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ABSTRACT & KURZFASSUNG 

ABSTRACT 

A convenient approach for the synthesis of monodisperse oligo(ethylene glycols) (OEGs) up to 12 

sub-units is described. A novel cleavage protocol replacing laborious hydrogenolysis is introduced to 

achieve a fast, inexpensive and widely applicable procedure. 

FTIR spectroscopy using a fibre optic sensor was applied to monitor the formation of sensitive key 

intermediates, resulting in optimized reaction times. By applying this in-line technique, the possibility 

of real-time analysis under inert conditions was impressively demonstrated. 

In addition, a series of polystyrene-oligo(oxyethylene) graft copolymers containing the developed 

monodisperse OEGs (n = 2 – 12) was synthesized. A strong correlation between the linker (OEG) 

length and the line widths in the 13C gel-phase NMR spectra was proven, with the grafted chain of 8 

OEG sub-units giving comparable results in terms of reactivity and gel-phase NMR monitoring to 

commercially available TentaGel although offering significantly increased loading capacities. 

Multistep on-resin reaction sequences were performed to prove the applicability of the resins in 

solid-phase organic synthesis. 

KURZFASSUNG 

Die Synthese von Oligo(ethylenglykolen) (OEGs) bis zu 12 Untereinheiten wird beschrieben. Das neu 

entwickelte Abspaltungsprotokoll der Schutzgruppe, als Ersatz zur Hydrierung, führt zu einem 

effizienten, preisgünstigen und breit anwendbaren Herstellverfahren. 

FTIR Spektroskopie, unter Anwendung eines faseroptischen Sensors, wurde zur Verfolgung sensitiver 

Zwischenstufen eingesetzt, was zu einer deutlichen Optimierung der Reaktionszeiten führte. Diese 

in-line Technik ermöglichte dabei die Echtzeitanalyse unter inerten Reaktionsbedingungen. 

Zusätzlich erfolgte die Synthese einer Serie von Polystyrol-Oligo(ethylenglykol) Copolymeren, welche 

die entwickelten monodispersen OEGs (n = 2 – 12) enthalten. Eine starke Korrelation zwischen der 

Länge des Linker (OEG) und der Linienbreite im 13C Gelphasen-NMR Spektrum wurde bestätigt. Dabei 

führte die Verwendung einer Kettenlänge von 8 OEG Untereinheiten, trotz signifikant erhöhter 

Beladung, zu vergleichbaren Resultaten bezüglich Reaktivität und Gelphasen NMR Analyse wie  

kommerziell erhältliche Tentagel-Harze. Mit Hilfe von Mehrschritt-Reaktionssequenzen konnte die 

Anwendbarkeit der Harze im Bereich der Festphasensynthese demonstriert werden. 
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1.1.  Monodisperse OEGs in biomedical engineering 

Oligomers of ethylene glycol (OEGs) have a wide range of applications in many fields of science and 

industry. They can be applied as synthons for crown ether-type derivatives,1 non-ionic surfactants,2 

templates for the synthesis of porous inorganic materials,3 and more recently, functional mono-

layers were used to develop biocompatible material.4-6 In the field of biomedical engineering 

“hydrogels” are applied due to their unique properties;7 a more detailed introduction to biomedical 

applications is given below (chapter 1.1.1.). Particularly PEG fabricated hydrogels have proven 

advantageous since bulk properties can be tailored through adjustments to the molecular weight and 

concentration of the PEG subunits.8 Another application field of OEGs is bioconjugation of proteins, 

in order to increase the water solubility, which serves as one of the most effective drug delivery 

systems.9-11 As a matter of fact, the physical and chemical properties of these modified materials 

often depend significantly on the number of repetition units of the OEG tether. 

The same principles apply for the design of OEG/PEG-grafted polystyrene resins in the field of solid 

phase organic synthesis (SPOS). The physical and chemical properties, but moreover the properties 

for on-resin analyses (e.g. gelphase 13C NMR),12,13 of the resins strongly correlate to the OEG/PEG-

linker length applied.14 The improved characteristics with regard to a “solution-like” environment at 

high numbers of repetitive ethylene glycol units negatively impact the loading capacity of the resin. 

Hence, access to monodisperse OEGs enables the optimized design of OEG/PEG-grafted polystyrene 

resins for SPOS applications.13 

 

1.1.1.  Hydrogels 

Hydrogels have become very popular in biomedical engineering due to their unique properties such 

as high water content, softness, flexibility and biocompatibility.7  

Characteristics of hydrogels:
15,16

 

 Three-dimensional crosslinking polymer chains 

(through physical, ionic or covalent interactions) 

 Not dissolvable in water 

 Ability to absorb and retain water 

(dispersed throughout the structure)  
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The close resemblance of hydrogels to living tissue offers many opportunities for applications in 

biomedical areas such as contact lenses, hygiene products, drug delivery systems, wound dressing 

and tissue engineering scaffolds (details on tissue engineering are given below).7 A comprehensive 

review on biomedical applications of hydrogels is available by E. Calo and V. V. Khutoryanskiy.7 

Hydrogels in tissue engineering
17,18

 

The natural extracellular matrix (ECM) represents a complex and dynamic environment in human 

tissue, which is in bidirectional interaction with the embedded cells providing stimuli for e.g. cell 

proliferation and differentiation. However, these complex interactions are not yet fully understood. 

Hence, current investigations focus on mimicking key characteristics of the ECM to study cell 

responses on different chemical, mechanical and topological cues. As different tissues rely on 

different physical properties and chemical composition of the ECM, there are a number of 

considerations for the rational design of artificial cell environments. 

Hydrogels, being structurally similar to ECM, exhibit a high water content, shape resistivity (but are 

still deformable) and favorable mechanical properties such as stiffness (comparable to many 

biological tissues).19 Therefore, hydrogels represent one of the most promising materials for tissue 

engineering. In addition their capability of forming 3D cell suspensions, supporting sufficient nutrient 

diffusion, resulted in successful synthetic hydrogel constructs such as skin20, tendon21 and cartilage 

substitutes22. 

The general approach in tissue engineering is to seed cells into prefabricated scaffolds (that support 

oxygen diffusion). However, the control of cell density and cell distribution is difficult applying the 

seeding approach.23 Therefore, new approaches have recently been developed. Utilizing hydrogel 

precursors, which can be cross-linked via biocompatible mechanisms, potentially allows for the 

formation of these networks in vivo (in the presence of cells and tissue); thus, encapsulation is 

realized as part of the fabrication process.17 
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1.1.2.  Solid phase organic synthesis 

The growing demand in biomedical research is to obtain natural product derived or natural product 

inspired small molecules to understand biological processes. The access to small molecules as 

chemical modulators and dissectors of signaling pathways is particularly matter of interest. However, 

finding chemical probes fulfilling these criteria is a challenging task. Applying aforementioned probes 

for better understanding of biological processes (normal vs. disease related), the chemical entities 

could provide valuable starting points for probe discovery research. Inspired by bioactive natural 

products, the demand to access natural product analogs and natural product-like compounds with 

the goals of charting the natural product chemical territory has also grown.24 

High-throughput synthesis methods, such as solid phase organic synthesis (SPOS), have been 

fundamental in generating complex natural architectures, and in a few cases, their applications are 

emerging in probe discovery research.24 Automated synthesis as well as advanced small molecule 

combinatorial chemistry led to dramatic growth of the use of SPOS resins.25 

Key advantageous aspects of SPOS:
14

 

 Simple separation of target molecules or intermediates bound to solid phase from soluble 

components in the reaction mixture and the solvent (no evaporation required) 

 High reactant concentrations or equivalents in the reaction solution promote the degree of 

reaction completion 

 Simple repetitive work-up procedures allow for integration and automation of SPOS 

Further aspects of SPOS:
14

 

 2 additional chemical steps (attachment to and cleavage from solid phase) added to the 

synthetic route 

 Kinetics of solid phase reactions are controlled by diffusion / accessibility of the reactants on 

the resin and therefore tend to be slower than solution phase reactions 

 High excess of reactants can be a limiting factor from a synthesis design perspective 

 Reaction monitoring (on-resin analysis) remains a challenging task12 

  

https://www.tuwien.at/bibliothek
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1.2.  ATR-IR in-line reaction monitoring
26

 

This chapter introduces the ATR-IR in-line reaction monitoring technique, which was applied during 

this thesis to monitor and optimize reaction times for the deprotonation of mono-protected glycols 

under inert conditions. This literature summary has been previously published as a book chapter26 

and in part in the PhD thesis of D. Lumpi27. 

1.2.1.  Introduction 

The use of reaction monitoring to determine operation parameters in organic synthesis and 

pharmaceutical chemistry still commonly relies on off-line approaches. However, application of on-

line or in particular in-line methodologies provides highly valuable data with respect to process 

optimization and scale-up.28,29 This statement is especially true for time resolved spectroscopic in-situ 

techniques, which allow to gain insights into key intermediate formation or structures, and therefore 

also provide valuable information for mechanistic considerations.30,31 

One of the major advantages of in-line techniques (both in-situ and real-time) over off-line 

approaches is that the investigation occurs inside the reaction system, thus eliminating sample 

alterations prior to analysis. These alterations during probing, including the loss of inertness or 

changes of reaction conditions, may result in erroneous readings; especially when directly compared 

to the (batch) process. This dramatically affects investigations at low temperatures. Both sampling 

and standard bypass approaches do not ensure constant thermal conditions in the course of analysis, 

which potentially leads to incorrect results. For obtaining real-time information on chemical 

composition of samples in gas, liquid or solid phase, mid-infrared (IR) spectroscopy proved to be 

highly versatile, especially when performed utilizing the attenuated total reflectance (ATR) 

technique.31-34 

This chapter focuses on in-line monitoring of both highly sensitive and reactive organic key 

intermediates (reagents) by mid-IR fibre probes based on the ATR technique (Figure 1.2.1.). At first a 

concise overview on mid-IR spectroscopy is given, which outlines advantages of IR fibre optics as well 

as ATR technologies and provides insights on fibres suitable for mid-IR fibre applications. The second 

part is intended to introduce fibre-optic probes available and typical characteristics, referring to 

literature about chemical and physical properties of modern IR fibre materials, showcasing potential 

areas of application also briefly commenting on alternative spectroscopic methods. 

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
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Figure 1.2.1.  Mid-IR fibre and ATR probe (left) and IR probe focused on the ATR element (right). 

1.2.2.  Monitoring by mid-infrared spectroscopy 

Spectroscopy in the mid-infrared of a spectral range from approximately 4000 cm-1 to 400 cm-1 (2.5 

μm to 25 μm) emerged as an effective tool for both qualitative and quantitative analysis. Within this 

range most of the fundamental molecular vibrations, the first overtones and combination 

frequencies occur. Such, typically relatively sharp, absorption bands generally possess high 

absorption coefficients. These desirable spectroscopic properties facilitate an identification of 

molecules by its specific spectral “fingerprint”, but also comprise valuable structural information (e.g. 

functional groups, substitution patterns, etc.).35 The distinctive absorption bands associated with 

individual molecules enables to analyze individual components in even complex mixtures by either 

evaluating isolated bands or by applying modern chemometric methods (e.g. PCA), which process the 

entire spectral information. Consequently, mid-IR spectroscopy represents a widely applicable tool 

for investigations of dynamic processes (e.g. chemical reactions, phase transitions, sedimentations, 

etc.). Moreover, information about interactions of the analyst with the surrounding media can be 

acquired because vibrational modes tend to be affected by the molecule’s environment.36 

Therefore, in many perspectives, mid-IR spectroscopy provides clearly more information than 

spectroscopy in other regions of the spectrum, such as the visible or the near-infrared range.36 

1.2.3.  Mid-infrared optical fibre probes 

Modern-technology fibre optics offers important and versatile tools in spectroscopy. In the field of 

vibrational spectrometry fibre optics had a great influence on near-IR and Raman spectroscopy. The 

development of mid-IR transparent fibres (discussed in chaper 1.2.5.) in the last decades had a 

significant impact on IR methods.37 The fibre application makes it possible to overturn the 

established method of analyzing samples within the typically stationary IR spectrometer by enabling 

the direct placement of the fibre-optic probe inside the reaction system of interest.35 

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
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The technologies of mid-IR spectroscopy providing highly relevant physico-chemical information, and 

the flexibility of fibre-optic probes offering new possibilities of application to measure samples in gas, 

liquid and solid phase, result in a breakthrough in molecular spectroscopy. Nowadays, spectroscopy 

utilizing IR fibre probes is routinely used in research laboratories, process development facilities and 

industrial quality control. This routine application can be explained by the fact that data, often not 

available by other methods, can be conveniently acquired.35 

Additionally, ATR based mid-IR fibre optic probes represent an entirely non-invasive technique, 

which has recently been shown to be a promising tool e.g. for biotechnological applications38 and, 

even more impressively, for obtaining spectroscopic information in vivo
39. 

In principle, the sensor constructions rely on five basic sensing schemes: transmission, reflection, 

grazing angle reflection, attenuated total reflection (ATR), and a variant on the ATR effect known as 

the fibre evanescent wave sensor (FEWS).35 

1.2.4.  Attenuated total reflection 

The majority of reported mid-IR fibre probes rely on the well-established attenuated total reflection 

(ATR) technique, revealing many advantages in the general applicability over e.g. absorption 

measurements in short pathway flow cells. In the ATR method only a thin film (a few micrometers) at 

the proximity of the ATR element is subject to the measurement. The thickness of the analyzed film is 

defined by the penetration depth of the evanescent field (Figure 1.2.2.). 

 

Figure 1.2.2.  Principle of total reflection of an infrared beam at the boundary of the ATR element to a medium 

with lower refractive index n2 < n1 (n1, n2, refractive indices; θ, angle of incidence; E, exponentially decaying 

evanescent field; dp, penetration depth; λ, wavelength of incident radiation); 

Figure reproduced from Mizaikoff and Lendl.
40

 

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
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The interactions of the incident and the internally reflected electromagnetic waves generate an 

exponentially decaying evanescent field, which penetrates the adjacent medium to a certain depth. 

The depth of penetration depends on the irradiation wavelength, the incident angle and the 

refractive indices of both the ATR element and the contact medium. The equations describing this 

behavior are given in Figure 1.2.2.40 

1.2.5.  Infrared transparent fibres 

This chapter serves as brief insight into the most important, for the main part commercially available, 

IR fibre optics. Detailed reviews on IR fibres are given in literature by J.A. Harrington41 and with 

special focus on mid-IR applications by Lendl and Mizaikoff37. 

The basic requirements for mid-IR fibres include physical properties such as transparency over the 

spectral range requested for the intended investigations, robustness (mechanically), stability 

(thermally and chemically) as well as adequate flexibility.37 The characteristic of the optical 

transparency is typically evaluated by focusing on relevant loss mechanisms. The most important 

losses include intrinsic and extrinsic losses, Fresnel losses and bending losses (Sanghera & Aggarwal, 

1998, as cited in Lendl and Mizaikoff37). Available mid-IR fibre optics available meet these challenges 

to different extents. 

First developments on non-silica based IR transparent fibres from chalcogenide glasses, mainly 

arsenic sulphide, were published in 1965, exhibiting losses higher than 10 dB/m (Kapany & Simms, 

1965, as cited in Harrington41). Due to an elevated demand for IR fibres in short-haul applications 

increased research efforts were reported from the mid-1970.41 Up to date, both optical and 

mechanical characteristics of IR fibres cannot compete with silica fibres being not applicable in the IR 

region due to a transmission only up to approximately 2.5 μm. Losses in the range of a few decibels 

per meter still limit these to short-haul applications. Nevertheless, modern mid-IR fibres for short-

haul have already enabled a broad variety of developments in spectroscopy and important usage in 

practical (e.g. medicinical) applications (Minnich31, and references therein). 

A logical categorization of the most important IR fibres can be drawn out as follows: glass, crystalline 

and hollow waveguides. Table 1.2.1. outlines this categorization also providing further subdivision 

based on materials and structures.41 
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https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Introduction  Diploma Thesis Biomedical Engineering 

Daniel Lumpi (0426601)  - 13 - 

Table 1.2.1. Categories of the most important of IR fibres; 

Data reproduced from Harrington
41

. 

Main category Sub category Examples 

Glass 
Heavy metal fluoride (HMFG) 

Germante 

Chalcogenide 

ZrF4-BaF2-LaF3-AlF3-NAF (ZBLAN) 
GeO2-PbO 

AsS3 and AsGeTeSe 

Crystal 
Polycrystalline (PC) 
Single crystal (SC) 

AgBrCl 
Sapphire 

Hollow 

waveguide 

Metal/dielectric film 

Refractive index <1 

Hollow glass waveguide 

Hollow sapphire at 10.6 μm 

A graphical comparison of attenuation losses of the most relevant mid-IR fibres is given in Figure 

1.2.3. Among these, polycrystalline silver halide fibres have been shown to be a promising candidate 

for mid-IR (ATR) fibre probes, especially for measurements at wavelength > 10 μm. The combination 

of the flexible structure and IR transmission of these fibres ensures a convenient analytical approach. 

 

Figure 1.2.3.  Composite loss spectra for some common IR fibre optics: ZBLAN fluoride glass, SC sapphire, 

chalcogenide glass, PC AgBrCl, and hollow glass waveguide; Plot reproduced from Harrington
41

. 
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1.2.6.  Alternative spectroscopic methods for reaction monitoring 

Besides IR spectroscopy, RINMR (rapid injection nuclear magnetic resonance) experiments also 

received considerable attention in the field of spectroscopic investigations of highly reactive species, 

especially under cryogenic conditions. The RINMR methodology, often based on the developments of 

McGarrity42, Ogle and Loosli was successfully applied by several research groups to investigate 

reactive intermediates also at low temperatures and short time scales. Other than conventional NMR 

studies the rapid injection design relies on a piston-driven syringe injection assembly above the 

vessel inside the bore of the spectrometer magnet. This setup simultaneously provides turbulent 

mixing in the sample. In first studies McGarrity et al. could establish that butyllithium in THF exists in 

equilibrium of the tetramer and the dimer complex with the proportion of dimer increasing as the 

temperature is decreased.43 Moreover, kinetic examination proved that the dimeric butyllithium is 

more reactive toward the applied electrophiles than the tetramer by a factor of 10.44 Improved 

designs of RINMR systems implementing features such as multiple reactant and faster rapid injection 

were developed in the last decade. 

Concluding, RINMR is a powerful tool to monitor reactive intermediates, directly providing highly 

relevant structural data. However, the experimental complexity of this technique, in contrast to ATR-

IR fibre probe applications, certainly limits its versatility. 
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1.3.  Objective 

The first and primary goal of this diploma thesis is the development of a synthetic protocol to obtain 

monodisperse oligo(ethylene glycols) (OEGs) complying with the following requirements: 

 Selective (avoidance or simple and efficient removal of by-products) 

 Efficient (optimized reaction parameters and times) 

 Low cost (low cost reactants and high atom efficiency) 

 Broadly applicable (avoidance of special equipment and hazardous reaction conditions) 

 Scalable (efficient work-up procedures) 

Preliminary research in the group of J. Fröhlich by C. Braunshier and C. Hametner revealed that 

procedures fulfilling all aforementioned targets have not been available in literature. Hence, the 

diverse applications of OEGs in many fields of science (chemistry, engineering, biology, etc.) make 

the research relevant for a broad community. 

The scope for the range of accessible monodisperse OEGs by the synthetic route in this diploma 

thesis is limited to n = 6, 8, 10 and 12 (see Figure 1.3.1.). However, a building block sequence set-up 

enabling access to larger OEG chains (n > 12) further expands the versatility of the protocol. 

 

Figure 1.3.1.  Molecular structure of OEGs. 

The focus is mainly given by the intended application of the developed OEGs in the field of solid 

phase organic synthesis (SPOS). Preliminary research on novel resins for SPOS in our research group 

revealed the dependence between OEG/PEG-“linker” length and line-width in gel-phase 13C NMR 

spectra,12 which is a crucial factor for on-resin analysis (further details are given in chapter 2.3.1.). 

Hence, the developed OEG based poly(styrene-oxyethylene) graft copolymers (PS-PEG) could be 

optimized regarding loading capacity and spectral quality (non-destructive analysis).13 

In addition to the improved availability of monodisperse OEGs, which represents the foundation for a 

convenient access to the novel PS-PEG resins, the second goal of this thesis is to prove the 

performance and reliability of these resins. Hence, a comprehensive collection of application 

examples for the PS-PEG resins is a matter of interest. 

https://www.tuwien.at/bibliothek
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2.1.  Synthetic approach 

Potential retrosynthetic disconnections towards monodisperse OEGs are shown for OEG (n = 6) in 

Figure 2.1.1. All approaches are limited to nucleophilic substitution reactions (leaving group and 

protective group introductions) due to objectives given by experimental and practical requirements 

(efficient work-up, low cost, broad applicability, etc. – also see chapter 1.3.). 

 

Figure 2.1.1. Retrosynthetic disconnections for monodisperse OEG (n = 6). 

Within the scope of target compounds of this thesis (n = 6, 8, 10, 12) several options of chain 

elongation have been evaluated as follows: 

 Both options of monodirectional chain elongation require for specific substrates for all 

desired target compounds (synergetic effects limited). 

(1) Monoprotected (protective group) and/or monoactivated (leaving group) substrate for  

n = 3, 4, 5 and 6 for respective target compounds n = 6, 8, 10 and 12. 

(2) Monoprotected (protective group) and/or monoactivated (leaving group) substrate for 

n = 1, 5, 7, 9 and 11 for respective target compounds n = 6, 8, 10 and 12. 

 

 Both options for bidirectional chain elongation offer access to all target compounds with only 

four specific starting materials (high synergetic effect). 

(3) + (4) Monoprotected (protective group) as well as biactivated (leaving group) substrate 

for n = 2 and 4 affords all desired target compounds n = 6, 8, 10 and 12. 

In addition, this strategy can be readily extended to larger n values by biactivation (leaving 

group) of the respective target compounds (example: n = 8 yields n = 14 and n = 18 straight 

forward by this strategy). 

Therefore, both bidirectional disconnection 3 and 4 were chosen for further literature screening. 
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To the best of our knowledge, the most promising synthetic approach, applying bidirectional chain 

elongation, was published by Keegstra et al. (Scheme 2.1.1.).45 Taking this sequence as a starting 

point, we intended to both optimize and/or substitute key steps to shorten reaction times from 

periods as long as several days to more acceptable values. Optimizing the sequence results in an easy 

to handle, fast and low-cost synthetic procedure for well-defined OEGs. 

 

Scheme 2.1.1. Synthetic route according to Keegstra et al.
45

 

The literature search was supported by experimental attempts to optimize the sustainability of the 

synthetic sequence (e.g. atom efficiency by replacing protective groups) in the J. Fröhlich research 

group under supervision of C. Braunshier and C. Hametner. However, the molecular set-up of the 

reaction turned out to be suitable in terms of reactivity (e.g. stability of protective groups) but an 

optimization of reaction parameters and conditions remains a matter of interest. The details of the 

optimizations are summarized for each reaction step separately in chapters 2.2.1. – 2.2.3. 

2.1.1.  Deprotonation reaction 

The synthesis is carried out as follows: Under inert atmosphere, a 4-neck round bottom flask equipped 

with mechanical stirrer, reflux condenser, thermometer as well as dropping funnel and the ATR-IR 

probe inlet is charged with sodium hydride (NaH) and dry THF. To the well stirred suspension is added 

the mono-trityl protected glycol 1 at ambient temperature. 

Both trityl protective groups and NaH as base proved to be appropriate choices with regard to 

stability and reactivity. The first step of the reaction shown in Scheme 2.1.2. (deprotonation of mono-

trityl protected glycols 1a-b) is reported to take at least 18 h to reach completion.45 

 

Scheme 2.1.2. Synthesis of Glycols 3a-d; Monitoring via ATR-IR-sensor spectroscopy. 

To verify this, it was necessary to monitor the conversion in an inert, anhydrous reaction medium. 

Encouraged by recent studies,31,46,47 a mid-IR fibre optic probe was chosen for fast in-line monitoring 
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of the chemical reaction under investigation. The ATR fibre system consisted of the FT-IR 

spectrometer Bruker Matrix F® in connection with an ATR fibre probe (A.R.T. Photonics, Berlin; Ø 12 

mm) and a MCT (mercury cadmium telluride) detector (Belov Technology, Co., Inc.). The probe was 

directly inserted through the ground neck of the reaction vessel and comprised two 1 m silver halide 

fibres (Ø 1 mm) connecting to a conical two bounce diamond ATR element housed in a rod of 

hastelloy. Using this set-up (see Figure 2.1.2.) it was possible to follow the reactions to be studied in 

real-time covering a spectral range from 600 to 2000 wavenumbers. 

 

Figure 2.1.2. Experimental set-up for the deprotonation reaction. 

The major advantage of in-line vs. at-line ATR-IR-spectroscopy is that monitoring takes place inside 

the reaction system, thus eliminating steps such as work-up of samples prior to analysis, which 

avoids the risk of contamination or loss of inertness. In our work, we focus on the deprotonation of 

the mono-protected glycols 1a-b. The progress of these reactions can either be determined by 

tracking changes in absorbance values at selected wavenumbers or applying modern chemometric 

methods, which process the entire spectral information. Among these multivariate curve resolution, 

alternating least squares (MCR-ALS) needs to be mentioned.48 This technique decomposes the 

recorded data set into smaller matrices containing information on the spectra and the concentration 

profiles of each component involved in the reaction. A recently available user-friendly interface for 

Matlab facilitates this type of data analysis. All IR measurements were conducted in collaboration 

with the B. Lendl research group supported mainly by B. Zachhuber and C. Wagner. 

Indeed, measurements indicated a rapid conversion of glycols 1a-b to the corresponding alkoxides; 

2D and 3D plots for the deprotonation reaction of 1b are depicted in Figure 2.1.3. 
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Figure 2.1.3. ATR-IR in-line monitoring of deprotonation reaction of 1b; 3D-plot (left) and 2D-plot (right). 

Absorbance values at characteristic wavenumbers for the substrate and the product are plotted vs. 

reaction time in Figure 2.1.4. (representative for 1b). The blue curve derives from substance 1b, the 

green graph originates from deprotonated 1b. Monitoring here did not employ the more complex 

MCR-algorithm, but just non-overlapped single band monitoring. The graph clearly shows that after 

90 min no significant changes of absorption values can be observed, thus being an indicator for the 

end of the reaction. 

 

Figure 2.1.4. ATR-IR in-line monitoring for the deprotonation of monoprotected glycol 1b; 

Distortions for t ≤ 10 min are attributed to equilibration effects (temperature and concentration). 

In fact, we could prove that this step is completed after a reaction time of 90 min for glycol 1b and 

210 min for 1a respectively. The longer reaction times for 1a are attributed to electronic effects and 

dissolution processes involved for the solid material. The additional reaction time of 30 min for both 

substrates 1a and 1b was chosen to ensure full conversion (homogeneity issues, etc.). The respective 

yields of the entire reaction, including the subsequent nucleophilic addition, are given in chapter 

2.1.2. 
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Further data analyses, considering the entire spectral information, were carried out by B. Zachhuber. 

The calculations were performed applying the MCR-ALS (further information on the MCR-ALS 

method is given in the supporting information of D. Lumpi et al.49); the results are depicted in Figure 

2.1.5. and consistently indicate a completion of the reaction after 90 min. 

(a) 

 

(b) 

 

(c) 

 

Figure 2.1.5. MCR-ALS calculations of the deprotonation of trityl-protected 1b; 

(a) calculated absorption profiles, (b) spectra calculations, (c) pure substance 1b spectrum. 
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2.1.2.  Nucleophilic Addition 

The synthesis is carried out as follows: After completion of the deprotonation reaction according to 

IR-monitoring, the mixture is cooled to 0 °C and a solution of di-tosylated glycols 2 in dry THF is 

added. The temperature is adjusted to 40 °C and the suspension stirred until full conversion (indicated 

by thin layer chromatograpy). The work-up is accomplished by extraction and solvent evaporation to 

yield the pure di-tritylated compounds 3. 

According to the original procedure, the nucleophilic reaction of the alkoxide with the tosylated 

glycols 2a-b (see Scheme 2.1.2. in chapter 2.1.1.) has to be performed at ambient temperature. 

Refluxing the reaction mixture in THF as solvent to increase conversion rates leads to products, which 

were dark in color and contaminated by inseparable impurities (undefined formation of higher 

homologues). However, optimization studies showed that performing the reaction at 40 °C shortens 

the time from 96 h to 58-80 h avoiding the formation of unwanted by-products (yields and reaction 

times are summarized in Table 2.1.1.). 

Table 2.1.1. Reaction times and yields for the preparation of 3a-d. 

Entry 
Glycol 

1 

Tosylate 

2 

Time 

[h]
a
 

Product 

3 

Yield 

[g]
b
 

Yield 

[%]
b
 

 1 1a 2a 4/84 3a 18.8 98 

 2 1a 2b 4/84 3b 165.4 97 

 3 1b 2a 2/60 3c 23.2 98 

 4 1b 2b 2/60 3d 24.6 95 

a
 Times given refer to deprotonation and overall reaction time, respectively 

b 
Isolated yields 

The reaction conversion was monitored by thin layer chromatography (TLC). ATR-IR in-line 

monitoring, although already installed in the experimental set-up, did not yield conclusive results. 

This fact can be explained as follows: (1) temperature changes and dilution due to the addition of 

additional solvent; (2) the long-term stability of the applied optic set-up was limited to a few hours 

due to instabilities of the sensor positioning. Both factors lead to significant effects on the spectral 

baseline and therefore to external effects (signal shifts) more significant than the changes caused by 
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reaction conversion. The optical set-up is illustrated in Figure 2.1.6.; it is also worth mentioning that 

more long-term stable and compact optical set-ups are commercially available. 

 

Figure 2.1.6. Representative optical set-up of ATR-IR monitoring system. 

Important prerequisites to ensure the desired outcome of the reaction: 

 Stick to the given reaction times to ensure full conversion 

 Follow the given temperature profiles to avoid decomposition 

 Exact compliance with given reaction equivalents to avoid impurities caused by reactants 

(see Figure 2.1.7.) 

Deviations from the key points above potentially lead to impurities difficult to separate from the 

main product resulting in tedious work-up procedures (e.g. liquid chromatography). 

 

Figure 2.1.7. 
1
H NMR spectra of nucleophilic addition reaction; 

Spectrum of raw product indicating incomplete conversion or wrong equivalent adjustment, 

area marked in blue specific for reactant 1a, spectrum reproduced from Waldner
50

. 

( p p m )

024681 0
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2.1.3.  Deprotection reaction 

The synthesis is carried out as follows: The di-tritylated glycols 3 and AcOH (80 %) are stirred for 2 h 

at 40 °C. Then the mixture is cooled to ambient temperature, poured on ice water and the precipitate 

filtered off over a glass sinter funnel. After concentration, the filtrate is again poured on ice water and 

filtered through the existing filter bed. After the solvent evaporation the pure product is obtained. 

To obtain the desired oligo(ethylene glycols) 4a-d, the protecting groups have to be cleaved off. 

Virtually all published procedures use hydrogenolysis under high-pressure conditions in the presence 

of palladium for several days to achieve this final transformation. Aside from long reaction time, this 

procedure suffers from some more disadvantages. The most serious one is the need for equipment 

allowing to perform gas reactions under high pressure, which might be a limiting factor. 

Furthermore, the reaction was never quantitative in our hands, always leaving small amounts of 

protected glycols in the product. Finally, the use of halogenated organic solvents, e.g. 

dichloromethane and transition metal catalysts might become troublesome, if the final product is 

intended to be used in the field of pharmaceutics or biology, especially when the procedure is 

performed on industrial scale. 

Our approach was to substitute this deprotection step against a safe, fast and inexpensive procedure. 

To the best of our knowledge, the well known acidic cleavage of trityl groups was not reported for 

this substance class until now (see Scheme 2.1.3.). This is quite surprising, as we could show that the 

usage of aqueous acetic acid leads to pure products 4a-d in nearly quantitative yields avoiding any 

tedious workup or implementation of chromatographic methods. 

 

Scheme 2.1.3. Synthesis of glycols 4a-d; Hydrogenolysis vs. acidic cleavage. 

In preliminary experiments the reaction optimization was conducted. The maximum acceptable 

reaction temperature was determined to be 40 °C; higher reaction temperatures lead to the 

formation of specific by-products. To obtain the molecular structure of the formed by-product an 

additional experiment performing the deprotection reaction for 3b with an excess of AcOH (80 %) at 

boiling temperature was carried out by B. Waldner.50 The results clearly indicate the formation of the 

di-acetate (see spectrum of raw product in Figure 2.1.8.). 
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Figure 2.1.8. 
1
H NMR spectra of raw di-acetate of 4b, area marked in blue specific for acetate groups; 

Spectrum reproduced from Waldner
50

. 

In case of unwanted formation of the di-acetate (overheating of reaction mixture, etc.), the 

deprotection of the acetate groups via methanolate catalysed transesterification was proven for one 

example. Applying sodium methoxide (NaOMe) in dry MeOH yielded the desired glycol in almost 

quantitative yield; the detailed experimental procedure is available in the report of D. Lumpi51. 

The reaction times at a reaction temperature of 40 °C (AcOH, 80 %) were first probed by HPLC (high 

performance liquid chromatography). Preliminary small-scale trials for the deprotection of 3d 

indicate a reaction time of roughly 60 min; HPLC spectra are depicted in Figure 2.1.9. 

  

Figure 2.1.9. HPLC spectra of the deprotection reaction; Reaction time = 30 min (left); 

Reaction time = 60 min (right); Retention time of substrate 3d = 7.55 min.  
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Based on this first indication ATR-IR monitoring was chosen to further determine the reaction time 

on experimental scale. All IR measurements were conducted in collaboration with the B. Lendl 

research group supported mainly by B. Zachhuber and C. Wagner. The acquired IR data, 

representatively depicted for substrate 3c, are illustrated in Figure 2.1.10. 

 

 

Figure 2.1.10. ATR-IR in-line monitoring of deprotection reaction of 3c; 2D-plot (top); 

Concentration profile (bottom); Substrate = pink @ 1094 cm
-1

, product = green @ 1470 cm
-1

). 

The data indicates a reaction time of 90 min to reach full conversion on experimental scale; this value 

was confirmed for all substrates either by IR or HPLC measurements. Hence, the reaction time was 

defined to 120 min; the additional reaction time of 30 min for all substrates was chosen to ensure full 

conversion (homogeneity issues, etc.). The results are given in Table 2.1.2.  
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Table 2.1.2. Yields for the preparation of 4a-d. 

Entry 
Tritylate 

3 

Product 

4 

Yield 

[g]
a
 

Yield 

[%]
a
 

 1 3a 4a 5.5 98 

 2 3b 4b 53.2 96 

 3 3c 4c 9.0 98 

 4 3d 4d 10.8 99 

a
Isolated yields; reaction conditions: AcOH (80 %), 40 °C, 2 h 

Comparing this new protocol to hydrogenolysis, the advantages are clearly visible: dramatically 

shortened reaction times (2 h vs. 4 days), easier workup and higher product quality (purity 

determined by 1H NMR; compared to products synthesized in our lab according to literature45). 

Moreover, nearly theoretical amounts of triphenylmethanol (pure according to combustion analysis) 

is isolated during work-up, which can be efficiently transformed to tritylchloride52 enhancing the 

atom efficiency of the entire synthetic route. 
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2.2.  Application example 

As referenced in the introduction, solid phase organic synthesis (SPOS) plays a significant role in 

many fields of chemistry and engineering (pharmaceutical chemistry, biomedical engineering, etc.). 

The research presented in the chapter “application example” specifically demonstrates the 

applicability of the developed monodisperse OEGs (chapter 2.1.) in the field of SPOS. 

2.2.1.  Context of contribution 

Poly(styrene-oxyethylene) graft copolymer (PS-PEG) resins for solid phase organic synthesis (SPOS) 

provide good swelling in a variety of solvents from medium to high polarity compared to non-grafted 

polymer resins.53 PS-PEG resins are designed by grafting ethylene oxide to the PS backbone creating 

long flexible polydisperse chains, which leads to a “solution-like” environment for the attached 

moieties. Therefore, also high quality gelphase 13C NMR spectra, an important non-destructive on-

resin analysis, can be achieved.25,54,55 The main drawback of PS-PEG resins is the low loading capacity 

of the resins (e.g. TentaGel; about 0.3 mmol/g) compared to a PS resin (Merrifield; 1.0-1.5 mmol/g).13 

The aim of previous research13 in the J. Fröhlich research group was the development of new resins 

bearing shorter monodisperse OEG/PEG-“linkers” (n = 2-12 units) compared to commercially 

available TentaGel (n = ~ 68 units). The reduction in OEG/PEG-“linker” length enables increased 

loading capacity and improved spectral quality (gelphase 13C NMR) by a decrease of OEG/PEG 

content of the resin. 

The synthetic approach is illustrated in Scheme 2.2.1.; further information is available in literature.13  

O
OR

n
 

O
O

n
 

O

NO
OR

n
 

H

1a-f

2a-f

R=TBS3a-f

R=H

PS
.HCl

i

4a-f

ii

iii 5a-fa-f: n=2,4,6,8,10,12 Sensor molecule

PS

R=TBS

R=H

iv

 

Scheme 2.2.1. Synthetic approach in the research of C. Braunshier et al.; 

Scheme reproduced from C. Braunshier et al.
13

 

The target resins 4a-f were loaded with a sensor molecule (see Scheme 2.2.1.) and subjected to 

gelphase 13C NMR spectroscopy. Both an increase of sensor signal intensity as well as a reduced PEG 

signal was found for decreasing OEG/PEG-“linker” length. To quantify the spectral quality the average 

half-height line width of all non-quaternary carbon peaks of the immobilized sensor molecule was  
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determined (see Figure 2.2.1.). In fact, improving the solvation and mobility of the attached sensor 

with increasing OEG/PEG-“linker” length, the line width decreases. However, a significant effect on 

the line-with, and therefore the spectral quality, was only determined up to 8 OEG/PEG units.13 

 

Figure 2.2.1. Effect of OEG group length on the average half height line width of the sensor molecule; 

Graph reproduced from C. Braunshier et al.
13

 

Hence, it has been demonstrated that the introduction of monodisperse OEGs enables the 

preparation of SPOS resins with and increased loading capacity (0.9 mmol/g for n = 8 (5d) vs. 0.3 

mmol/g for TentaGel) still revealing virtually the same spectral quality (half-height line width 

gelphase 13C NMR).13 

The development of a solid synthetic procedure towards monodisperse OEGs, as outlined in the first 

part of this thesis, sets the basis for the accessibility of the new resins. In the second section of this 

thesis, the effectivity and reliability of the developed PS-PEG resins is to be proven in a 

comprehensive selection of practical application examples. 
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2.2.2.  Statement of contribution 

The synthetic and analytical methodology was developed by CB, CH and JF. DL performed parts 

(mainly hydantoin route and starting resin synthesis) of the synthetic experiments under supervision 

of CB, CH and JF. Solid phase NMR was performed by DL, CB, EH and CH. Infrared spectroscopy was 

performed by CB and DL. Microscopic images were recorded by DL supported by M. Holzweber and 

H. Hutter. The manuscript was drafted by DL, CB and EH; all authors contributed to corrections and 

discussions of the manuscript prior to submission. 

None of the content has been previously published or utilized in Master or PhD related theses by DL. 

DL = Daniel Lumpi / CB = Christian Braunshier / EH = Ernst Horkel / 

CH = Christian Hametner / JF = Johannes Fröhlich 

2.2.3.  Original work
56

 

The original manuscript published in the journal Combinatorial Science (“Synthesis and Application of 

Monodisperse Oligo(Oxyethylene)-Grafted Polystyrene Resins for Solid-Phase Organic Synthesis”; 

DOI: 10.1021/co500028h) is reprinted on the subsequent pages. 
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3.  EXPERIMENTAL PART 
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General methods 

All reactions containing water or air sensitive reagents were performed in oven-dried glassware 

under inert atmosphere (argon). Reagents were purchased from commercial sources and used 

without further purification. Anhydrous THF and DCM were obtained by filtration through drying 

columns. Analytical thin-layer chromatography (TLC) was performed on aluminium-backed plates, 

pre-coated with silica (Merck silica gel 60 F254). Visualization of the developed chromatogram was 

performed by UV absorbance (254 nm) and/or colourisation with PMA/CAN dip reagent (10 g 

phosphomolybdic acid hydrate, 1 g cerium(IV)ammonium nitrate, 20 g conc. sulphuric acid) and 

subsequent heating.  

NMR spectra were recorded at 200 MHz for 1H and 50 MHz for 13C. Data for 1H NMR are reported as 

follows: chemical shift in parts per million from TMS with the solvent as an internal reference (CDCl3 

δ = 7.26 ppm, DMSO-d6 δ = 2.50 ppm), multiplicity (s = singlet, bs = broad singlet, d = doublet, t = 

triplet and m = multiplet), coupling constant in Hz and integration. 13C NMR spectra are reported in 

ppm from TMS using the central peak of the solvent as reference (CDCl3 δ = 77.00 ppm, DMSO-d6 δ = 

39.52 ppm); multiplicity with respect to proton (deduced from APT experiments, s = quaternary C, d 

= CH, t = CH2, q = CH3). 

For off-line spectra recording a Fourier transform infrared spectrometer equipped with a broad band 

MCT detector was used. Spectra were recorded on a single bounce diamond ATR unit placed in the 

sample compartment of the FTIR spectrometer.  

In-line IR monitoring was performed using a mid-IR fibre optic probe from ART Photonics attached to 

a FTIR spectrometer. The probe was directly inserted through the ground neck of the reaction vessel 

and comprised two 1 m silver halide fibres (i.d. 1 mm) connecting to a conical diamond ATR element 

housed in a rod of hastelloy. Using this set-up it was possible to follow the reactions to be studied in 

real-time covering a spectral range from 600 to 2000 wavenumbers. 

Preparation of mono-trityl-protected glycols (1) and di-tosylated glycols (2) 

7,7,7-Triphenyl-3,6-dioxaheptanol (1a), 13,13,13-triphenyl-3,6,9,12-tetraoxatridecanol (1b), 1,5-Bis-

(tosyloxy)-3-oxapentane (2a) and 1,11-Bis(tosyloxy)-3,6,9-trioxaundecane (2b) were prepared 

according to literature.57 Purities were verified by NMR spectroscopy. 
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Preparation of di-tritylated glycols 3 

General procedure 

The detailed synthetic procedure for the preparation of di-tritylated glycols 3 is given in this general 

procedure exemplarily for compound 3b (largest experimental scale in this series of compounds). The 

synthetic procedures for compounds 3a, 3c and 3d refer to this general procedure and mention 

specific details or deviations from the general procedure in the respective section. 

Synthesis of 1,1,1,27,27,27-hexaphenyl-2,5,8,11,14,17, 20,23,26-nonaoxaheptacosane 3b 

 

Under argon atmosphere, a 4-neck round bottom flask equipped with mechanical stirrer, reflux 

condenser, thermometer as well as dropping funnel and the ATR-IR probe inlet was charged with 

sodium hydride (12.00 g, 500 mmol, 2.5 equiv.) and dry THF (500 mL). To the well stirred suspension 

was added a solution of mono-trityl protected glycol 1a (139.38 g, 400 mmol, 2.0 equiv.) in dry THF 

(500 mL) at ambient temperature. After completion of the reaction according to IR-monitoring (4 h), 

the mixture was cooled to 0 °C and a solution of di-tosylated glycol 2b (100.52 g, 200 mmol, 1.0 

equiv.) in dry THF (500 mL) was added. The temperature was adjusted to 40 °C and the suspension 

was stirred for 80 h. For work-up, the reaction mixture was poured onto ice water (1200 mL) / 

chloroform (800 mL). The phases were separated and the aqueous phase was extracted with 

chloroform (500 mL). The combined organic layers were washed with brine (500 mL) and dried over 

sodium sulfate. After removing the solvent under reduced pressure, the title compound was 

obtained. 

Yield: 165.36 g (97 %) clear, slightly orange, viscous oil 

Spectral data (copies of 
1
H-NMR, 

13
C-APT-NMR and ATR-IR spectra) and combustion analysis for 3b 

1H NMR (200 MHz, DMSO-d6) δ = 7.48–7.15 (m, 30 H), 3.67–3.39 (m, 28 H), 3.06 (t, J = 4.8 Hz, 4 H). 

13C APT NMR (50 MHz, DMSO-d6) δ = 143.8 (s), 128.2 (d), 127.8 (d), 126.9 (d), 85.9 (t), 70.1 (t), 69.9 

(t), 69.85 (t), 69.82 (t), 69.77 (t), 69.7 (t), 63.0 (t). 

C54H62O9 (855.09): calcd. C 75.85, H 7.31; found C 76.15, H 7.15, N <0.05. 
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Spectrum 3.1. 

1
H NMR (200 MHz, DMSO-d6) of substance 3b. 

 
Spectrum 3.2. 

13
C APT NMR (50 MHz, DMSO-d6) of substance 3b. 
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Spectrum 3.3. IR spectrum (ATR) of substance 3b.  
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Synthesis of 1,1,1,21,21,21-hexaphenyl-2,5,8,11,14,17,20-heptaoxaheneicosane 3a 

 

Compound 3a was prepared following the procedure for substance 3b, described in the general 

procedure using 2a (10.36 g, 25 mmol, 1 eq.), 1a (17.42 g, 50 mmol, 2 eq.) and NaH (1.50 g, 63 mmol, 

2.5 eq.) in dry THF (180 mL). The deprotonation was carried out for 4 h at 25 °C and the substitution 

was stirred for 80 h at 40 °C under inert atmosphere. The work-up was according to the general 

procedure extracting the aqueous phase 4-times with CHCl3. 

Yield: 18.75 g (98 %) clear, slightly yellow, viscous oil 

Spectral data (copies of 
1
H-NMR, 

13
C-APT-NMR and ATR-IR spectra) for 3a 

1H NMR (200 MHz, DMSO-d6) δ 7.42 – 7.23 (m, 30H), 3.59 – 3.51 (m, 20H), 3.06 (t, J = 4.8 Hz, 4H). 

13C APT NMR (50 MHz, DMSO-d6) δ 143.8 (s), 128.2 (d), 127.8 (d), 126.9 (d), 85.9 (t), 69.8 (t), 63.1 (t). 

 
Spectrum 3.4. 

1
H NMR (200 MHz, DMSO-d6) of substance 3a.  
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Spectrum 3.5. 

13
C APT NMR (50 MHz, DMSO-d6) of substance 3a. 

 

Spectrum 3.6. IR spectrum (ATR) of substance 3a.  
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Synthesis of 1,1,1,33,33,33-hexaphenyl-2,5,8,11,14,17,20,23,26,29,32-

undecaoxatritriacontane 3c 

 

Compound 3c was prepared following the procedure for substance 3b, described in the general 

procedure using 2a (10.36 g, 25 mmol, 1 eq.), 1b (21.83 g, 50 mmol, 2 eq.) and NaH (1.50 g, 63 mmol, 

2.5 eq.) in dry THF (200 mL). The deprotonation was carried out for 2 h at 25 °C and the substitution 

was stirred for 58 h at 40 °C under inert atmosphere. The work-up was according to the general 

procedure extracting the aqueous phase 4-times with CHCl3. 

Yield: 23.16 g (98 %) clear, slightly yellow, viscous oil 

Spectral data (copies of 
1
H-NMR, 

13
C-APT-NMR and ATR-IR spectra) for 3c 

1H NMR (200 MHz, DMSO-d6) δ 7.42 – 7.24 (m, 30H), 3.55 – 3.47 (m, 36H), 3.06 (t, J = 4.6 Hz, 4H). 

13C APT NMR (50 MHz, DMSO-d6) δ 143.8 (s), 128.2 (d), 127.8 (d), 126.9 (d), 85.9 (t), 69.8 (t), 63.1 (t). 

 
Spectrum 3.7. 

1
H NMR (200 MHz, DMSO-d6) of substance 3c. 
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Spectrum 3.8. 

13
C APT NMR (50 MHz, DMSO-d6) of substance 3c. 

 

Spectrum 3.9. IR spectrum (ATR) of substance 3c.  
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Synthesis of 1,1,1,39,39,39-hexaphenyl-2,5,8,11,14,17,20,23,26,29,32,35,38-tridecaoxanona-

triacontane 3d 

 

Compound 3d was prepared following the procedure for substance 3b, described in the general 

procedure using 2b (12.57 g, 25 mmol, 1 eq.), 1b (21.83 g, 50 mmol, 2 eq.) and NaH (1.50 g, 63 mmol, 

2.5 eq.) in dry THF (200 mL). The deprotonation was carried out for 2 h at 25 °C and the substitution 

was stirred for 58 h at 40 °C under inert atmosphere. The work-up was according to the general 

procedure extracting the aqueous phase 3-times with CHCl3. 

Yield: 24.55 g (95 %) clear, slightly orange, viscous oil 

Spectral data (copies of 
1
H-NMR, 

13
C-APT-NMR and ATR-IR spectra) for 3d 

1H NMR (200 MHz, DMSO-d6) δ 7.43 – 7.24 (m, 30H), 3.60 – 3.48 (m, 44H), 3.06 (t, J = 4.8 Hz, 4H). 

13C APT NMR (50 MHz, DMSO-d6) δ 143.8 (s), 128.2 (d), 127.8 (d), 127.0 (d), 85.9 (t), 69.8 (t), 63.1 (t). 

 
Spectrum 3.10. 

1
H NMR (200 MHz, DMSO-d6) of substance 3d.  
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Spectrum 3.11. 

13
C APT NMR (50 MHz, DMSO-d6) of substance 3d. 

 

Spectrum 3.12. IR spectrum (ATR) of substance 3d.  
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Preparation of target glycols 4 

General procedure 

The detailed synthetic procedure for the preparation of di-tritylated glycols 4 is given in this general 

procedure exemplarily for compound 4b (largest experimental scale in this series of compounds). The 

synthetic procedures for compounds 4a, 4c and 4d refer to this general procedure and mention 

specific details or deviations from the general procedure in the respective section. 

Synthesis of 3,6,9,12,15,18,21-heptaoxatricosane-1,23-diol 4b 

 

Compound 3b (128.26 g, 150 mmol) was stirred with 80 % acetic acid (1200 mL) at 40 °C. After 2 h 

the reaction was completed according to HPLC analysis. The mixture was allowed to cool to ambient 

temperature and poured onto ice water (600 mL). The precipitate was filtered off over a glass sinter 

funnel. The filtrate was concentrated under reduced pressure leaving a cloudy oil. The crude product 

was mixed with cold water (500 mL) and the suspension was again filtered over the same glass sinter 

funnel, still containing the bed of triphenylmethanol formed during the first filtration. The filter cake 

was washed with cold water, giving 77.02 g (99 %) of pure triphenyl methanol after drying at 40 °C / 

15 mbar. The solvent of the filtrate was removed under reduced pressure (0.05 mbar) to afford the 

title compound. 

Yield: 53.20 g (96 %) clear, slightly orange oil 

Spectral data (copies of 
1
H-NMR, 

13
C-APT-NMR and ATR-IR spectra) and combustion analysis for 4b 

1H NMR (200 MHz, CDCl3) δ = 3.62–3.38 (m, 32 H), 3.30 (bs, 2 H). 

13C NMR (50 MHz, CDCl3) δ = 72.2, 70.15, 70.10, 69.9, 61.1. 

C16H34O9 (370.44): calcd. C 51.88, H 9.25; found C 51.81, H 9.34, N <0.05. 
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Spectrum 3.13. 

1
H NMR (200 MHz, CDCl3) of substance 4b. 

 
Spectrum 3.14. 

13
C APT NMR (50 MHz, CDCl3) of substance 4b. 
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Spectrum 3.15. IR spectrum (ATR) of substance 4b.  
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Synthesis of 3,6,9,12,15-pentaoxaheptadecane-1,17-diol 4a 

 

Compound 4a was prepared according to the procedure for substance 4b, described in the general 

procedure stirring 3a (15.34 g, 20 mmol, 1 eq.) and aqueous acetic acid solution (80 %, 160 mL) for 

exactly 2 h at 40 °C. Following the general procedure for the work-up 10.21 g (98 %) of pure 

triphenylmethanol were obtained as a side product. 

Yield: 5.51 g (98 %) clear, slightly yellow, viscous oil 

Spectral data (copies of 
1
H-NMR, 

13
C-NMR and ATR-IR spectra) for 4a 

1H NMR (200 MHz, CDCl3) δ 3.67 – 3.51 (m, 24H), 3.33 (bs, 2H). 

13C NMR (50 MHz, CDCl3) δ 72.4, 70.4, 70.3, 70.3, 70.1, 61.4. 

 
Spectrum 3.16. 

1
H NMR (200 MHz, CDCl3) of substance 4a.  
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Spectrum 3.17. 

13
C APT NMR (50 MHz, CDCl3) of substance 4a. 

 

Spectrum 3.18. IR spectrum (ATR) of substance 4a.  
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Synthesis of 3,6,9,12,15,18,21,24,27-nonaoxanonacosan-1,29-diol 4c 

 

Compound 4c was prepared according to the procedure for substance 4b, described in the general 

procedure stirring 3c (18.86 g, 20 mmol, 1 eq.) and aqueous acetic acid solution (80 %, 160 mL) for 

exactly 2 h at 40 °C. Following the general procedure for the work-up 10.32 g (99 %) of pure 

triphenylmethanol were obtained as a side product. 

Yield: 9.03 g (98 %) clear, slightly yellow oil 

Spectral data (copies of 
1
H-NMR, 

13
C-NMR and ATR-IR spectra) for 4c 

1H NMR (200 MHz, CDCl3) δ 3.67 – 3.51 (m, 40H), 3.22 (bs, 2H). 

13C NMR (50 MHz, CDCl3) δ 72.4, 70.3, 70.1, 61.4. 

 
Spectrum 3.19. 

1
H NMR (200 MHz, CDCl3) of substance 4c.  
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Spectrum 3.20. 

13
C APT NMR (50 MHz, CDCl3) of substance 4c. 

 

Spectrum 3.21. IR spectrum (ATR) of substance 4c.  
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Synthesis of 3,6,9,12,15,18,21,24,27,30,33-undecaoxapentatriacontane-1,35-diol 4d 

 

Compound 4d was prepared according to the procedure for substance 4b, described in the general 

procedure stirring 3d (20.63 g, 20 mmol, 1 eq.) and aqueous acetic acid solution (80 %, 180 mL) for 

exactly 2 h at 40 °C. Following the general procedure for the work-up 10.13 g (97 %) of pure 

triphenylmethanol were obtained as a side product. 

Yield: 10.78 g (99 %) clear, slightly orange oil 

Spectral data (copies of 
1
H-NMR, 

13
C-NMR and ATR-IR spectra) for 4d 

1H NMR (200 MHz, CDCl3) δ 3.63 – 3.47 (m, 48H), 3.21 (bs, 2H). 

13C NMR (50 MHz, CDCl3) δ 72.2, 70.2, 70.0, 61.2. 

 
Spectrum 3.22. 

1
H NMR (200 MHz, CDCl3) of substance 4d.  
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Spectrum 3.23. 

13
C APT NMR (50 MHz, CDCl3) of substance 4d. 

 

Spectrum 3.24. IR spectrum (ATR) of substance 4d. 
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In summary, we have reported on an optimized protocol for the synthesis of monodisperse 

poly(ethylene glycols) up to 12 sub-units. In contrast to other approaches described in literature, 

neither special equipment for high pressure hydrogenolysis nor any chromatographic purification is 

needed for the key steps of the sequence, making it attractive for especially large scale or even 

industrial applications. 

In-line ATR-IR spectroscopy was shown to be a powerful analytical tool for the effective monitoring 

of reactive intermediates. Due to the non-invasive nature, this promising technology might arise as a 

future solution to examine reactions or highly reactive intermediates under inert condition. The 

scope or potential applications are widespread. 

Based on this methodology, the applications of in-line ATR IR spectroscopy towards lithiation 

reactions was proven in our group, revealing the ability to monitor reaction intermediates in the 

halogen dance reaction.58 The scope towards complex reaction media, including biological matrices 

such as blood plasma, is currently under investigation.59 Matter of interest are advanced kinetic 

investigations on bioorthogonal ligations, strain-promoted alkyne azide cycloaddition (SPAAC), 

relevant in the fields of biological chemistry and biomedical research. 

In the second part of this thesis, polystyrene resins grafted with short, monodisperse OEG sub-units 

(n=2-12), accessed via a modular synthetic route from polymer-bound phenol by Mitsunobu 

coupling, have been presented. The resulting solid supports offer advantageous properties for gel-

phase NMR spectroscopy and are excellent resins for solid phase organic synthesis. To prove the 

applicability, three reaction sequences on solid phase have been performed (Wang-linker synthesis, 

palladium catalyzed cross coupling, hydantoin synthesis). Compared to commercially available PS-

PEG resins, our support offers equal swelling properties in polar and apolar solvents, better on-resin 

analytic properties and significantly higher loading, thus being promising choices for combinatorial 

science. The presented approach towards tailor made resins enables to adjust the resin properties by 

proper linker selection depending on the respective field of application. 

Concluding, the improved synthetic protocol towards monodisperse OEGs (e.g. hydrogel application), 

the broadened scope of the in-line ATR-IR-sensor spectroscopy (e.g. monitoring in biological media) 

as well as the established solid phase organic synthesis resins, based on the developed OEGs, (e.g. 

marker synthesis), reveal the value of this thesis for biomedical engineering. 
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