (Si(CH3)3). m. p.: –2–0 ◦C. HRMS

(EI): calcd for C20H31Si ([M-Me]+) 299.2195; found: 299.2189. Rf: 0.65 (n-heptane).

Pent-4’-ynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 42. β-D-Glucose pentaacetate 2

(47.25 g, 121.05 mmol) and 4-pentyn-1-ol (15.71 g, 186.76 mmol) were dissolved in DCM (600 mL). The

mixture was cooled to 0 ◦C, and boron trifluoride etherate (35.4 g, 249.44 mmol) was added. The cool-

ing bath was removed, and the reaction was stirred for 7 h. The mixture was washed three times with

saturated NaHCO3 solution and once with saturated NaCl solution. The organic phase was dried over

MgSO4, and column chromatography (silica gel, EtOAc/n-heptane 1:2) yielded 42 (23.55 g, 47%) as a

colorless syrup which solidified after two days.

1H NMR (400.13 MHz, CD2Cl2): δ = 5.19 (dd, J = 9.6 Hz, 1H, H-3), 5.03 (dd, J = 9.9 Hz, 1H, H-4),

4.91 (dd, J = 9.7 Hz, 8.0 Hz, 1H, H-2), 4.51 (d, J = 8.0 Hz, 1H, H-1), 4.24 (dd, J = 12.3 Hz, 4.8 Hz,

1H, H-6’), 4.09 (dd, J = 12.3 Hz, 2.5 Hz, 1H, H-6”), 3.92 (dt, J = 9.8 Hz, 5.7 Hz, 1H, OCHH) 3.71

(ddd, J = 10.0 Hz, 4.8 Hz, 2.5 Hz, 1H, H-5), 3.62 (ddd, J = 9.8 Hz, 7.7 Hz, 5.4 Hz, 1H, OCHH), 2.23 (dt,

J = 7.4 Hz, 2.7 Hz, 2H, CCCH2), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3), 1.99 (s, 3H, CH3), 1.98 (t, J = 2.7 Hz,

CCH), 1.96 (s, 3H, CH3), 1.83-1.70 (m, 2H, CCCH2CH2). 13C NMR (100.61 MHz, CD2Cl2): δ = 171.0,

170.5, 169.9, 169.8 (4 C=O), 101.5 (C-1), 83.9 (C≡C), 73.2 (C-3), 72.3 (C-5), 71.8 (C-2), 69.1 (C-4), 69.0

(OCH2), 69.0 (C≡C), 62.5 (C-6), 28.9 (OCH2CH2), 21.0, 21.0, 21.0, 21.0 (4 COCH3), 15.3 (CCCH2). IR

(ATR) ν 3290, 3273, 2957, 2886, 1737, 1430, 1367, 1253, 1219, 1169, 1056, 1031 ( cm−1). [α]23
D 126.7

(c 0.22, MeCN). HRMS (ESI): calcd for C19H30NO10 ([M+NH4]+) 432.1864; found 432.1870. Rf: 0.39

(EtOAc/n-heptane 1:1).
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5’-Bromopent-4’-ynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 43. Pent-4’-ynyl

2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 42 (12.49 g, 30.15 mmol) was dissolved in MeCN

(250 mL), and the flask was wrapped with aluminum foil. N-Bromosuccinimide (5.15 g, 31.60 mmol)

and AgNO3 (2.55 g, 15.01 mmol) were added, and the mixture was stirred for 15 h. The reaction was

quenched by the addition of a concentrated aqueous KCl solution (5 mL; 1.33 g, 17.77 mmol KCl in

5 mL water). The mixture was filtered through a paper filter and precipitated into water (3 L). The

mixture was stirred for two days, the precipitate was filtered, and redissolved with acetone. The

solution was concentrated in vacuo, redissolved in DCM, washed once with water, and once with

saturated NaCl solution. The organic phase was dried over MgSO4 and evaporated in vacuo to yield

43 (13.77 g, 93%) as a colorless solid.

1H NMR (400.13 MHz, CD2Cl2): δ = 5.19 (dd, J = 9.6 Hz, 1H, H-3), 5.03 (dd, J = 9.7 Hz, 1H, H-4),

4.91 (dd, J = 9.7 Hz, 8.0 Hz, 1H, H-2), 4.50 (d, J = 8.0 Hz, 1H, H-1), 4.24 (dd, J = 12.3 Hz, 4.9 Hz,

1H, H-6’), 4.09 (dd, J = 12.3 Hz, 2.5 Hz, 1H, H-6”), 3.90 (dt, J = 9.9 Hz, 5.6 Hz, 1H, OCHH) 3.72

(ddd, J = 10.0 Hz, 4.8 Hz, 2.5 Hz, 1H, H-5), 3.59 (ddd, J = 9.8 Hz, 7.7 Hz, 5.4 Hz, 1H, OCHH), 2.27

(t, J = 7.0 Hz, 2H, CCCH2), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3), 1.99 (s, 3H, CH3), 1.97 (s, 3H, CH3),

1.83-1.68 (m, 2H, CCCH2CH2). 13C NMR (100.61 MHz, CD2Cl2): δ = 171.0, 170.5, 169.9, 169.8 (4 C=O),

101.5 (C-1), 79.9 (C≡C), 73.2 (C-3), 72.3 (C-5), 71.8 (C-2), 69.0 (C-4), 68.9 (OCH2), 62.5 (C-6), 38.5

(C≡C), 28.7 (OCH2CH2), 21.0, 21.0, 21.0, 21.0 (4 COCH3), 16.5 (CCCH2). IR (ATR) ν 2965, 2943, 2882,

1740, 1431, 1370, 1221, 1166, 1056, 1032 ( cm−1). [α]23
D 148.4 (c 0.20, MeCN). HRMS (ESI): calcd for

C19H25BrO10Na ([M+Na]+) 515.0523; found 515.0530. Rf: 0.39 (EtOAc/n-heptane 1:1).

9’-Trimethylsilylnona-4’,6’,8’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 44.

Following general procedure B, 1,4-bis(trimethylsilyl)butadiyne 8 (8.08 g, 41.56 mmol), MeLi·LiBr

complex (18.5 mL, 2.2 M in Et2O, 40.70 mmol), ZnCl2 (60 mL, 0.7 M in THF, 42.0 mmol), were dissolved

in dry THF (65 mL, SPS), and 5’-Bromopent-4’-ynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside

43 (10.00 g, 20.27 mmol), and PdCl2(dppf)·DCM (1.66 g, 2.03 mmol) were dispersed in dry toluene

(300 mL, SPS). The two solutions were combined at 0 ◦C, and the flask was wrapped with aluminum

foil. The mixture was stirred for 20 h at 0 ◦C, diluted with Et2O, washed once with saturated NH4Cl

solution, and once with saturated NaCl solution. The organic phase was dried over MgSO4 and

concentrated in vacuo. Column chromatography (silica gel; EtOAc/n-heptane 1:2) yielded 44 (8.37 g,

77%) as a light brown solid.

1H NMR (400.13 MHz, CD2Cl2): δ = 5.19 (dd, J = 9.6 Hz, 1H, H-3), 5.03 (dd, J = 9.9 Hz, 1H, H-

4), 4.90 (dd, J = 9.7 Hz, 8.0 Hz, 1H, H-2), 4.50 (d, J = 8.0 Hz, 1H, H-1), 4.24 (dd, J = 12.3 Hz, 4.9 Hz,

1H, H-6’), 4.09 (dd, J = 12.3 Hz, 2.5 Hz, 1H, H-6”), 3.90 (dt, J = 9.9 Hz, 5.5 Hz, 1H, OCHH), 3.72 (ddd,
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J = 10.0 Hz, 4.9 Hz, 2.5 Hz, 1H, H-5), 3.59 (ddd, J = 9.9 Hz, 7.8 Hz, 5.2 Hz, 1H, OCHH), 2.38 (t, J = 7.0 Hz,

2H, CCCH2), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3), 1.99 (s, 3H, CH3), 1.96 (s, 3H, CH3), 1.88–1.72 (m, 2H,

CCCH2CH2), 0.19 (s, 9H, Si(CH3)3). 13C NMR (100.61 MHz, CD2Cl2): δ = 170.9, 170.5, 169.9, 169.8 (4

C=O), 101.5 (C-1), 88.4, 86.5, 80.7 (3 C≡C), 73.2 (C-3), 72.4 (C-5), 71.7 (C-2), 69.0 (C-4), 68.7 (OCH2),

66.1, 62.6 (2 C≡C), 62.5 (C-6), 60.4 (C≡C), 28.5 (OCH2CH2), 21.0, 21.0, 21.0, 21.0 (4 COCH3), 16.4

(CCCH2), –0.3 (Si(CH3)3). IR (ATR) ν 2960, 2939, 2898, 2206, 2163, 2072, 1745, 1378, 1365, 1240, 1206,

1165, 1068, 1035 ( cm−1). UV (MeCN) λmax (log ε) 220 (5.02), 209 (5.06), 200 (4.89) nm. [α]23
D 149.8

(c 0.21, MeCN). HRMS (ESI): calcd for C26H34O10SiNa ([M+Na]+) 557.1813; found 557.1832. Rf: 0.40

(EtOAc/n-heptane 1:1).

9’-Bromonona-4’,6’,8’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 45. 9’-

Trimethylsilylnona-4’,6’,8’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 44 (3.50 g, 6.55 mmol)

was dissolved in dry MeCN (80 mL) and the flask was wrapped with aluminum foil. N-

Bromosuccinimide (1.23 g, 6.87 mmol) and AgF (872 mg, 6.87 mmol) were added, and the resulting

mixture was stirred for 3 h. The mixture was precipitated into water (1 L), and the precipitate was

filtered to yield 45 (2.86 g, 81%) as a yellow solid.

1H NMR (400.13 MHz, CD2Cl2): δ = 5.19 (dd, J = 9.6 Hz, 1H, H-3), 5.03 (dd, J = 9.7 Hz, 1H, H-

4), 4.90 (dd, J = 9.7 Hz, 8.0 Hz, 1H, H-2), 4.50 (d, J = 8.0 Hz, 1H, H-1), 4.24 (dd, J = 12.3 Hz, 4.9 Hz,

1H, H-6’), 4.09 (dd, J = 12.3 Hz, 2.4 Hz, 1H, H-6”), 3.90 (dt, J = 9.9 Hz, 5.5 Hz, 1H, OCHH), 3.72 (ddd,

J = 10.0 Hz, 4.8 Hz, 2.5 Hz, 1H, H-5), 3.59 (ddd, J = 9.9 Hz, 7.8 Hz, 5.2 Hz, 1H, OCHH), 2.37 (t, J = 7.0 Hz,

2H, CCCH2), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3), 1.99 (s, 3H, CH3), 1.96 (s, 3H, CH3), 1.89–1.71 (m, 2H,

CCCH2CH2). 13C NMR (100.61 MHz, CD2Cl2): δ = 170.9, 170.5, 169.9, 169.8 (4 C=O), 101.4 (C-1),

79.7 (C≡C), 73.1 (C-3), 72.4 (C-5), 71.7 (C-2), 68.9 (C-4), 68.7 (OCH2), 66.2, 65.9 (2 C≡C), 62.4 (C-6),

60.6, 60.1, 40.4 (3 C≡C), 28.4 (OCH2CH2), 21.0, 21.0, 21.0, 20.9 (4 COCH3), 16.3 (CCCH2). IR (ATR) ν

2958, 2931, 2878, 2218, 2186, 1738, 1426, 1373, 1232, 1206, 1161, 1092, 1066, 1052, 1035 ( cm−1). UV

(MeCN)λmax (log ε) 212 (4.97) nm. [α]23
D 127.75 (c 0.24, MeCN). HRMS (ESI): calcd for C23H25BrO10Na

([M+Na]+) 563.0523; found 563.0526. Rf: 0.35 (EtOAc/n-heptane 1:1).

15’-Triisopropylsilylpentadeca-4’,6’,8’,10’,12’,14’-hexynyl 2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside 46. Following general procedure B, 1-triisopropylsilyl-6-trimethysilylbutatriyne

22 (577 mg, 1.91 mmol), MeLi·LiBr complex (0.84 mL, 2.2 M in Et2O, 1.85 mmol), ZnCl2 (2.70 mL,

0.7 M in THF, 1.89 mmol) were dissolved in dry THF (4 mL, SPS), and 9’-bromonona-4’,6’,8’-triynyl

2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 45 (0.50 g, 0.92 mmol) as well as PdCl2(dppf)·DCM

(77 mg, 0.09 mmol) were dispersed in dry toluene (15 mL, SPS). The two solutions were combined

at 0 ◦C, and the flask was wrapped with aluminum foil. The mixture was stirred for 6 h at 0 ◦C and
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allowed to warm to room temperature over night. PdCl2(dppf)·DCM (38 mg, 0.05 mmol) was added.

After 72 h, the mixture was diluted with Et2O, washed once with saturated NH4Cl solution, and

once with saturated NaCl solution. The combined aqueous phases were once extracted with Et2O,

and the combined organic phases were dried over MgSO4 and concentrated in vacuo. Column

chromatography (silica gel; EtOAc/n-heptane 1:2) yielded 46 (0.35 g, 55%) as a brown syrup.

1H NMR (400.13 MHz, CD2Cl2): δ = 5.19 (dd, J = 9.6 Hz, 1H, H-3), 5.02 (dd, J = 9.7 Hz, 1H, H-4),

4.90 (dd, J = 9.6 Hz, 8.1 Hz, 1H, H-2), 4.51 (d, J = 8.0 Hz, 1H, H-1), 4.24 (dd, J = 12.3 Hz, 4.8 Hz, 1H,

H-6’), 4.09 (dd, J = 12.3 Hz, 2.3 Hz, 1H, H-6”), 3.96-3.82 (m, 1H, OCHH) 3.72 (ddd, J = 9.9 Hz, 4.6 Hz,

2.3 Hz, 1H, H-5), 3.59 (ddd, J = 9.7 Hz, 7.7 Hz, 5.2 Hz, 1H, OCHH), 2.42 (t, J = 6.9 Hz, 2H, CCCH2),

2.04 (s, 3H, CH3), 2.01 (s, 3H, CH3), 1.99 (s, 3H, CH3), 1.96 (s, 3H, CH3), 1.89–1.73 (m, 2H, CCCH2CH2),

1.17–1.00 (m, 21H, Si(CH(CH3)2)3). 13C NMR (100.61 MHz, CD2Cl2): δ = 170.9, 170.5, 169.9, 169.8 (4

C=O), 101.4 (C-1), 89.7, 87.8, 82.1 (3 C≡C), 73.2 (C-3), 72.4 (C-5), 71.7 (C-2), 68.9 (C-4), 68.6 (OCH2),

66.2, 63.5, 63.3, 62.9, 62.8, 62.5 (6 C≡C), 62.4 (C-6), 61.7, 61.5, 60.6 (3 C≡C), 28.4 (OCH2CH2), 21.0,

21.0, 21.0, 20.9 (4 COCH3), 18.8 (Si(CH(CH3)2)3), 16.6 (CCCH2), 11.8 (Si(CH(CH3)2)3). IR (ATR) ν 2943,

2866, 2208, 2165, 2069, 2037, 1749, 1461, 1427, 1366, 1214, 1169, 1035 ( cm−1). UV (MeCN) λmax (log

ε) 296 (5.46), 280 (5.32), 266 (4.98), 252 (4.64) nm. [α]23
D 150.92 (c 0.21, MeCN). HRMS (ESI): calcd for

C38H50NO10Si ([M+NH4]+) 708.3198; found 708.3212. Rf: 0.45 (EtOAc/n-heptane 1:1).

7’-Triisopropylsilylhepta-4’,6’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 47.

Following general procedure C, n-butyl lithium (1.42 mL, 2.5 M in n-hexane, 3.55 mmol), ethynyl-

triisopropylsilane (0.82 mL, 3.65 mmol), ZnCl2 (5.08 mL, 0.7 M in THF, 3.55 mmol) were dissolved in

dry THF (10 mL, SPS), and PdCl2(dppf)·DCM (83 mg, 0.102 mmol) as well as 5’-bromopent-4’-ynyl

2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 43 (1.00 g, 2.03 mmol) were dispersed in dry toluene

(30 mL, SPS). The two solutions were combined at 0 ◦C, the flask was wrapped with aluminum foil,

and the resulting mixture was stirred over night at 0 ◦C. The following day, [1,1’-bis(ditert.-butyl

phosphino)ferrocene]palladiumdichloride (10 mg, 0.015 mmol) was added. The mixture was stirred

for 3 h at 0 ◦C, before more [1,1’-bis(ditert.-butyl phosphino)ferrocene]palladiumdichloride (11 mg,

0.017 mmol) was added, and the resulting mixture was stirred for 4 d at room temperature. Then, the

mixture was diluted with Et2O, washed once with saturated NH4Cl solution, and once with saturated

NaCl solution. The organic phase was dried over MgSO4 and concentrated in vacuo. Column

chromatography (silica gel, EtOAc/n-heptane 1:2) yielded 47 (971 mg, 87%) as a yellow oil, which

solidified after two weeks.

1H NMR (400.13 MHz, CD2Cl2): δ = 5.19 (dd, J = 9.6 Hz, 1H, H-3), 5.03 (dd, J = 10.0 Hz, 1H,

H-4), 4.91 (dd, J = 9.7 Hz, 8.0 Hz, 1H, H-2), 4.52 (d, J = 8.0 Hz, 1H, H-1), 4.25 (dd, J = 12.3 Hz,
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4.9 Hz, 1H, H-6’), 4.09 (dd, J = 12.3 Hz, 2.5 Hz, 1H, H-6”), 3.90 (dt, J = 9.9 Hz, 5.6 Hz, 1H, OCHH)

3.72 (ddd, J = 10.0 Hz, 4.9 Hz, 2.5 Hz, 1H, H-5), 3.62 (ddd, J = 9.9 Hz, 7.8 Hz, 5.3 Hz, 1H, OCHH),

2.36 (t, J = 7.0 Hz, 2H, CCCH2), 2.05 (s, 3H, CH3), 2.03 (s, 3H, CH3), 1.99 (s, 3H, CH3), 1.97 (s, 3H,

CH3), 1.86–1.72 (m, 2H, CCCH2CH2), 1.07 (s, 21H, Si(CH(CH3)2)3). 13C NMR (100.61 MHz, CD2Cl2):

δ = 171.0, 170.5, 169.9, 169.8 (4 C=O), 101.5 (C-1), 90.5, 80.9, 78.4 (3 C≡C), 73.2 (C-3), 72.4 (C-5),

71.8 (C-2), 69.0 (C-4), 68.9 (OCH2), 66.5 (C≡C), 62.5 (C-6), 28.7 (OCH2CH2), 21.1, 21.0, 21.0, 21.0 (4

COCH3), 18.9 (Si(CH(CH3)2)3), 16.2 (CCCH2), 11.8 (Si(CH(CH3)2)3). IR (ATR) ν 2945, 2864, 2225, 2104,

1741, 1462, 1428, 1365, 1255, 1225, 1168, 1130, 1090, 1060, 1036 ( cm−1). UV (MeCN) λmax (log ε) 196

(4.65) nm. [α]23
D 123.00 (c 0.25, MeCN). HRMS (ESI): calcd for C30H50NO10Si ([M+NH4]+) 612.3198;

found 612.3197. Rf: 0.45 (EtOAc/n-heptane 1:1).

9’-Triisopropylsilylnona-4’,6’,8’-triynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 48.

Following general procedure B, 1-triisopropylsilyl-4-trimethysilylbutadiyne 18 (1.02 g, 3.65 mmol),

MeLi·LiBr complex (1.61 mL, 2.2 M in Et2O, 3.55 mmol), ZnCl2 (5.08 mL, 0.7 M in THF, 3.55 mmol)

were dissolved in dry THF (10 mL, SPS), and 5’-bromopent-4’-ynyl 2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside 43 (1.00 g, 2.03 mmol) as well as PdCl2(dppf)·DCM (83 mg, 0.102 mmol) were

dispersed in dry toluene (30 mL, SPS). The two solutions were combined at 0 ◦C, and the flask was

wrapped with aluminum foil. The mixture was stirred for 6 h at 0 ◦C and allowed to warm to room

temperature over night. Then, the mixture was diluted with Et2O, washed once with saturated

NH4Cl solution, and once with saturated NaCl solution. The organic phase was dried over MgSO4

and concentrated in vacuo. Column chromatography (silica gel; EtOAc/n-heptane 1:2) yielded 48

(974 mg, 78%) as a light brown solid.

1H NMR (400.13 MHz, CD2Cl2): δ = 5.19 (dd, J = 9.6 Hz, 1H, H-3), 5.03 (dd, J = 10.0 Hz, 1H, H-

4), 4.91 (dd, J = 9.7 Hz, 8.0 Hz, 1H, H-2), 4.50 (d, J = 8.0 Hz, 1H, H-1), 4.24 (dd, J = 12.3 Hz, 4.9 Hz,

1H, H-6’), 4.10 (dd, J = 12.3 Hz, 2.5 Hz, 1H, H-6”), 3.90 (dt, J = 9.9 Hz, 5.5 Hz, 1H, OCHH) 3.72 (ddd,

J = 10.0 Hz, 4.9 Hz, 2.5 Hz, 1H, H-5), 3.60 (ddd, J = 9.9 Hz, 7.8 Hz, 5.2 Hz, 1H, OCHH), 2.38 (t, J = 6.9 Hz,

2H, CCCH2), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3), 1.99 (s, 3H, CH3), 1.97 (s, 3H, CH3), 1.88–1.71 (m, 2H,

CCCH2CH2), 1.11–1.02 (m, 21H, Si(CH(CH3)2)3). 13C NMR (100.61 MHz, CD2Cl2): δ = 171.0, 170.5,

169.9, 169.8 (4 C=O), 101.5 (C-1), 90.2, 84.1, 80.3 (3 C≡C), 73.2 (C-3), 72.4 (C-5), 71.8 (C-2), 69.0 (C-

4), 68.7 (C≡C), 66.1 (OCH2), 62.5 (C-6), 61.6, 60.8 (2 C≡C), 28.5 (OCH2CH2), 21.0, 21.0, 21.0, 21.0 (4

COCH3), 18.8 (Si(CH(CH3)2)3), 16.4 (CCCH2), 11.8 (Si(CH(CH3)2)3). IR (ATR) ν 2948, 2867, 2210, 2163,

2074, 1748, 1460, 1432, 1366, 1239, 1206, 1165, 1100, 1067, 1032 ( cm−1). UV (MeCN) λmax (log ε) 222

(4.96), 213 (4.95) nm. [α]23
D 139.34 (c 0.23, MeCN). HRMS (ESI): calcd for C32H50NO10Si ([M+NH4]+)

636.3198; found 636.3214. Rf: 0.45 (EtOAc/n-heptane 1:1).
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11’-Triisopropylsilylundeca-4’,6’,8’,10’-tetraynyl 2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside 49. Following general procedure B, 1-triisopropylsilyl-6-trimethysilylbutatriyne

22 (1.15 g, 3.8 mmol), MeLi·LiBr complex (1.61 mL, 2.2 M in Et2O, 3.55 mmol), ZnCl2 (5.08 mL, 0.7 M in

THF, 3.55 mmol) were dissolved in dry THF (10 mL, SPS), and 5’-bromopent-4’-ynyl 2,3,4,6-tetra-O-

acetyl-β-D-glucopyranoside 43 (1.00 g, 2.03 mmol), as well as PdCl2(dppf)·DCM (83 mg, 0.102 mmol)

were dispersed in dry toluene (30 mL, SPS). The two solutions were combined at 0 ◦C, and the flask

was wrapped with aluminum foil. The mixture was stirred for 6 h at 0 ◦C and subsequently allowed

to warm to room temperature over night. After 4 d, the mixture was diluted with Et2O, washed once

with saturated NH4Cl solution, and once with saturated NaCl solution. The organic phase was dried

over MgSO4 and concentrated in vacuo. Column chromatography (silica gel; EtOAc/n-heptane 1:2)

yielded 49 (666 mg, 51%) as a brown foam.

1H NMR (400.13 MHz, CD2Cl2): δ = 5.19 (dd, J = 9.6 Hz, 1H, H-3), 5.03 (dd, J = 10.0 Hz, 1H, H-

4), 4.91 (dd, J = 9.7 Hz, 8.0 Hz, 1H, H-2), 4.51 (d, J = 8.0 Hz, 1H, H-1), 4.24 (dd, J = 12.3 Hz, 4.9 Hz,

1H, H-6’), 4.10 (dd, J = 12.3 Hz, 2.5 Hz, 1H, H-6”), 3.90 (dt, J = 9.9 Hz, 5.5 Hz, 1H, OCHH) 3.72 (ddd,

J = 10.0 Hz, 4.9 Hz, 2.5 Hz, 1H, H-5), 3.60 (ddd, J = 9.9 Hz, 7.8 Hz, 5.1 Hz, 1H, OCHH), 2.40 (t, J = 6.9 Hz,

2H, CCCH2), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.97 (s, 3H, CH3), 1.89–1.73 (m, 2H,

CCCH2CH2), 1.17–1.00 (m, 21H, Si(CH(CH3)2)3). 13C NMR (100.61 MHz, CD2Cl2): δ = 171.0, 170.5,

169.9, 169.8 (4 C=O), 101.5 (C-1), 90.0, 85.9, 81.4 (3 C≡C), 73.2 (C-3), 72.4 (C-5), 71.7 (C-2), 69.0 (C-

4), 68.7 (C≡C), 66.2 (OCH2), 62.8 (C-6), 62.5, 61.7, 61.7, 60.7 (4 C≡C), 28.4 (OCH2CH2), 21.0, 21.0,

21.0, 21.0 (4 COCH3), 18.8 (Si(CH(CH3)2)3), 16.5 (CCCH2), 11.8 (Si(CH(CH3)2)3). IR (ATR) ν 2944,

2866, 2211, 2139, 2059, 1748, 1461, 1428, 1365, 1214, 1169, 1032 ( cm−1). UV (MeCN) λmax (log ε) 251

(5.18), 240 (5.06), 226 (4.82) nm. [α]23
D 159.94 (c 0.20, MeCN). HRMS (ESI): calcd for C34H50NO10Si

([M+NH4]+) 660.3198; found 660.3204. Rf: 0.45 (EtOAc/n-heptane 1:1).

13’-Triisopropylsilyltrideca-4’,6’,8’,10’,12’-pentynyl 2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside 50. Following general procedure B, 1-triisopropylsilyl-4-trimethysilylbutadiyne

18 (0.99 g, 3.55 mmol), MeLi·LiBr complex (1.60 mL, 2.2 M in Et2O, 3.52 mmol), ZnCl2 (5.18 mL, 0.7 M

in THF, 3.63 mmol) were dissolved in dry THF (8 mL, SPS), and 9’-bromonona-4’,6’,8’-triynyl 2,3,4,6-

tetra-O-acetyl-β-D-glucopyranoside 45 (1.02 g, 1.88 mmol) as well as PdCl2(dppf)·DCM (75 mg,

0.09 mmol) were dispersed in dry toluene (30 mL, SPS). The two solutions were combined at 0 ◦C,

and the flask was wrapped with aluminum foil. The mixture was stirred for 6 h at 0 ◦C and allowed

to warm to room temperature over night. After 30 h, the mixture was diluted with Et2O, washed

once with saturated NH4Cl solution, and once with saturated NaCl solution. The combined aqueous

phases were extracted once with Et2O, and the combined organic phases were dried over MgSO4 and

concentrated in vacuo. Column chromatography (silica gel; EtOAc/n-heptane 1:2) yielded 50 (0.52 g,
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42%) as a light brown syrup.

1H NMR (400.13 MHz, CD2Cl2): δ = 5.19 (dd, J = 9.6 Hz, 1H, H-3), 5.03 (dd, J = 9.9 Hz, 1H, H-

4), 4.91 (dd, J = 9.7 Hz, 8.0 Hz, 1H, H-2), 4.51 (d, J = 8.0 Hz, 1H, H-1), 4.24 (dd, J = 12.3 Hz, 4.9 Hz,

1H, H-6’), 4.10 (dd, J = 12.3 Hz, 2.4 Hz, 1H, H-6”), 3.90 (dt, J = 10.0 Hz, 5.5 Hz, 1H, OCHH) 3.72 (ddd,

J = 10.0 Hz, 4.9 Hz, 2.5 Hz, 1H, H-5), 3.60 (ddd, J = 9.9 Hz, 7.8 Hz, 5.1 Hz, 1H, OCHH), 2.42 (t, J = 7.0 Hz,

2H, CCCH2), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3), 2.00 (s, 3H, CH3), 1.97 (s, 3H, CH3), 1.87–1.76 (m, 2H,

CCCH2CH2), 1.13–1.04 (m, 21H, Si(CH(CH3)2)3). 13C NMR (100.61 MHz, CD2Cl2): δ = 171.0, 170.5,

169.9, 169.8 (4 C=O), 101.5 (C-1), 89.8, 87.1, 81.2 (3 C≡C), 73.2 (C-3), 72.4 (C-5), 71.8 (C-2), 69.0 (C-4),

68.6 (C≡C), 66.1 (OCH2), 63.1, 62.9, 62.5 (3 C≡C), 62.4 (C-6), 61.8, 61.6, 60.7 (3 C≡C), 28.4 (OCH2CH2),

21.0, 21.0, 21.0, 21.0 (4 COCH3), 18.8 (Si(CH(CH3)2)3), 16.5 (CCCH2), 11.8 (Si(CH(CH3)2)3). IR (ATR) ν

2943, 2866, 2212, 2102, 2047, 1748, 1460, 1429, 1366, 1215, 1170, 1035 ( cm−1). UV (MeCN) λmax (log ε)

275 (5.28), 260 (5.17), 247 (4.87) nm. [α]23
D 149.03 (c 0.21, MeCN). HRMS (ESI): calcd for C36H50NO10Si

([M+NH4]+) 684.3198; found 684.3207. Rf: 0.45 (EtOAc/n-heptane 1:1).

Heptacosa-4’,6’,8’,10’,12’,14’-hexynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 51.

Following general procedure B, 1-trimethylsilyloctadeca-1,3,5-triyne 39 (1.04 g, 3.31 mmol),

MeLi·LiBr complex (1.43 mL, 2.2 M in Et2O, 3.14 mmol), and ZnCl2 (4.62 mL, 0.7 M in THF, 3.23 mmol)

were dissolved in a flask in dry THF (10 mL, SPS). In a second flask, n-butyl lithium (0.14 mL, 2.5 M

in n-hexane, 0.36 mmol) was added to a suspension of PdCl2(dppf)·DCM (150 mg, 0.18 mmol) in dry

toluene (50 mL, SPS) at 0 ◦C. The cooling bath was removed, the mixture was stirred for 10 min to give

an orange suspension, which was again cooled to 0 ◦C. 9’-Bromonona-4’,6’,8’-triynyl 2,3,4,6-tetra-

O-acetyl-β-D-glucopyranoside 45 (1.02 g, 1.88 mmol) and the zinc acetylide solution were added at

this temperature, and the flask was covered with aluminum foil. After 72 h, the mixture was diluted

with Et2O, washed once with saturated NH4Cl solution, and once with saturated NaCl solution. The

organic phase was dried over MgSO4 and concentrated to approximately 15 mL in vacuo. Column

chromatography (silica gel; EtOAc/n-heptane 1:2) yielded 51 (0.27 g, 21%) as a brown oil.

1H NMR (400.13 MHz, CD2Cl2): δ = 5.19 (dd, J = 9.6 Hz, 1H, H-3), 5.03 (dd, J = 9.7 Hz, 1H, H-

4), 4.91 (dd, J = 9.7 Hz, 8.0 Hz, 1H, H-2), 4.51 (d, J = 8.0 Hz, 1H, H-1), 4.24 (dd, J = 12.3 Hz, 4.9 Hz,

1H, H-6’), 4.10 (dd, J = 12.3 Hz, 2.5 Hz, 1H, H-6”), 3.90 (dt, J = 10.0 Hz, 5.5 Hz, 1H, OCHH) 3.72 (ddd,

J = 10.0 Hz, 4.9 Hz, 2.5 Hz, 1H, H-5), 3.60 (ddd, J = 9.9 Hz, 7.8 Hz, 5.1 Hz, 1H, OCHH), 2.42 (t, J = 7.0 Hz,

2H, CCCH2), 2.34 (t, J = 7.0 Hz, 2H, CCCH2), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3), 2.00 (s, 3H, CH3),

1.97 (s, 3H, CH3), 1.90–1.73 (m, 2H, CCCH2CH2), 1.60–1.49 (m, 2H, CCCH2CH2), 1.43–1.22 (m, 18H,

(CH2)9CH3), 0.88 (t, J = 6.8 Hz, 3H, (CH2)11CH3). 13C NMR (100.61 MHz, CD2Cl2): δ = 171.0, 170.5,

169.9, 169.8 (4 C=O), 101.5 (C-1), 83.3, 81.8 (2 C≡C), 73.2 (C-3), 72.4 (C-5), 71.8 (C-2), 69.0 (C-4), 68.6
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(OCH2), 66.1, 65.6, 63.5, 63.1, 62.9, 62.6 (6 C≡C), 62.5 (C-6), 61.9, 61.6, 60.7, 60.4 (4 C≡C), 32.5, 30.2,

30.2, 30.1, 30.0, 29.9, 29.9, 29.5, 29.4, 28.4, 23.3 (10 (CH2)10CH3 and 1 OCH2CH2), 21.1, 21.0, 21.0, 21.0

(4 COCH3), 20.0 (CCCH2), 16.6 (CCCH2), 14.4 (CH3). HRMS (ESI): calcd for C41H50O10Na ([M+Na]+)

725.3296; found 725.3302. Rf: 0.48 (EtOAc/n-heptane 1:1).

(E)-4,5-Dibromodeca-4-en-2,6,8-triynyl bis(2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside)

52. A solution of 5’-bromopenta-2’,4’-diynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside24

(0.434 g, 0.887 mmol) in ethyl acetate/heptane (1:2) was evaporated to dryness in a 250 mL round-

bottom flask to yield a colorless polycrystalline solid. The flask was irradiated with UV light for 5 min,

and the resulting compound was purified by column chromatography to yield 52 (0.328 g, 76%) as a

colorless solid.

1H NMR (400.13 MHz, CDCl3): δ = 5.26–5.19 (m, 2H, 2 H-3), 5.12–5.07 (m, 2H, 2 H-4), 5.04–4.98 (m,

2H, 2 H-2), 4.77 (d, J = 7.9 Hz, 1H, H-1), 4.73 (d, J = 7.9 Hz, 1H, H-1), 4.68–4.58 (m, 2H, OCH2), 4.54 (s,

2H, OCH2), 4.29–4.24 (m, 2H, 2 H-6’), 4.15 (dd, J = 2.4 Hz, 12.4 Hz, 2H, 2 H-6”), 3.73 (ddd, J = 9.7 Hz,

4.5 Hz, 2.3 Hz, 2H, 2 H-5), 2.09–2.00 (m, 24H, 8 CH3). 13C NMR (100.61 MHz, CDCl3): δ = 170.8, 170.3,

169.5, 169.5 (8 C=O), 106.8, 104.3 (2 C-Br), 99.8 (C≡C), 98.8, 98.5 (2 C-1), 86.2, 85.4, 84.6, 74.2 (4 C≡C),

72.9, 72.8 (2 C-3), 72.2, 72.2 (2 C-5), 71.0, 71.0 (2 C-2), 70.8 (C≡C), 68.3, 68.3 (C-4), 61.8 ( 2 C-6), 56.8,

56.5 (2 OCH2), 20.7, 20.6 (8 CH3). HRMS (ESI): calcd for C38H42Br2NaO20 ([M+Na]+) 1000.0513; found:

1000.0494.

15’-Triisopropylsilylpentadeca-4’,6’,8’,10’,12’,14’-hexynyl β-D-glucopyranoside 53. 15’-

Triisopropylsilylpentadeca-4’,6’,8’,10’,12’,14’-hexynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 46

(51 mg, 0.074 mmol) was dissolved in dry 1,4-dioxane (8 mL), and dry MeOH (2 mL) was added. The

flask was wrapped with aluminum foil, sodium methanolate (1.8 mg, 0.031 mmol) was added, and

the resulting mixture was stirred for 1 h. Then, Amberlite IR-120 (H+) (one spatula tip) was added,

and the resulting mixture was stirred for 10 min. Using a syringe equipped with a fine needle, the

solution was transferred into a brown glass vial for storage at room temperature. No further purifica-

tion was carried out for subsequent experiments. For a characterization, the compound was purified

by column chromatography (silica gel; EtOAc/MeOH 4:1).

1H NMR (400.13 MHz, DMSO-D6): δ = 5.01 (d, J = 4.8 Hz, 1H, OH), 4.93 (d, J = 4.8 Hz, 1H, OH),

4.89 (d, J = 5.0 Hz, 1H, OH), 4.47 (d, J = 5.9 Hz, 1H, OH), 4.09 (d, J = 7.8 Hz, 1H, H-1), 3.78 (dt,

J = 10.2 Hz, 6.0 Hz, 1H, OCHH), 3.65 (ddd, J = 11.6 Hz, 5.6 Hz, 1.9 Hz, 1H, H-6’), 3.54–3.37 (m, 2H,

OCHH and H-6”), 3.15–2.98 (m, 3H, H-3, H-4, H-5), 2.92 (ddd, J = 8.9 Hz, 7.9 Hz, 4.8 Hz, 1H, H-2),

2.59 (t, J = 7.1 Hz, 2H, CCCH2), 1.83–1.71 (m, 2H, CCCH2CH2), 1.09–1.01 (m, 21H, Si(CH(CH3)2)3).
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13C NMR (100.61 MHz, DMSO-D6): δ = 102.8, 88.6, 87.9, 84.7, 76.7, 76.6, 73.4, 70.0, 66.9, 64.5, 63.7,

63.0, 62.3, 62.1, 61.7, 61.0, 60.9, 60.7, 59.3, 27.6, 18.3, 15.6, 10.6. HRMS (ESI): calcd for C30H38NaO6Si

([M+Na]+) 545.2330; found: 545.2333. Rf: 0.09 (EtOAc).

Heptacosa-4’,6’,8’,10’,12’,14’-hexynyl β-D-glucopyranoside 54. Heptacosa-4’,6’,8’,10’,12’,14’-

hexynyl 2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 51 (10 mg, 0.015 mmol) was dissolved in CH2Cl2

(1.9 mL), and MeOH (0.4 mL) was added. The flask was wrapped with aluminum foil, NaOMe (1 mg,

0.017 mmol) was added, and the resulting mixture was stirred for 2.5 h. Amberlite IR-120 (H+) (one

spatula tip) was added until the solution was neutralized, and the resulting mixture was stirred for

30 min. Using a syringe equipped with a fine needle, the solution was transferred into a brown glass

vial for storage at room temperature. No further purification was carried out for subsequent experi-

ments.

HRMS (ESI): calcd for C33H46NO6 ([M+NH4]+) 552.3320; found: 552.3332.
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