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Abstract

Abstract

Due to their outstanding properties, such as thermoresponsive behavior and high
biocompatibility, poly(vinyl phosphonates) present a promising foundation for various
applications, particularly in the biomedical field. The precise designability of these polymers
through rare earth metal-mediated group transfer polymerization (REM-GTP) allows for
targeted variation and customization to meet specific requirements for subsequent
applications. In the context of this thesis, different approaches to the modification of poly(vinyl
phosphonates) are explored, with a particular focus on the introduction of alkynes and azides,
which serve as the starting points for the frequently utilized azide-alkyne cycloaddition (AAC)
in a biological context. Initially, the targeted introduction of functional end groups on a-
methylpyridines, which act as initiators coordinating with Yttrium/Lutetium catalysts through
C-H bond activation and subsequently covalently binding to the polymer chain, is investigated.
To expand the repertoire of functional initiator motifs, silyl-protected alkynes, and unprotected
azides are synthesized, and poly(diethyl vinyl phosphonate) (PDEVP) is then functionalized
with these end groups. In the domain of side-chain modifications, allyl bonds in the static
poly(vinyl phosphonate), based on diethyl vinyl phosphonate (DEVP) and diallyl vinyl
phosphonate (DAIVP), are initially transformed through polymer-analogous reactions. This
involves bromination, epoxidation, and thiol-ene click reactions of the integrated allyl bonds,
as well as subsequent nucleophilic substitution, nucleophilic ring opening, and hydrazone
formation to integrate azides and other functional groups. These serve as anchor points for
attaching various substrates via AAC and allow for additional multiple functionalizations
through further thiol-ene click reactions of the previously unreacted double bonds. For a more
precise introduction of functional groups, dipropargyl vinyl phosphonate (DPrTMSVP), a vinyl
phosphonate with protected propargyl groups, is generated, enabling the controlled adjustment
of the architecture of poly(vinyl phosphonates) through controlled monomer addition. The
resulting terpolymer P(DAIVP-DEVP-DPrTMSVP) forms the basis for orthogonal
functionalization through thiol-ene click reactions and AAC, thereby facilitating the
development of specifically multiply modifiable polymer chains. Particularly noteworthy is the
attachment of biologically active substrates such as folic acid and cholesterol, along with the
excellent biocompatibility of the resulting polymer, highlighting the diverse possibilities of

targeted modification of these polymers.

XVII



Zusammenfassung

Zusammenfassung

Aufgrund ihrer herausragenden Eigenschaften, wie ihr thermoresponsives Verhalten und ihre
hohe Biokompatibilitat, stellen Poly(vinyl phosphonate) eine vielversprechende Grundlage flr
diverse Anwendungen vor allem im biomedizinischen Bereich dar. Die prazise Designbarkeit
dieser Polymere durch REM-GTP ermobglicht eine gezielte Variation und Anpassung der
Poly(vinyl phosphonate) fur zukunftsorientierte Anwendungen. Im Rahmen dieser Arbeit
werden verschiedene Ansatze zu Modifizierung von Poly(vinyl phosphonaten) getestet, wobei
der Fokus insbesondere auf die Integration von Alkinen und Aziden gelegt wird, da diese als
Ausgangsgruppen fur die haufig im biologischen Kontext genutzten Azid-Alkin Cycloaddition
(AAC) fungieren. Zum einen wird die gezielte Einfihrung funktionaler Endgruppen an a-
Methylpyridinen untersucht. Diese koordinieren (ber C-H Bindungsaktivierung an
Yttrium/Lutetium -Katalysatoren und werden anschlieRend kovalent an die Polymerkette
gebunden. Zur Erweiterung des Spektrums funktionaler Initiator Motive werden silyl-
geschitzte Alkine und ungeschitzte Azide synthetisiert, um anschlielend Uber
Endgruppenfunktionalisierung an Poly(diethylvinyl phosphonate) (PDEVP) angebracht zu
werden. Zum anderen werden im Bereich der Seitenkettenmodifikationen Allylbindungen im
statischen Poly(vinyl phosphonaten), basierend auf Diethylvinyl phosphonat (DEVP) und
Diallylvinyl phosphonat (DAIVP), durch Polymer-analoge Reaktionen umgesetzt. Dies erfolgt
mittels Bromierung, Epoxidierung und Thiol-En Klick-Reaktionen, sowie durch nachfolgende
nukleophile Substitution und Ringéffnung, sowie Hydrazonbildung, um Azide und andere
funktionelle Gruppen einzufiigen. Diese Funktionalitdten dienen als Ankerpunkte zur
Anbindung unterschiedlicher Substrate Uber AAC sowie zur mehrfachen Funktionalisierung
mittels zusatzlicher Thiol-En Klick-Reaktionen der bis dahin unreagierten Doppelbindungen.
Um eine prazisere Einfuhrung von funktionellen Gruppen zu gewahrleisten, wird
Dipropargylvinyl phosphonat (DPrTMSVP), ein Vinylphosphonat mit geschitzten
Propargylseitenketten, entwickelt. Dadurch kann anhand von kontrollierte Monomer Zugabe,
die Architektur der Poly(vinyl phosphonate) prazise eingestellt werden. Das daraus
resultierende Terpolymer P(DAIVP-DEVP-DPrTMSVP) bildet die Grundlage fir eine
orthogonale Funktionalisierung mittels Thiol-En Klick-Reaktionen und AAC, was wiederum die
Entwicklung von gezielt und mehrfach modifizierbarer Polymerketten ermdglicht.
Insbesondere die Anbindung biologisch aktiver Substrate wie Folsaure und Cholesterol, sowie
die gute Biokompatibilitat des resultierenden Polymers unterstreichen die vielfaltigen

Moglichkeiten der zielgerichteten Modifikation dieser Polymere.
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Introduction — Polymers in Biomedical Application

1. Introduction — Polymers in Biomedical Application

Macromolecular materials gain significance for medical purposes. Polymers play a crucial role
in diverse biomedical fields, including tissue engineering, the implantation of medical devices
and artificial organs, as well as applications in prosthetics, ophthalmology, dentistry, bone
repair, and many more (Figure 1.1). Additionally, delivery platforms based on polymers enable
the controlled, slow release of drugs into the body, as well as the targeted administration of

drugs to inflammation sites or tumors." 2
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Figure 1.1: Schematical illustration of polymers in biomedical applications.?

For selecting materials for these applications, it is essential to consider different criteria, such
as biocompatibility, wettability, and biological degradability. The wide range of chemical and
functional properties exhibited by polymers makes it possible to design specific structures
tailored for biomedical applications.?>> Among the polymers used, two categories can be
distinguished: natural and synthetic polymers. Natural polymers have long been used to
produce biomaterials due to their biocompatibility and low immunogenic properties. Collagen,
a natural protein found in the skin and other connective tissues, is often used to manufacture
implants for tissue cultivation and regeneration. In addition to collagen, other natural polymers

such as fibrin and keratin, as well as various polysaccharides, are being investigated or already
1



Introduction — Polymers in Biomedical Application

used for their suitability.®: 7 However, natural polymers, characterized by rapid degradability,
low mechanical properties, and a high risk of contamination with microbial immunogens, are
not conducive to causing chronic immunological inflammations. In contrast, synthetic polymers
exhibit significantly superior properties compared to their natural counterparts.® The first
synthetic polymer reported for medical purposes is poly(methylmethacrylate) (PMMA).°
Ongoing research focuses on other synthetic polymers, such as poly(ethylene glycol) (PEG),
poly(lactic acid) (PLA), poly(vinyl alcohol) (PVA), poly(caprolactone) (PCL), and poly(lactic-co-
glycolic acid) (PLGA), due to their effectiveness in biomedical applications.? '° Special interest
is given to the development of "smart polymers," which are materials where one or more
properties can be changed by external stimuli. This allows the creation of tunable and
personalized macromolecules that can overcome the many limitations in the heterogeneous
environment of the human body." Various external stimuli, including temperature, redox
reactions, pH changes, and light intensity, serve as triggers for intelligent materials.'>'S The
adaptable properties and environmental responsiveness of intelligent polymeric materials offer
the prospect of developing personalized biomedical products.'® Given the diverse applications
of polymeric biomaterials, there is no singular ideal polymer or polymer family. Instead,
researchers need to access a library of materials that can be synthesized and manipulated to
meet specific requirements for a specific biomedical function. This thesis proposes the

inclusion of poly(vinyl phosphonate)s into this material family.
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2. Theoretical Background

2.1 Poly(vinyl phosphonate)s

Desoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are two of the most renowned
naturally occurring phosphorus-containing polymers. These macromolecules feature
nucleosides connected to the phosphate backbone, enabling the storage of genetic information
vital for the growth, evolution, operation, and reproduction of all living organisms.'® 17 The
synthetic production of these polymers is complex due to the inherent sensitivity of the
polymers, notably their susceptibility to hydrolysis. Therefore, a careful distinction is required
between the phosphorus-containing functional groups and those designated for polymerization
when using the employed monomers. Cyclic monomers are subjected to ring-opening
polymerization (ROP), whereas olefinic monomers are utilized in chain growth polymerization

processes (Scheme 2.1).18

O ring-opening

v O o I
a PZ polymerization P. 0
) o/ OR > {/‘ O/\/ ;
OR
poly(phosphate)s
(o} o ring-opening .
Pz polymerization N
7 LgTR > ool
R n
poly(phosphoester)s
QR QH
OR radical or anionic polymerization O0=P-OR O=P-0OH
i coordinative polymerization
c) O=P-OR —
W n ;
poly(vinyl poly(vinyl
phosphonate)s phosphonic acid)

Scheme 2.1: Phosphorus-containing monomers and their corresponding polymers: a) poly(phosphate)s,
b) poly(phosphoester)s, and c) poly(vinyl phosphonate)s and poly(vinyl phosphonic acid).®

A noteworthy and well-explored class of synthetically manufactured phosphorus-containing
polymers is exemplified by poly(phosphoester)s (PPEs). These macromolecules,
characterized by their repetitive phosphor ester units, exhibit similarities to naturally occurring
structures. Additionally, they demonstrate remarkable biocompatibility and biodegradability,
owing to their susceptibility to hydrolysis and enzymatic cleavage. Through the adjusting
incorporation of tailored side chain modifications, PPEs exhibit considerable structural
diversity, making them a promising platform for various biomedical applications.’®-?' Another
exciting group of phosphorus-containing polymers is represented by poly(vinyl phosphonate)s,
which exhibit good biocompatibility and water solubility. Remarkably, substantial coverage of

the dialkyl vinylphosphonates (DAVP) class, including the monomer and the corresponding
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polymer with the nearest phosphorus distance to the C-C backbone of the polymer, did even

occur in only a few reports until 2010. 2223

2.1.1 Vinyl phosphonates

Various synthesis pathways are available for vinyl phosphonates, one of the simplest and
longest-known phosphorus-containing monomers, yielding high yields and starting from
common feedstock materials. The most widely recognized method involves a Michaelis-
Arbusov rearrangement created from trialkyl phosphite, followed by E7., elimination to form
the final dialkylvinyl phosphonate (Scheme 2.2, a). 2426 An alternative synthesis route can be
utilized for more complex syntheses and sterically demanding vinyl phosphonates. This
pathway initiates with a Kabachnik rearrangement starting from commercially available tris(2-
chloroethyl)phosphite to yield (2-chloroethyl)phosphonic dichloride. Subsequently, chlorination
with thionyl chloride is carried out to obtain (2-chloroethyl)phosphonic dichloride, which can
then be esterified with various alcohols. The corresponding DAVP compound is obtained
through a subsequent base-induced elimination step (Scheme 2.2, b). The group of Rieger et
al. further simplified this process into a two-stage synthesis route, wherein vinyl phosphonic
acid, also commercially available, is first transformed into the chloride with oxalyl chloride,

followed by esterification as the final step (Scheme 2.2, ¢).?”
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Scheme 2.2: Monomer synthesis of vinyl phosphonates a) via Michaelis-Arbusov reaction, b) via Kabachinik
rearrangement and c) as a two-stage synthesis route.In addition to their role in polymerization, DAVPs
are employed to incorporate phosphorus functionalities into macromolecules through various
chemical processes, including Diels-Alder cyclization, thiol-ene click reactions, 1,4-Michael-

addition, and cross-coupling reactions.?8-32
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2.1.2 Polymerization of Poly(vinyl phosphonate)s

While vinyl phosphonates were early and frequently associated with the previously mentioned
organic reactions, there was initially minimal research regarding their polymerizability. This can
be attributed to the limited performance of these monomers using classic polymerization
techniques, thereby constraining the exploration of their material properties and potential
applications. The initial efforts to polymerize DEVP and diisopropyl vinyl phosphonate (DIVP)
via free radical polymerization yielded only oligomers. This outcome can be attributed to
several underlying factors. One reason is the low propagation rate, which is due to the high
stability of the formed radical species. Additionally, frequent chain transfer reactions occurred,
leading either to monomers or the formed polymers, hindering the production of larger
macromolecules. Furthermore, side reactions involving intramolecular hydrogen transfer from
the phosphonate ester unit to the primary alkyl radical occurred. The newly formed radical is
inserted into another monomer, creating an unstable P-O-C motif in the polymer backbone.

This instability, caused by thermal lability, resulted in chain fragmentation (Scheme 2.3).33 34
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Scheme 2.3: Intramolecular chain scission of oligomeric DIVP during radical polymerization.34

To circumvent this problem, subsequent research has focused on non-radical polymerization
methods. At first glance, anionic polymerization of vinyl phosphonates holds promise due to its
generally increased reactivity, which should yield improved conversion rates and higher
molecular weights. However, like radical polymerization, this approach encounters various side
reactions that lead to poly(vinyl phosphonate)s exhibiting high polydispersity.3® A primary
contributing factor to this phenomenon is the presence of the a-acidic proton within the vinyl
group, which can initiate termination reactions with initiation or propagation species
(Scheme 2.4, a).%¢ Furthermore, anionic initiators with high nucleophilicity can attack the
electrophilic phosphorus atom, subsequently eliminating an alcoholate (Scheme 2.4, b). A third
side reaction involves a nucleophilic attack on the vinyl bond (Scheme 2.4, c). Additionally,
extended reaction times are requisite for achieving complete monomer conversion, indicative
of low polymerization rates. The resonance stabilization of the anionic chain end by the
phosphonate unit diminishes its reactivity, and the limited initiator efficiency of the employed

metals may be one reason for the observed reduced activity. '8 36
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Scheme 2.4: Possible side reactions during anionic polymerization of vinyl phosphonates: a) abstraction of the a-
acidic proton, b) nucleophilic attack at the electrophilic phosphorus and subsequent elimination of an alcoholate
and c) nucleophilic attack at the vinyl moiety.36

Rare Earth Metal-mediated Group Transfer Polymerization

Due to the reasons previously outlined, high-molecular-weight poly(vinyl phosphonate)s
remained inaccessible for an extended period. Nevertheless, vinyl phosphonates share
electronic and structural similarities with other Michael-type acceptor monomers, such as
methyl methacrylate (MMA), 2-vinyl pyridine (2VP), or 2-iso-propenyl-2-oxazoline (IPOx)
(Scheme 2.5).'% 36 Among numerous polymerization techniques, also rare earth metal-
mediated group transfer polymerization emerges as a promising method for polymerizing
MMA. REM-GTP combines the advantageous characteristics of ionic and coordinative
polymerization with its living nature, enabling the synthesis of strictly linear polymers with a
remarkably narrow polydispersity index (PDI < 1.1).37
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Scheme 2.5: Structural and electronic similarity between different typical Michael-type monomers.3¢

This polymerization method can be attributed to the silyl ketene acetal-initiated group transfer
polymerization (SKA-GTP) developed by Webster and DuPont.38 In this process, silyl ketene
acetals (SKA)s are used as initiators, and Lewis acids are employed to activate monomers.
Repeated conjugate addition reactions transfer the SKA group from the initiator to the

monomer. This living polymerization is characterized by a linear increase in molar mass and

6
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high monomer conversion, and facilitates the production of block copolymers through
sequential polymerization.'® Building upon this foundation, Yasuda, Collins, and Ward
polymerized MMA using metallocene, laying the foundational principles for REM-GTP.3% 40 |n
contrast to Yasuda et al. who employed the neutral complex [(CsMes).SmH]; as their catalyst,
Collins and Ward utilized a two-component system comprising Cp2ZrMe; and
[Cp2ZrMe(THF)][BPh4]. This approach facilitates the synthesis of syndiotactic, high-molecular-
weight PMMA with a narrow polydispersity index (PDI < 1.05).4%: 4" The process initiates with
the activation of the hydrido-bridged dimer through the coordination of a MMA monomer. In
this step, the hydride group of the catalyst attacks the vinylic CH, group of MMA (Scheme 2.6,
a). Subsequently, another molecule of MMA coordinates with the resulting intermediate
through an 1,4-addition (Michael addition) reaction. This sequence leads to the formation of a
monometallic, cyclic, eight-membered transition state, which is confirmed through the isolated
crystal structure of the MMA adduct (Scheme 2.6, b). Following this stage, another monomer
coordinates to the active species, causing the displacement of the ester group and forming
another eight-membered transition state (Scheme 2.6, c). The polymerization using the
cationic zirconocene catalyst follows a comparable mechanism. However, it necessitates the
presence of co-catalysts that negatively affect both the polymerization activity and

stereoselectivity.'8
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Scheme 2.6: Yasuda-type REM-GTP of MMA: a) dissociation and coordination of MMA. b) hydride transfer to MMA
and formation of the eight-membered transition state. c) repeated conjugate addition of MMA."8

Rieger et al. used the REM-GTP mechanism, predicated on the 1,4 Michael addition, to
facilitate the polymerization of well-known vinyl phosphonates in these reactions. Initially, using
simple rare-metal alkyl precursors lead to the polymerization of dimethyl vinyl phosphonate
(DMVP) and DIVP oligomers.* However, a significant enhancement in activity and increased
yields of polymerization were observed with lanthanide tri(bisdimethylsilylamide) complexes
(Ln = La, Nd, Sm, Y) when employing metal centers with a smaller ionic radius (Figure 2.1).18
NMR studies revealed the coordination of oxygen moiety instead of vinyl group, indicating a
group transfer polymerization mechanism. Nevertheless, the consistently broad PDI suggests

a non-uniform, slow initiation or possibly initiation involving more than one o-donor ligand.*?
7
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Figure 2.1: Rare earth alkyl complexes for the oligomerization of DMVP and DIVP.

A significant advancement was made by successfully executing the controlled polymerization
of high-molecular-weight PDEVP using rare earth metallocenes of the type Cp.LnX (Ln = Gd-
Lu, X = Cp, Me, CH.TMS, CI). While cyclopentadiene (Cp) serves as a versatile and strongly
coordination ligand, methyl (Me) acts as a strong nucleophile, leading to rapid initiation,
whereas chloride (Cl) functions as a comparatively weaker nucleophile, resulting in fewer side
reactions.** The assumption that the polymerization of DEVP follows a group transfer
polymerization mechanism was further supported by the copolymerization of DEVP and MMA.
It was postulated that a DEVP unit coordinates to the metal center, inducing a rearrangement
of the Cp ligands from n®- to n’-coordination. This Cp group then engages in a 1,4-addition
reaction with the vinyl group of the monomers, allowing for the coordination of another DEVP

molecule to the metal center (Scheme 2.7).4
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Scheme 2.7: Postulated initiation mechanism for the polymerization of DEVP with CpsLn.44

——» propagation

Furthermore, the living character of the REM-GTP of DAVPs was confirmed, leading to higher
polymerization degrees and narrower molecular weight distributions. Additionally, the
previously hypothesized influence of the ionic radius of the metal center on the polymerization
rate, as proposed by Yasuda*', was validated. In the case of metallocene complexes employed
for DEVP polymerization, a noticeable enhancement in initiator efficiency was observed as the
ionic radius decreased. Moreover, the impact of different ligands on the initiation mechanism
of REM-GTP for vinyl phosphonates was demonstrated. Highly nucleophilic ligands like
CH>TMS or Me prefer initiation by abstracting the acidic a-proton of the vinyl unit (Scheme 2.8,
a). Ligands with lower nucleophilicity, such as Cl or alkoxides, induce ligand exchange driven
by the monomer (Scheme 2.8, b). Exclusive nucleophilic transfer of the ligands and
consequent monomer coordination occurred only with ligands like Cp or thiolates
(Scheme 2.8, ¢).4°



Theoretical Background

OEt ligand- OEt OEt
_J_OEt g —p-OEt I
) X .‘\\o,p) exchange \Ln_"\\O P/ . @\ _\\\O:P OEt
Ln Ln
N % N ) /
% X X \X
) b) nucleophilic ¢) nucleophilic
a) deprotonato/ transfer von X transfer von Cp
pEt pEt pEt
_p-OEt _p-OEt _p-OEt
\ '\\\O P, 2 .\\\O P\ X "\\O P\
Ln_ Ln_ I Ln_
S IR X o
X = Me, CH,TMS X =Cp, SR X =CI, OR

Scheme 2.8: Initiation of vinyl phosphonates using rare earth metallocenes via: a) deprotonation of the acidic a-
CH, b) nucleophilic transfer of X, or ¢) a monomer-induced ligand-exchange reaction.*®

The coordination of vinyl phosphonates to the employed complexes was investigated through
NMR spectroscopy studies to better understand the initiation mechanism. This investigation
used diethylethyl phosphonate (DEEP) due to its analogous structure and comparable steric
requirements to DEVP. However, DEEP is not capable of subsequent polymerization. An
occurrence of ligand exchange induced by the monomer was noted, wherein the metallocene
Cp2LnX(DEEP) achieved equilibrium with the complexes CpsLn(DEEP) and CpLnXy(DEEP)
(Scheme 2.9).45
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Scheme 2.9: Ligand exchange of CpzLnX induced by DEEP.45

The crystal structure analysis of the complexes CpsY(DEEP) and Cp,LnCI (Ln = Ho, Yb)
confirmed the thesis that the vinyl phosphonate coordinates via the oxygen atom and not via
the double bond. Furthermore, these investigations have demonstrated that the Michael-
system of the vinyl phosphonates adopts the necessary conformation for repeated conjugate
addition, thus enabling REM-GTP.43 45 Based on various experimental studies, the group of
Rieger et al. proposed a mechanism for the polymerization of DAVP through REM-GTP. In this
process, the existing polymer is substituted by a newly introduced monomer through an
intermediate pentacyclic stage via Sy2-type associative displacement. This first transition state
is the rate-determining step of the reaction. Complexes with smaller metal centers have a more
considerable steric demand in the eight-membered metal cycle, destabilizing propagation and
consequently speeding up the process. Additionally, longer side chains in the polymers result
in greater steric hindrance during the formation of the new polymer in the transition state,

leading to a higher activation barrier (Scheme 2.10).18:45
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Scheme 2.10: Reaction mechanism of REM-GTP of DAVPs.45

Various catalysts with different initiators and metal centers were tested for detailed REM-GTP
mechanistic studies of vinyl phosphonate. Notably, DAVP exhibited the highest levels of activity
and efficiency in thiolate complexes. Nevertheless, these complexes exhibit certain
drawbacks, such as end-group elimination and forming [Cp-LnS'Bu], dimers, which hinder the
polymerization of less coordinated monomers. Consequently, the search for highly active and

efficient initiators for REM-GTP was pursued.'®
C—-H bond activation through o-bond metathesis

The typical initiation method for REM-GTP of methacrylate, involving the nucleophilic transfer
of strongly basic ligands to a coordinated monomer, has proven ineffective for vinyl
phosphonates.*% 46 These initiators lead to various side reactions, such as the abstraction of
the a-acidic proton, resulting in reduced initiator efficiency and longer initiation times.*5 Inspired
by the enolate initiators employed in zirconium-mediated GTP, which utilize a faster initiation
mechanism through an eight-proton process to overcome the limitations of alkyl initiators,
Rieger et al. focused on the development and investigation of enolate and enamine initiators.4"
48 These initiators mimic the active propagation species, bypassing the inefficient initiation step
of alkyl initiators. However, the formed complexes exhibit long initiation times, which could be
attributed to a preference for nucleophilic transfer over deprotonation. Consequently, achieving
a successful synthesis without side products was not feasible. Instead, o-bond metathesis was
chosen as a potential method to bypass the initiation limitations. o-bond metathesis enables
intramolecular C-H activation in trivalent lanthanides and d° transition metals without altering
the oxidation state.*® % This allows for hydrogen (H-H) activation through hydrogenolysis or C-
H and C-C bonds through alkanolysis. This concerted reaction proceeds through a four-
membered transition state in the form of a [20+20] cycloaddition and can be illustrated as the

exchange of the metal-ligand o-bond with a o-bond of the substrate (Scheme 2.11).51. 52
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Scheme 2.11: Hydrogenolysis and alkanolysis through o-bond metathesis.

Teuben et al. systematically explored the activation of C-H bonds activation of various
metallocene and non-metallocene compounds with diverse substrates, ranging from ethylene
to alkyl-substituted pyridine derivatives.?® Notably, they identified a highly selective C-H bond
activation of the sp3-alkyl group via a n3-(C, C, N)-aza-allylic motif for a-picoline and ethyl-
pyridine.5* 5 The group of Mashima et al. applied this approach for the introduction of chain
end moieties in the polymerization of 2-vinyl pyridine, a Michael-type system. Therefore,
various catalysts were generated and tested through in situ o-bond metathesis of a yttrium
complex with different alkynes and a-picolyl initiators, such as phenylpyridine, 1-trimethylsilyl-

1-propyne and 2,4,6-trimethylpyridine (sym-collidine) (Scheme 2.12).56
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Scheme 2.12: C-H bond activation of various, non-classical CH-acidic compounds.5¢

Rieger et al. applied this technique to introduce pyridine initiators to the REM-GTP of
dialkylvinyl phosphonates. In this context, they activated the cyclopentadienyl systems
Cp2LnCH2TMS (Ln=Y or Lu) using sym-collidine. While the Yttrium complexes exhibited
complete conversions within a short time at room temperature, the Lutetium catalysts required

higher temperatures and longer reaction durations to achieve the same results. Through
11
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crystallographic analysis, it was confirmed that the binding of pyridine occurs through the sp3-
alkyl group via a n-(C, C, N)-aza-allylic motif, which is attributed to the resonance structure of

the carbanion or enamine (Scheme 2.13).18 48
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Scheme 2.13: Formation of mesomeric equilibrium of the carbanionic and the enamine form during C-H bond
activation of sym-collidine.*®

End group analysis through electrospray ionization mass spectrometry (ESI-MS)
measurements of DEVP-oligomers confirmed the functionalization of chain ends with (4,6-
dimethylpyridin-2-yl) methyl and indicated a nucleophilic transfer of the sym-collidine initiator
to the first monomer during the initiation process. It is assumed to be a eight-electron process.
Subsequent polymerization studies of CpaLn(sym-collidine) (Ln =Y or Lu) with DEVP not only
demonstrated the suitability of the system for REM-GTP but also exhibited high activity, high
initiator efficiency, narrow molecular weight distribution, and a living polymerization character
(Scheme 2.14).18.48
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Scheme 2.14: Proposed initiation mechanism for DEVP via eight-membered transition state.*8

Its efficiency and straightforward handling for catalyst functionalization, making it an ideal
platform for end-group modifications, characterize the new initiator system. Through o-bond
metathesis, a wide range of pyridine derivatives can be utilized to generate various polymer
architectures or introduce different functional end groups through a targeted design
approach.57-%8 For instance, by employing 1,3,5-tris(3,5-dimethyl-4-pyridinyl) benzene, where
three pyridine groups are activated for C-H bond activation using Cp2YCH2TMS in a one-pot
synthesis, star-shaped polymers can be produced.®® Similarly, the bifunctional 2,3,5,6-
tetramethylpyrazine (TMPy) allows for dual activation of the initiator, enabling linear
polymerization in two different directions.®® Another bifunctional pyridine hydroquinone ether

offers the additional advantage of introducing a highly fluorescent marker.®’

Beyond varying polymer architecture, this system also offers the flexibility to incorporate
different functional end groups for subsequent post-polymerization functionalization. For

example, a vinyl group, which enables following thiol-ene click reactions, can be introduced
12
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through the C-H activation of 2,6-dimethyl-4-(4-vinylphenyl) pyridine with Cp.YCH,TMS.62. 63
When inserting other functionalities, it becomes essential to protect the original functional
group to prevent catalyst degradation. Studies involving silyl, pyrrole, and trityl-protected
initiators have demonstrated high initiator efficiency and narrow polydispersity indices, even in
cases of incomplete C-H activation. After deprotecting the end groups, these initiators can be

employed for further polymer modifications (Scheme 2.15).64
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Scheme 2.15: Examples of functional pyridine-based initiators for C-H bond activation of Cp2Y(CH2TMS)(thf) and
the subsequent vinyl phosphonate polymerization.
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2.1.3 Introduction of Functionality to Polymer Chain
Copolymerization of different vinyl phosphonates and other monomers

In addition to end-group modification of polymers, the structure and functionality can be altered
by varying the polymer chain. The unique nature of REM-GTP allows for the polymerization of
a wide range of Michael-type monomers. The living nature of the polymers enables the
formation of block copolymers with AB, ABC, or multiblock structures through the sequential
addition of monomers. Consequently, producing copolymers using diverse vinyl phosphonates
and other Michael monomers, such as 2VP, becomes feasible.>® This allows the development
of amphiphilic polymers consisting of hydrophilic and hydrophobic blocks. When reaching a
specific concentration known as the critical micelle concentration (CMC), these polymers
exhibit the capability to form micelles (thoroughly discussed in Chapter 2.3.1). Rieger et al.
polymerized BAB block copolymers using 2VP and DEVP, forming more stable micelles with a
lower CMC compared to similar structures (Scheme 2.16). These block copolymers exhibit the
narrow polydispersity expected from REM-GTP and pH- and thermoresponsive behavior.5°
Notably, thermoresponsive behavior can be observed in all poly(vinyl phosphonate)s, as

elaborated upon in chapter 2.1.4.
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Scheme 2.16: Sequential REM-GTP of 2VP and DEVP with [[ONOO)BuY (thf)]2 ((dimethylpyrazine-diyl)dimethyl))
at room temperature.5°

Due to these promising results, efforts are being directed towards adjusting the temperature-
sensitive behavior of the formed micelles. The modification of the lower critical solution
temperature (LCST, more precisely explained in chapter 2.1.4) of PDEVP is intended to be
achieved by introducing additional vinyl phosphonates. By incorporating hydrophilic or
hydrophobic side chains into the monomers, changes in the LCST can be controlled.®®
Consequently, AB and ABB'-type block copolymers comprised of 2VP and DAVP have been
synthesized. The BB' block is formed based on the statistical distribution of DEVP with di-n-
propyl vinyl phosphonate (DPVP) or DMVP (Scheme 2.17). These polymers exhibit excellent
initiator efficiency and maintain a narrow molecular weight distribution, making them promising
candidates for biomedical applications. This is further reinforced by unimodal copolymers with
identical compositions, leading to the formation of similar micelles with a homogeneous size

distribution. Furthermore, the targeted manipulation of the LCST can be proven, as it can be
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decreased through copolymerization with the hydrophobic DPVP and increased by

copolymerization with the hydrophilic DMVP.%6
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Scheme 2.17: Statistical copolymerization of DEVP with a) DMVP and b) DPVP via CpsYb-initiated GTP.8%

In further studies, poly(vinyl phosphonate)s with a triblock structure ABB' were synthesized.
This structure includes 2VP, DEVP, and DAIVP blocks. These precisely defined copolymers
exhibit the promising qualities observed in previously developed polymers and offer the
potential for post-polymerization functionalization of the allyl side chains of DAIVP through a
radical thiol-ene click reaction (Scheme 2.18). In this case, they were used with the crosslinking
agent 3,6-dioxa-1,8-octanedithiol to form nanoparticles, bypassing the CMC and creating

continuous and stable drug transport carriers.®”

Scheme 2.18: Block copolymerization of 2VP, DEVP, and DAIVP with Cp2Y(CH2(CsHz2Me2N)), followed by thiol-ene
click reaction towards cross-linked nanoparticles.®”

Modification of the ester side groups of Poly(vinyl phosphonate)s

In addition to the insertion of various monomers, it is also possible and sometimes essential to
change the properties of poly(vinyl phosphonate)s by transesterification of the ester side
groups. The first functionalization of poly(vinyl phosphonate)s involved poly(vinyl phosphonic

acid) synthesis. This approach cannot be achieved through REM-GTP or anionic
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polymerization due to the degradation of the catalyst during the process. Various reaction
conditions can be employed for this modification. Subjecting the polymers to thermal treatment
or utilizing strong acids represents harsh conditions that lead to polymer degradation
(Scheme 2.19, a-c).%® Mayer et al. introduced a method for transesterification followed by
hydrolysis under milder conditions by employing trimethylsilyl bromide (Scheme 2.19, d, f).3°
However, complete conversion was not attained with this method. Rieger et al. achieved full
conversion, starting from PDEVP and using TMSCI.#4 The ensuing intermediate naturally tends
toward hydrolysis, necessitating direct subsequent use for transesterification. This
transesterification can be accomplished using TBAF and the corresponding bromide, such as
benzyl bromide (Scheme 2.19, e). The ensuing intermediate naturally tends toward hydrolysis,
necessitating direct, subsequent use for transesterification.** Subsequently, Rieger et al.
employed transesterification of the side chains to attach pyrene for the fluorescence labeling

of polymer-biomolecule conjugates (Scheme 2.19, g).6?
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Scheme 2.19: Hydrolysis (a,c,f) and transesterification (b,d,e, and g) of poly(vinyl phosphonate)s.
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2.1.4 Outstanding characteristics of Poly(vinyl phosphonate)s
Thermoresponsive behavior of Poly(vinyl phosphonates)

The various methods of modifying poly(vinyl phosphonate)s through end groups and side-
chain modifications provide a promising avenue for designing complex materials with tailored
material properties. Additionally, these polymers exhibit remarkable solubility characteristics
due to their thermoresponsive behavior. In the field of polymer chemistry, where temperature-
dependent solubility is a well-studied area, two distinct cases are distinguished: the lower
critical solution temperature (LCST) and the upper critical solution temperature (UCST)
(Figure 2.2). The LCST represents the temperature below which the aqueous polymer solution
appears as a homogeneous phase while a two-phase system forms above it. In the case of
UCST, the inverse behavior occurs, with the polymer precipitating when the temperature falls
below the specified point.8 68 6 Thermo-responsive polymers undergo a rapid, steep, and
reversible phase transition in response to temperature changes, which the entropy change of
the polymer chains in the aqueous solution can explain.®® Due to their LCST behavior, these
polymers exhibit hydrophilic behavior at low temperatures and hydrophobic behavior at high
temperatures. Below the LCST, the polymer chains can form hydrogen bonds with the
surrounding water molecules, leading to hydration. As the temperature increases, these water
bonds weaken, causing the polymers to dehydrate and aggregate. This phenomenon is

commonly known as the coil-globule transition.”
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Figure 2.2: Phase diagram of LCST and UCST polymers in aqueous solution.
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The solubility properties of poly(vinyl phosphonate)s depend on the specific side chains of the
polymers. Hydrophilic PDMVP is soluble in water but poorly soluble in organic solvents,
whereas PDIVP exhibits good solubility in organic solvents. PDEVP displays amphiphilic
behavior and is soluble in both water and organic solvents.** Aqueous solutions of PDEVP
have a low LCST close to the physiological range (Ticst = 40 — 46 °C), making it an exciting
property for various applications. The cloud point of poly(vinyl phosphonate)s is influenced by
multiple conditions, such as the polarity of the solvent or the polymer concentration. The
composition and molecular weight of poly(vinyl phosphonate)s also have a significant impact.
In the case of PDEVP, the cloud point decreases with increasing molar mass of the polymer.
By synthesizing copolymers of DEVP with the hydrophilic DMVP or the hydrophobic DPVP, the
LCST of water-soluble polymers can be precisely adjusted within a range from 5 to 95 °C. A
linear correlation between the hydrophilic or hydrophobic monomer composition and the LCST
of the copolymers can be observed.' For biomedical applications, it is essential to consider
the influence of salts and other complex media that are present in biological processes on the
thermal behavior of these polymers. This is particularly important regarding its good

biocompatibility and the resulting potential applications in the biomedical field.”
Good Biocompatibility

In addition to their adjustable thermoresponsive properties, the biocompatibility of poly(vinyl
phosphonate)s is of significant interest. Mainly, poly(vinyl phosphonic acid) (PVPA) has been
widely established. Numerous studies have been published on phosphorus-containing
polymers concerning bone tissue and PVPA-coated surfaces for the growth of various cell
types.”>75 However, the interaction with living cells was only later investigated by coating
mesenchymal stem cells with PDEVP, making this polymer a suitable material for this cell type
compared to the reference material, tissue culture polystyrene (TCPS).”® A significant
advantage of this coating material was its efficient cell adhesion, attributed to low cell-coating
interaction and coating cytotoxicity. Due to the covalent binding of water-soluble polymers, the
detachment of polymers from the surface was prevented. Another study examined the impact
of dissolved PDEVP on living cells, where only minimal cytotoxicity was observed at different
molar masses of the polymers.53 After demonstrating the low cell toxicity of PDEVP, poly(vinyl
phosphonate)s with various biological interest applications are investigated. Initially, PDEVP
was modified via end-group functionalization with cholesterol or folic acid. These polymer
conjugates exhibited similar biocompatibility to the non-functionalized polymers
(Scheme 2.20).%3

18



Theoretical Background

a N g
) Q o —
o7F-0 0=P-0
N
. e SH H NS
Pz Folate-NHS HCleH,N~ HS—Cholesterol " ‘ P
_ =
S\/\N,Folate S.
H Cholesterol
after 24 h incubation after 48 h incubation
b)
—®— 100 eq ~—* 100 eq-Cholesterol —*— 100 eq - Folic Acid —®— 100 eq ~—* 100 eq - Cholesterol —*— 100 eq - Folic Acid
600 eq 600 eq - Cholesterol ~—*— 600 eq - Folic Acid 600 eq 600 eq - Cholesterol ~—*— 600 eq - Folic Acid

1504 1504

100 e 100

)

50 50—

cell viability in %
cell viability in %

0.5 5 0.5 5
c(PDEVP)in mg/mL c¢(PDEVP)in mg/mL

Scheme 2.20: a) Post-polymerization functionalization of PDEVP via thiol-ene click chemistry with folate and
cholesterol derivates and b) cell viability of HEK-293 cells after 24 h and 48 h with these polymer-conjugates.53

Subsequently, these polymers were further modified with pyrene, a photoluminescent marker,
via esterification (as described above in chapter 2.1.3), and their interaction with HMEC-1 cells
was examined through confocal microscopy, confirming that the polymers penetrated the cells.
However, the polymers modified with the photoluminescence marker exhibited high cell
toxicity. For this reason, the search for an alternative labeling system for further investigations
was necessary.”” To address this, PDEVP was synthesized with a highly fluorescent laser dye
as an initiator, which yielded high cell viability values in tests with sensitive endothelial cells.®
Furthermore, as previously mentioned, block copolymers composed of 2VP, DEVP, and DAIVP
were synthesized and interconnected into nanoparticles through a thiol-ene click reaction.
These nanoparticles exhibit promising drug loading and release profiles, as well as low

cytotoxicity, dependent on the specific monomer composition.¢”
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2.2 Post-Polymerization Functionalization

Controlled "living" polymerization methods, such as REM-GTP, enable the precise synthesis
of polymers with specific molecular weight, composition and polymer architecture. Among
these methods, the direct polymerization of monomers with functional side groups is the most
attractive strategy. Traditional living cationic and anionic polymerization techniques have
several limitations regarding the range of monomers that can be used. Many side-chain
functionalities cannot be incorporated through direct polymerization or can only be introduced
with a significant loss of control. While living radical and catalytic polymerization techniques
offer better tolerance for functional groups, they also have limitations due to catalyst
decomposition and other side reactions. Therefore, post-polymerization functionalization
represents an interesting approach for the synthesis of polymers with functional side groups,
bypassing the limitations of living polymerization for modified polymers. This principle is based
on modifying the functionalities of previously synthesized precursor polymers. Post-
polymerization modification offers the advantage of introducing functional groups and altering
polymer properties while maintaining the polymerization degree. In addition, a reactive
precursor polymer can be synthesized from a single monomer, which can then be modified in
various ways using simple synthesis methods. This results in a wide range of chemical

structures with great diversity.”®

post-polymerization
polymerization functionalization
.
Q
funktionctionalized

bifunctional linker, po|ymers
polymer modified substrates

Scheme 2.21: Schematic illustration of post-polymerization-modification.

20



Theoretical Background

2.2.1 Click-Reaction

For the post-polymerization functionalization of synthetic polymers, it is necessary to employ
processes that facilitate the efficient integration of new functional groups. In 2001, Sharpless
et al. revolutionized various areas of chemical research by introducing click chemistry.” This
chemical reaction method is characterized by its exceptional stereo- and regioselectivity,
resulting in nearly complete conversions. Furthermore, these types of reactions can be carried
out in various solvents and the presence of a wide range of functional groups. For these
reasons, the concept of click chemistry has found a broad range of applications in recent years

in the synthesis of various polymeric materials.”%-81

Azide-Alkyne Click Reaction (AAC)

One of the most prominent and commonly observed click reactions is the 1,3-dipolar (3+2)
cycloaddition, extensively investigated by Huisgen in the 1960s.82 83 |n this reaction, a five-
membered, double-substituted triazole ring is formed when a terminal alkyne reacts with an
azide. In the thermally activated Huisgen reaction, which does not require catalysts and
produces 1,4- and 1,5-triazoles. In contrast, Cu(l)-catalyzed azide-alkyne cycloadditions
(CuAAC) exhibit a high degree of regioselectivity, yielding in 1,4-disubstituted 1,2,3-triazoles.
This reaction occurs efficiently at room temperature under mild reaction conditions
(Scheme 2.22).84-86

Huisgen-1,3-dipolare-cycloaddition
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Scheme 2.22: lllustration 1,3-dipolar (3+2) cycloaddition between alkyne and azide.

The thermodynamically controlled CUAAC is characterized by its excellent compatibility with a
wide range of functional groups and various solvents, including water. It operates under simple
and mild reaction conditions while exhibiting a high tolerance for pH variations. As a result,
CUuAAC has become a valuable tool for synthesizing and modifying complex organic
frameworks and biologically relevant molecules.?”: 8 After extensive investigations into the
reaction mechanism of CUAAC, the group of Fokin et al. proposed a mechanism in which two
copper atoms are involved in each catalytic cycle. The active Cu(l) species can be generated
using either Cu(l) salts or Cu(ll) salts in combination with sodium ascorbate. In this process,
copper coordinates to the acetylene, but this does not expedite the 1,3-dipolar cycloaddition;

instead, a o-bonded copper acetylide carrying a m-bonded copper coordinates to the azide.
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Subsequently, a six-membered copper-metal cycle is formed, with the second copper atom
acting as a stabilizing donor ligand. Ring contraction to yield a triazole copper derivative is
followed by a protonolysis step, leading to the final triazole product and closing the catalytic
cycle (Scheme 2.23).89: %0

Scheme 2.23: Proposed catalytic mechanism of the CUAAC with two copper atoms.8°

In addition to CuUAAC, the Diels-Alder reaction and other 1,3-dipolar cycloadditions also exist

as further click reactions that can be utilized to functionalize polymers and surfaces.

Thiol-ene Click Reaction

Thiol-ene chemistry takes advantage of the positive attributes of click chemistry and
demonstrates almost quantitative conversions even under mild conditions after short reaction
times. Thiols are of significant interest due to their relatively weak S-H bond, making them
suitable for initiation under mild conditions. In thiol-ene click reactions, a distinction is made
between the free radical addition of thiols to C-C double bonds and the catalytic Michael-

addition of thiols to electron-poor olefins (Scheme 2.24).°!

a) free radical
H R addition

H H b) Michael-
addition

Scheme 2.24: General thiol-ene reactions: a) free radical addition, b) catalyzed Michael addition.®’

The formation of bonds in the free radical thiol-ene reaction proceeds mechanistically through
a chain growth process involving initiation, propagation, chain transfer, and termination steps.

Radicals can be generated in various ways, but the most used variants are thermal and
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photochemical initiation. Radical initiators are classified into two distinct categories: activated
through cleavage (Type 1) and hydrogen atom abstraction (Type Il). Type | initiators include
azo compounds such as azobis(isobutyronitrile) (AIBN), peroxides, and photoinitiators like
2,2-Dimethoxy-2-phenylacetophenone. When exposed to high temperatures or UV light, these
components decompose into two radical species. Type Il initiators, such as benzophenone,
are notably less efficient than Type | initiators.®? The thiol radical formed during initiation is
incorporated into the olefin during a propagation step, forming a new carbon-sulfur bond.
Subsequently, the radical from the intermediate carbon radical is transferred by the re-
abstraction of a hydrogen atom from a thiol group, producing the anti-Markovnikov product.®'-
% The alternating two-stage process described can be repeated multiple times before
termination occurs through radical-radical recombination. In an ideally progressing thiol-ene
reaction, no homopolymerization occurs, which involves the reaction between the carbon
radical and additional olefins. Typically, the rate-determining step is the chain transfer, which
is highly influenced by the structure of thiol and the solvent used. However, in cases where the
reactivity of the olefin is significantly low, the exothermic propagation step progresses slowly,

becoming the limiting factor in the reaction (Scheme 2.25).%1
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Scheme 2.25: Radical reaction mechanism of the thiol-ene click reaction.®!

The thiol-ene reaction can also proceed via a nucleophilic pathway, where mild bases such as
triethylamine or nucleophilic substrates such as phosphines act as catalysts. The thia-Michael
addition follows a mechanism like the radical variant. In the base-catalyzed method,
deprotonation of the thiol is highly efficient under mild conditions due to its high pKa value. In
the subsequent crucial step, the resulting thiolate anion adds nucleophilically to the double
bond of the substrate at the 3-position, forming a highly reactive enolate. This carbanion then
abstracts a proton from either the thiol or the triethylammonium cation, ultimately creating the
regioselective anti-Markovnikov thiol-ene adduct. In the case of the nucleophilic catalytic
reaction, the nucleophile directly attacks the activated double bond. The resultant zwitterionic

ester enolate species then deprotonates a thiol, yielding the thiolate anion (Scheme 2.26).91-9
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2.2.2 Functionalization of Polymers via Click-Chemistry

Click reactions are a promising method for polymer modification. They are primarily utilized for
functionalizing end groups and side groups. In some cases, direct polymerization can also be
achieved through step-growth polymerization, employing A2 and B,-type monomers or AB-type

monomers.%
Azide-Alkyne Click (AAC)

Copper(l)-catalyzed azide-alkyne click polymerization (CuAACP) is one of the most well-
known polymerization methods employed to synthesize linear and highly branched
polymers.8 % Various catalysts have been developed for this purpose, and they have been
utilized in both aqueous and organic solutions, depending on the monomer properties. In many
cases, Cu(ll) salts are used to generate Cu(l) species in situ through irradiation, ensuring
precise control over the timing and spatial aspects of the reaction.®>%” CuAACP exclusively
yields 1,4-triazole linkages, enabling a detailed examination of regioisomers within the
polymers, which arise from subtle variations in how two units are connected. For instance,
Tang conducted experimental and computational investigations on varying substituents at the
1,4-positions of the triazole ring, which had a minor impact on the emission profile of
poly(triazole)s. This work laid the foundation for synthetic strategies in developing new
luminescent polymers.®® In addition to 1,4-poly(triazole)s, 1,5-regioregular poly(triazole)s can
be produced using Ru(ll) catalytic systems. Regioselectivity is determined by the ligands on
the ruthenium, with Cp*Ru(PPh3).Cl favoring 1,5-triazoles, while RuH2(CO)(PPhs)s prefers 1,4-
triazoles. Since both 1,4- and 1,5-polytriazoles are easily accessible, the relationship between
regioselectivity and thermal stability, refractive index, photophysical properties, and the

electrochemical behavior of poly(triazole)s has been examined (Scheme 2.27).%°

Cu(ly or N J *n
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Scheme 2.27: Azide-alkyne click polymerization for preparation of 1,4- and 1,5-regioregular poly(triazole)s.%®

An alternative approach for efficiently constructing well-defined macromolecular structures
involves incorporating clickable functional groups into side chains or end groups. This can be
achieved through direct polymerization of clickable monomers using functionalized initiators or

through post-polymerization functionalization.*®
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Azide and alkyne groups should be incorporated through post-polymerization modification.
This is because alkynes are incompatible with radical polymerization, and azide-functional
monomers can participate in cycloaddition reactions with alkene monomers.%. 107 For
instance, Matyjaszewski and his group presented a precise atom transfer radical
polymerization (ATRP) of 3-azidopropylmethacrylate, carefully controlling reaction conditions
to retain the azide functionality (Scheme 2.28, a).°%. 1% Alternatively, direct ROP of cyclic esters
containing azide or alkyne moieties has been successfully demonstrated (Scheme 2.28, b+c).
An early example involved the utilization of a-propargyl-0-valerolactone in generating cyclic
esters, including alkyne-functionalized lactide and propargyl-3-methylpentenoate oxide. These
were subsequently employed in ROP to produce alkyne-functionalized polyesters with low
dispersity (PDI<1.3).90. 102,103

The predominant strategy relies on halide substitution for introducing azide groups through
post-polymerization modification. A well-studied monomer, 4-vinylbenzyl chloride (or bromide),
can be readily polymerized using nitroxide-mediated radical polymerization (NMP) or
reversible addition-fragmentation chain transfer (RAFT) methods.'%* Subsequent quantitative
substitution of the halides with NaN3 enables the incorporation of azide as a functional group
(Scheme 2.28, d). It is also possible to convert chlorine-substituted poly(lactide) into
substituted poly(lactide), either through direct substitution with azide-substituted alkanethiol or
through an elimination-addition pathway under mild conditions, without concerns regarding the
cleavage of ester groups in the polymer backbone.’ Furthermore, the nucleophilic ring
opening of epoxides in poly(glycidylmethacrylate) (PGMA) with NaN3 can lead to the formation
of azide and secondary hydroxyl groups (Scheme 2.28, e).% To create polymers with alkyne
functionality through post-polymerization modification, monomers with protected alkynes
(Scheme 2.26, f) have been utilized. Trimethylsilyl (TMS) is the most employed protective
group, which has been coupled with various styrene, acryl, and acrylamide monomers for
ATRP and RAFT polymerization.% 107
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Scheme 2.28: lllustrative examples of direct polymerization (a-c) and post-polymerization functionalization (d-f)
approaches for introducing azide or alkyne functionalities onto polymer side chains.®°

Thiol-ene Click

Thiol-ene click reactions are also a promising method for polymer modification. These
reactions primarily involve the functionalization of end groups and side groups. Notable cases
include the functionalization of dendrimers and biomacromolecules. The polymer-analogous
reaction via thiol-ene click chemistry can be achieved in two ways: either the polymer
possesses thiol end groups that react with olefins or, conversely, allyl groups that react with
thiols (Scheme 2.29).%2

polymer._~> + HS-R — ponmer\/\S/R
polymer—SH + X R —— polymer\s/\/R

Scheme 2.29: Strategies of post-polymerization functionalization via thiol-ene click reaction.%?

Polymer-analogous reactions are primarily carried out using radical thiol-ene chemistry and
less frequently via thia-Michael addition. Typically, the double bonds of allylic polymer side
chains are modified with thiols through thermal or photochemical radical reactions.®' 9
Poly(thiol)s are seldom employed due to the potential for oxidation and intra-/intermolecular
cross-linking. Radical thiol addition is often applied in the modification of rubber,
poly(butadiene), poly(siloxane)s, and poly(urethane)s. Many well-defined homo- and block
copolymers have been studied through the functionalization of 1,2-poly(butadiene) with various
thiols. This reaction allows for exploring the conditions and specificities relevant to a click
reaction across a diverse and comprehensive spectrum. The modification is accomplished
through both thermal and photochemical initiation. However, side reactions, such as
intramolecular cyclization, occur by adding the formed carbanion to the adjacent double bond
(Scheme 2.30).92: 93
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Scheme 2.30: Thiol-ene modification of 1,2-polybutadiene: regular addition and intramolecular cyclization.%?

Achieving functionalization degree exceeding 80% with complete conversion is possible when
photochemical thiol addition is conducted at high reactant concentrations and low
temperatures.'®® However, radical thiol-ene reactions can also be applied to other polymer
substrates, such as the initially developed poly(2-(3-butenyl)-2-oxazoline) homopolymers and
copolymers (as illustrated in Scheme 2.31).'% The post-polymerization modification of allyl
side groups in these cases is accomplished quantitatively through photochemical initiation.
Unlike polybutadiene, the greater distance between the radical intermediates and adjacent

double bonds in these polymers prevents intramolecular cyclic side reactions.®?
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Scheme 2.31: Functionalization of poly(2-(3-butenyl)-2-oxazoline) via radical thiol-ene click reaction.®?

As previously mentioned, polymer-analogous thiol-ene click reactions can be conducted
photochemically and thermally. However, it has been observed that photochemical reactions
yield significantly higher efficiency and shorter reaction times. Furthermore, they exhibit greater
tolerance to functional groups and the polymer backbone compared to thermally activated

reactions.92 109

Double Click Reaction

Another promising characteristic of the thiol-ene click reaction is its orthogonality to AAC, which
provides the opportunity to modify polymers with different groups. Campos et al. demonstrated
this with a poly(styrene) polymer synthesized via ATRP, featuring two distinct end-group
functionalities. After treatment with sodium azide, the group was able to generate an azide and
a vinyl group as reactive moieties. Subsequently, the alkene was reacted via thiol-ene

chemistry, followed by the addition of propargyl alcohol to the azide (Scheme 2.32).109
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Scheme 2.32: Example of orthogonal functionalization via thiol-ene click chemistry and CUAAC."°
Another example of multifunctionalities via thiol-ene addition is published by Javakhishvili, who
modified poly(e-caprolactone) at both chain ends. After the CUAAC at the alkene group, this

group added thiocholesterol to the polymer as a second functionalization using a

photochemical thiol-ene reaction (Scheme 2.33).™"
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Scheme 2.33: End group functionalization of poly(e-caprolactone) with thiocholesterol.''2

This approach demonstrates that it is possible to conjugate sterically demanding biomolecules
to polymers, opening a wide range of potential applications in macromolecular chemistry. In
this way, it is possible to unite biochemistry with polymer chemistry and bridge various other

chemical disciplines.
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2.3 Potential Application

Polymers are versatile materials that find applications in various fields due to their exceptional
design flexibility, modifiability, and ability to tailor a wide range of properties. Unsurprisingly,

they attract substantial interest, particularly within the fields of biology and medicine.

2.3.1 Drug Delivery Systems

An interesting approach and a wide range of applications are presented by polymers in the
context of drug delivery systems, which refer to methods for administering pharmaceuticals
and various technologies for transporting active drugs through the body. These systems can
lead to improved effectiveness and reduced toxicity of cancer medications. Long-circulating
macromolecular carriers such as micelles, polymersomes, or liposomes can exploit the
"enhanced permeability and retention" effect for preferential extravasation from tumor
vessels."® Furthermore, these systems are expanded with molecular targeting, wherein the
integration of various biological components capable of tumor recognition further enhances the

targeted delivery of pharmaceutical agents.''4-116

Polymeric Micelles

In the context of drug delivery systems, polymeric nanostructures constitute a significant area
of research due to their capacity to achieve both enhanced bioavailability and site-specific
delivery. Moreover, polymers can impart desired particle size, surface properties, permeation
profiles, and flexibility to nanostructures. These advantages are in addition to the fundamental
requirements of increased solubility and controlled drug release. The possibilities of
bioengineering and functionalization further enhance the utility and applications of polymer
nanostructures. All of this has led to their diverse use in the field of biomedicine. The key
polymer nanostructures for drug delivery applications encompass polymersomes and

polymeric micelles.7-119

Depending on the polymer and solution attributes, several ways exist to form different types of
polymeric micelles. The type of polymer that is used influences the self-assembly process for
polymeric micelles formation. Di-block, tri-block, multi-block copolymers, graft polymers,
stimuli-responsive polymers, and others can generate different types of micelles (like spherical,
reverse, or cylindrical/worm-like micelles) (Figure 2.3). Furthermore, the solvent, pH value,
polymer concentration, and ratios, or co-solvent, can significantly influence the type formed.2%
121 Based on the method of drug encapsulation, the drug carrier are mainly categorized into
two groups: chemical covalent binding of drugs or physical encapsulation. The drug can be

encapsulated in different regions of the micelles according to polarity: non-polar drugs in the
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core, polar drugs in the shell, and drugs with intermediate polarity encapsulated between the

core and the shell.122
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Figure 2.3: Conceptual illustration of selected micelle types.

For micelles in drug delivery systems, the most commonly used hydrophilic blocks are PEG,
while the hydrophobic blocks typically are poly(ester)s, poly(ether)s, or poly(amino acid)s, such
PLA, PCL, and poly(propylene oxide) (PPO)."23

Moreover, micelles with a core-shell structure offer many advantages for targeted cancer drug
delivery. They can enhance drug solubility by encapsulating water-insoluble drugs, and their
effectiveness in medicines in solid tumors primarily depends on the enhanced permeability and
retention (EPR) effect, which serves as a passive targeting strategy.'?'- 12 In passive targeting,
nanoparticles have to circulate in the bloodstream for an extended period to ensure adequate
delivery of therapeutic agents to the tumor tissue, with their size being a critical factor.
Nanoparticles smaller than 10 nm are readily excreted through renal glomeruli, while the liver
and spleen can rapidly eliminate those larger than 100 nm from the bloodstream. 25 126 Utilizing
this knowledge, micelles with the size range of 10-100 nm can avoid swift removal from the

body, allowing for their accumulation in tumor tissue through the EPR effect.'?”

The biocompatible polymeric corona surrounding micelles can also inhibit non-specific
interactions with biological components. This reduces their recognition by the
reticuloendothelial system (RES) and extends their circulation time in the bloodstream.
However, it is essential to note that the EPR effect of polymeric micelles may not always be
beneficial for treatments, particularly in clinical human studies, due to the diversity and
complexity of the tumor microenvironment. Consequently, micelles can be further customized
with ligands for active targeting to enhance their tumor selectivity and facilitate intracellular
drug delivery, reducing systemic toxicity and other undesirable effects.'?® Numerous studies
have shown the superior outcomes of actively targeted systems compared to non-targeted
systems, including improved cellular uptake, cytotoxicity, and tumor regression. This positions

the active targeting strategy as a critical complement to passive targeting systems. These
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advantages underscore the potential of polymeric micelles as a promising and potent drug

delivery platform for cancer therapy.'?’

Liposome and Polymersome Linker

In addition to micelles, polymersomes and liposomes are particularly intriguing carriers for drug
delivery systems. These are spherical vesicles with a bilayer structure with hydrophilic and
hydrophobic parts. Polymersomes are primarily constructed from block copolymers, while
liposomes are based on lipids. The general physical properties of lipids and amphiphilic
polymers are highly analogous.'?® 13 Liposomes were the first developed nanodrug carriers in
the 1960s."3" Due to their amphiphilic properties, it is possible to incorporate both lipophilic
active substances into the phospholipid bilayer and encapsulate hydrophilic active substances
inside the vesicles.'® To enhance the stability of liposomes in vivo, their surfaces can be
specially modified. This can be achieved by grafting hydrophilic polymers like PEG
(PEGylation), leading to an extended circulation time of the carriers. Additionally, ligand-
functionalized liposomes have shown remarkable efficiency in targeted drug delivery.'3
Through the targeted delivery of anticancer drugs, the localization of the site of action and the
accumulation of drugs in tumor tissue can be achieved. This has dual advantages that improve
effectiveness and reduce potential side effects. Numerous studies have explored the
modification of liposome surfaces with active targeting ligands such as antibodies, peptides,

or vitamins (Figure 2.4).134
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Figure 2.4: Modification of liposome surface with different ligands (targeted liposomes).

One of the most well-known and extensively researched targeting groups is folate. This water-
soluble vitamin exhibits a high affinity for the folate receptor (FR) and, as a result, initiates
receptor-mediated endocytosis. This system offers the advantage of the receptor being present
in only minimal quantities in normal cells but being overexpressed in tumor cells, facilitating
the possibility of selective targeting.’3® Folate-targeted liposomes can be produced by
conjugating folate with lipids, cholesterol, or proteins. The essential concept behind developing
folate-conjugated liposomal systems is to attach folate to the liposome using its lipophilic

groups.'36
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One of the key constructs in the preparation of liposomes involves the combination of folic acid
and cholesterol. Firstly, it can serve as an intercalator by interacting with the phospholipid
molecules of the liposomes, thus acting as an anchor for the linkers. Secondly, it can function
as a fluid buffer and a stabilizer for the lipid membrane against temperature fluctuations.36-13°
The cholesterol derivative 38-Hydroxy-5-cholesten-3-hemisuccinate (CHEMS) is frequently
employed in producing pH-sensitive liposomes.™0 Xiang et al. reported on the synthesis of
FA-PEG-CHEMS and its application as a targeting ligand for liposomal doxorubicin (DOX) in
FR-expressing cells. Liposomes containing FA-PEG-CHEMS exhibited remarkable colloidal
stability and were selectively taken up by FR-overexpressing KB cells. Furthermore, these
liposomes demonstrated enhanced vitro cytotoxicity and extended in vivo circulation compared
to non-targeted liposomes.'' Chen et al. also employed FA-PEG-CHEMS to develop FR-
targeted pH-sensitive liposomes co-loaded with DOX and Imatinib to overcome multidrug
resistance. These synthesized liposomes improved the anti-tumor effect and introduced a
novel strategy for enhancing the efficacy of chemotherapy against multidrug-resistant tumors
(Scheme 2.34).136. 142
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Scheme 2.34: Synthetic reaction cascade for FA-conjugated cholesterol (FA-PEG-CHEMS)."36
Polymer-Drug-Conjugates

In addition to the incorporation of active substances into various carriers, using polymer-drug
conjugates is of significant scientific interest. This is primarily attributed to the introduction of
diverse functional groups, which pave the way for creating a versatile platform for
modifications. Polymer-drug conjugates, or polymer-drug complexes, are nano-sized

(1-100 nm) macromolecular structures with relatively low molecular weights. Typically, one or
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more therapeutic agents, such as small molecules, proteins, or aptamers, are covalently
attached to a polymeric carrier through a biodegradable linker.'#3-145 Consequently, the general
structure of a polymer-drug conjugate typically comprises three components: the polymer, the
linker, and the therapeutic agent (Figure 2.5). Additionally, attaching targeting ligands to the
polymer is possible, allowing the system to specifically target a particular biological
objective.’® The conjugation of bioactive substances to polymers offers numerous benefits,
including improved drug solubilityy, enhanced effectiveness, and enhanced

pharmacokinetics. 3

water soluble
backbone

Figure 2.5: Schematic illustration of possible polymer-drug-complex.

In 1970, Ringsdorf et al. achieved a breakthrough with polymer-drug conjugates.'® Since this
pioneering achievement, polymer-drug conjugates have witnessed remarkable progress.
Advances in synthetic polymer chemistry and construction techniques have expanded the
repertoire of available materials, structures, and functionalities. Particularly, highly reactive and
multifunctional carriers offer an exciting opportunity to control and optimize the administration
of therapeutics. Many of these drug delivery systems have undergone clinical trials for
anticancer  therapies.’”®  For instance, there are copolymers of  N-(2-
Hydroxypropyl)methacrylamide (N-(2-HPMA)) that bind various drugs through a Gly-Phe-Leu-
Gly-peptide linker (Figure 2.6, a). One of the most well-known compounds in this category of
drugs is the DOX conjugate PK 1 (FCE-28068), which exhibits significantly reduced toxicity
compared to free Doxorubicin.'” 48 In a more advanced approach for targeted tumor
treatment, galactosamine was incorporated as a targeting group alongside the drug, coupling

with the asialoglycoprotein, a receptor on tumor tissue (Figure 2.6,b).148 149
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Figure 2.6: lllustration of a) PK-1(FCE-28068) and b) a polymer-drug conjugate with DOX and galactosamine.

In many cases, the multifunctionalization of polymers, allowing for the attachment of various

molecules, presents a promising strategy for pharmaceutical manufacturing. To illustrate, the

use of individual anticancer drugs has frequently been associated with the development of

resistance. As a preventive measure, the administration of combination chemotherapy is a

common practice in many types of cancer.’™® 3" The fundamental principle behind this

approach is utilizing multiple cytotoxic drugs with orthogonal mechanisms of action to reduce

the likelihood of resistant cancer cell emergence.'®? Therefore, it would be an intriguing

approach for polymer-drug conjugates not only to conjugate a single type of therapeutic agent

but also two different therapeutics to the macromolecule. Moreover, in addition to conjugating

another drug, combining a radionuclide or a fluorescent label for polymer diagnostics or

theragnostic is also a viable option.'53
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2.3.2 Functionalized Carbon Nanotubes

Apart from their utilization in vesicle-based drug delivery systems, polymers also find
widespread applications in other (biomedical) fields. For instance, they offer a diverse range

of opportunities for modifying carbon nanotubes (CNTs). %

CNTs are 1D nanomaterials based on carbon, characterized by a high length-to-diameter ratio
(>1000), significant flexibility, low density (~1.9 g/cm3), and outstanding electromechanical and
thermal properties.'®® Consequently, they are ideal candidates for various applications,
including the development of multifunctional nanocomposites.'® With an exceptional elasticity
modulus (up to 1 TPa) and strength (up to 300 GPa), they rank among the most robust
materials ever known, making them an excellent choice for reinforcing polymers.'S” Three main
types of CNTs have been described: firstly, those consisting of a single graphite sheet rolled
into a cylindrical form, with diameters ranging from 0.5-3 nm, known as single-walled carbon
nanotubes (SWCNTs). Secondly, there are CNTs with a double-layered structure, containing
two folded graphene layers, with diameters ranging from 1 to 4 nm, referred to as double-
walled carbon nanotubes (DWCNTs). Additionally, there are multi-walled carbon nanotubes
(MWCNTSs) with diameters between 3 and 40 nm (Figure 2.7).154. 158

SWCNT

Figure 2.7: Nanostructures of SWCNTs, DWCNTs, and MWCNTs.

Unmodified CNTs exhibit extremely limited selectivity in their interactions with analytes due to
their chemically inert outer walls. Through the chemical functionalization of CNTs, various
properties, such as solubility and biocompatibility, can be enhanced.’®® Among the different
possible approaches to surface modification, they can primarily be classified into two main
categories. The first involves non-covalent modification, where polymer or biomolecule chains
are wrapped around the surface of CNTs or various surfactants (often small molecules) bound
to the nanotubes' surfaces using -1 interactions and van der Waals forces.'®® The second
method is covalent functionalization, which allows functional molecules to be attached to the
ends or conjugated surfaces of CNTs through chemical reactions. In this method, functional
groups are attached to the side walls or ends of the nanotubes. This approach has the

advantage of providing stable and fixed positions for functional groups on the nanotubes.
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However, it results in a stronger sp? character due to the hybridization of sp? carbon atoms at
the modified sites, reducing electronic delocalization and disrupting their intrinsic electronic
and optical properties. Therefore, the extent of modification plays a crucial role in achieving an
optimal balance between the covalent bonding of desired functional molecules and the

disturbance of the tr-surface.60. 161

In polymer nanocomposite production, two primary methods are employed: "grafting to" and
"grafting from". In the "grafting from" approach, polymerization is initiated on the surface of
CNTs by attaching initiator groups. A suitable initiator is covalently linked to the surface of the
carbon nanotubes, depending on the chosen polymerization mechanism for grafting. In recent
years, various successful synthesis techniques have been utilized, including radical atom
transfer polymerization, reversible addition-fragmentations chain transfer polymerization, ring-
opening metathesis polymerization, and free radical in-situ polymerization, to create polymer
composite materials reinforced with carbon nanotubes.’® 163 Conversely, in the "grafting to"
method, end-functionalized polymer molecules react with complementary functional groups
present on the surface of either pristine or pre-functionalized carbon nanotubes. Typically,
additions to the CNT double bonds are employed, such as radical, carbanion or cycloaddition
reactions, assuming their curvature makes them receptive to various addition reactions.64
[2+1] Cycloadditions represent an intriguing approach in chemical reactions, as they make use
of m-electrons for bonding without requiring free valence bonds. This allows for the restoration
of the sp2-1r-conjugated system after the reaction.6% 166 \WWhen functionalizing CNTs with azide-
terminated polymers, a highly reactive azide group is transformed in situ into a nitrene through
thermal or photochemical decomposition, releasing nitrogen. The biradical molecule can react
with the 1-system of the CNTs, leading to the attachment of the polymer to the CNT via an
aziridine ring.'65 167. 168 |n their study, Quin et al. conducted a cycloaddition reaction between
azide-terminated poly(styrene) and SWCNTs in an inert atmosphere. The degree of
functionalization was estimated as one polymer chain per 48 CNT carbon atoms, calculated
based on the molecular weight of polystyrene (PS) and the thermal gravimetric analysis (TGA)

result (85% weight loss of the polymer) (Scheme 2.35).163. 169

Scheme 2.35: Cycloaddition of azide-terminated polystyrene onto CNTs surface.'6°

Alternatively, defect sites, including open edges of oxidized CNTs with terminal COOH groups,

enable the covalent attachment of segments or oligomers.'®® Polymers bearing terminal
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hydroxyl or amino groups are often linked to the COOH groups on the nanotube's surface
through esterification, anhydride formation, or amidation reactions. One advantage of this
technique is using prefabricated commercial polymers with known mass. However, a limitation
of this approach is that it yields only a limited number of grafting bonds and is restricted to

polymers containing highly reactive groups.'54 163,170

Despite some limitations, CNTs exhibit significant potential for various applications, including
biomedical applications, biosensors, clinical diagnostics, energy storage, food safety, and
environmental monitoring. They own their unique structure. Nevertheless, the limited solubility
of CNTs in many solvents, particularly water, has constrained their application in fields like
biomedicine, biomedical imaging, and cancer therapy. Consequently, several surface
modifications are necessary to enhance their compatibility, solubility in common solvents, and
selective binding ability to biotargets. This can be achieved by attaching hydrophilic polymers

that improve solubility in aqgueous media.>* 171

For instance, MWCNTs grafted with poly(amidoamine) (PAMAM) dendrimers have been
developed for targeted delivery to cancer cells and imaging purposes.'”? Additionally, the use
of conductive polymers such as poly(aniline) (PANI), grafted onto modified CNTs, has played
a crucial role in developing biosensors due to their conductivity and selectivity for functional
groups.'”® Lay et al. also investigated the potential of CNTs in delivering cancer drugs. In this
study, PEG, which is widely known for its biocompatibility and dispersibility in aqueous
solutions, was used for functionalization. CNTs loaded with cancer drugs such as doxorubicin
and paclitaxel demonstrated promising results for the delivery system in both in vivo and in

vitro studies.'*
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3. Aim - Functionalization of Poly (vinyl phosphonate)s with
regard to (Bio)medical Applicability

In 2010, Rieger et al. successfully produced poly(vinyl phosphonate)s, a polymer that had
previously been proven to be challenging or resistant to polymerization.'® High-molecular-
weight PDEVP was obtained via REM-GTP, using lanthanide-based catalysts.*> This
achievement marked the initiation of subsequent investigations into the polymerization process
and material properties. The polymer exhibits thermoresponsive behavior and high
biocompatibility, making poly (vinyl phosphonate) a promising candidate for various

(bio)medical applications.62 63. 65. 67

Building upon this foundation, this thesis focuses on the modification of poly(vinyl
phosphonate)s to enhance their bio(chemical) applicability. The insertion of functional groups
serves as an anchor point for attaching a variety of biologically active substrates or surface
coatings and can be approached through various methods. Apart from connecting different end
groups, it is feasible to incorporate the corresponding functional groups by designing new
monomers or through polymer-analogous reactions (Figure 3.1). The resulting platform of
functional groups and the ensuing possibilities for linking allow for the targeted and multiple
modifications of polymers with diverse substrates. In general, the diversity of modification
points and their adjustability give many opportunities for synthesizing advanced polymer

structures, which will be explored in greater detail within the scope of this work.

ENDGROUP
FUNCTIONALIZATION

P

MODIFICATION OF
POLYVINYL PHOSPHONATES

POLYMER-ANALOGOUS FUNCTIONALIZED
REACTION MONOMER

Figure 3.1: Overview of the various aims of this thesis.

39



Aim — Functionalization of Poly (vinyl phosphonate)s with regard to (Bio)medical Applicability

3.1 End-group Functionalization

Initially, this research focuses on developing initiators with functionalized end groups for
poly(vinyl phosphonate)s. By utilizing C-H activation with yttrium/lutetium catalysts, diverse a-
methylpyridines featuring (protected) functional groups are incorporated as initiators into the
polymer chain.t3 64 175 The choice of functional groups particularly prioritize azide and
(protected) alkyne. Consequently, the initial step involves synthesizing the corresponding
initiators, which is later used for the in-situ activation of Cp2Y(CH2TMS)(thf) and
Cp2Lu(CH2TMS)(thf) catalysts. The ensuing polymerization of DEVP is tested using the newly
activated catalysts, and the presence of the incorporated functional group in the polymer is
verified (Figure 3.2). Upon successful synthesis of end-group functionalized polymers, the
research is progress to explore additional modifications. This may involve functionalizing
MWCNT or attaching dyes through [2+1]-cycloaddition or AAC. This approach opens a broad
spectrum of advanced materials, contributing to the development of innovative materials and

applications by using the unique properties of the modified polymers.

IN-SITU ACTIVATION

- _N_ -
pyridine moiety for T =
C-H bond activation ‘ /]/ \\“/NW/A Q /\g’o\/ end group functionalized
Iy v 9
Na

Ln-n ] polymer

Q™

POLYMERIZATION

Figure 3.2: Introduction of functional groups to polyvinyl phosphonates by C-H bond activation with functionalized
a-methylpyridines.
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3.2 Incorporation of Functionality into the Polymer Chain

Besides end-group functionalization, the polymer chain itself presents a wide range of
opportunities for functionalization. Polymer-analogous reactions can expand the repertoire of
functional groups within the polymer. In this context, statistical copolymers, based on DEVP
and the previously developed DAIVP, can be used as starting materials, distinguished by
modifiable allyl groups in the monomer side chains.®” The double bonds within the polymer
chain resulting from this approach provide a strategic entry point for polymer-analogous
reactions, such as bromination or epoxidation. These reactions, in turn, serve as excellent
precursors for follow-up reactions, including the introduction of azide groups. Furthermore,
additional functional groups through thiol-ene click reactions can be introduced. In this method,
a linker comprising a thiol and the desired functional groups can be utilized to incorporate
further functionalities under mild conditions and with quantitative conversion. The newly
introduced functional groups can finally be attached to other substrates, including those
relevant to bio(medical) application. This enables a broad range of polymer-substrate
conjugates through an extensive pool of linking reactions. Additionally, selective modification
of a fraction of the allyl bonds within the polymer, it becomes feasible to attach different

substrates, facilitating the multiple functionalization of the polymers (Figure 3.3).

o0
. P g

attachment of
polyvinyl phosphonate different substrates
containing allyl groups
P(DEVP-co-DAIVP),,.,

PRIMARY -
MODIFICATION ﬁo
bromination — epoxidation — O \

thiol-ene reaction

SECONDARY
MODIFICATION

azide-alkyne cycloaddition
thiol-ene reaction

conversion of
novel functional groups

Figure 3.3: Expanding the spectrum of functional groups in the polymer chain through polymer-analogous reactions
and subsequent modification.
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While the multifunctionalization through polymer-analogous reactions inherently follows a
statistical distribution, there is potential to design targeted multifunctionalization strategy via
new monomers and orthogonal reactions. One can initially synthesize vinyl phosphonates with
(protected) alkyl groups in the side chains to explore this possibility. This functional group is
compatible with the vyttrium catalysts typically employed for REM-GTP of poly(vinyl
phosphonate)s and provides a potential prerequisite for AAC. Introducing these newly
developed monomers allows for creating block copolymers/terpolymers and in this way the
integrating of two distinct functional groups into the polymer alongside DEVP. Developing
precisely designed polymer chains with adjustable ratios of functional groups precedes the
targeted modification of poly(vinyl phosphonate)s through orthogonal functionalization.
Sequential AAC and thiol-ene click reactions enable the selective and independent attachment
of distinct substrates to the allyl and propargyl groups within the polymer (Figure 3.4). This
approach enhances the versatility of the polymer structure, enabling a tailored and precise
functionalization strategy that goes beyond the previously known modification possibilities.

Moreover, it has a great potential for diverse applications, particularly in the (bio)medical field.

s Ve J
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vinyl phosphonates via AAC and thiol-ene recation

Figure 3.4: Precise introduction of functionalities through specific monomers and subsequent orthogonal
modification.
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4. End-group Modification
“Azide-Modified Poly(diethyl vinylphosphonate) for Straightforward

Graft-to Carbon Nanotube Functionalization”
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Straightforward Graft-to Carbon Nanotube Functionalization”.
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4.3 Content

As highlighted in chapter 2.1.2, poly(vinyl phosphonate)s exhibit a high degree of functional
ability and specific properties such as thermoresponsive behavior due to its LCST. Additionally,
REM-GTP allows fast and convenient end-group functionalization of the synthesized polymers,
serving as a valuable tool in synthesizing highly functionalized polymer structures. This
approach can be employed in graft-to methods, enabling the attachment of specifically
modified polymers to other functional materials, thereby providing a framework for the
synthesis of further functional materials. Highly conductive carbon nanotubes, introduced in
Chapter 2.3.2, present an intriguing option for such functionalizations, showcasing a wide

range of potential applications, particularly in the biomedical field.

In this context, controlled C-H bond activation was employed, utilizing the catalysts
Cp2Lu(CH.TMS) and Cp2Y(CH.TMS) activated with azide or protected alkyne functionalized
a-methyl pyridines. During the C-H bond activation, the pyridine derivative is covalently bound
to the metal center of the catalyst and transferred irreversibly during polymerization, as
extensively described in Chapter 2.1.2. By attaching functional groups to the pyridine, it
becomes feasible to anchor them to the end of the polymer chain, achieving quantitative end-
group functionalization. In this case, an azide unit was introduced, and the polymerizability of
PDEVP was examined at various chain lengths, confirming the subsequent presence of the
azide group within the polymer chain. The synthesized azide-functionalized PDEVPs were
attached to the surface of MWCNTs through [2+1]-cyclo-addition and the efficiency of the
grafting process was demonstrated. Furthermore, through experiments on aqueous

suspensions, the stabilizing effect of water-soluble polymers on MWCNTs was confirmed.

Moreover, the applicability of pyridines is extended by introducing an alkyne. In this case, it
was necessary to protect it with TMS to prevent catalyst degradation and to ensure
polymerizability and attachment of the alkyne group to the polymer. Following subsequent
deprotection of the end group, the functionalization with 3-aziodo-7-hydroxycoumarin was

additionally confirmed.
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1. Introduction

Rare-earth metal-mediated group-transfer polymerization (REM-GTP) offers

distinctive features over common polymerization techniques, such as living
character, a broad scope of functional monomers, high activity, excellent
control of the polymeric parameters as well as inherent chain-end
functionalization. Through the latter, polymers with reactive end-groups
become feasible, opening the pathway for further post-polymerization
functionalization. In this study, a straightforward graft-to immobilization of
the Michael-type polymer poly(diethyl vinylphosphonate) (PDEVP) on
multi-walled carbon nanotubes (MWCNT) is reported. Hence, a customized
azide initiator is synthesized and studied in the C—H bond activation with
various lanthanide-based catalysts and the subsequent polymerization of
diethyl vinylphosphonate (DEVP). The successful attachment of the azide
end-group is demonstrated via electrospray ionization mass spectrometry
(ESI-MS) and the synthesized polymers are subjected to immobilization on
multi-walled carbon nanotubes in a graft-to approach. The prepared
MWCNT:PDEVP composites are analyzed via thermogravimetric analysis
(TGA), elemental analysis (EA), Raman spectroscopy, X-Ray photoelectron
spectroscopy (XPS), and transmission electron microscopy (TEM) and the
versatility of this approach is shown via the stabilization of MWCNT

dispersions in water.
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Poly(diethyl vinylphosphonate) (PDEVP) is
an interesting candidate for functional-
ization of carbon nanotubes, as it is a
water-soluble polymer with a tunable lower
critical solution temperature (LCST) [
and can act as a versatile platform as
there are different structural derivatives
of the vinylphosphonates reported, which
are highly interesting for MWCNT func-
tionalization. An allyl-containing PDEVP
derivate has been introduced recently, al-
lowing for sidechain modification of the
polymers,?! as well as an organic radical
polymer obtained via attachment of 2,2,4,4-
tetramethylpiperidinyloxyl (TEMPO)-units
to the vinylphosphonate backbone.*! Espe-
cially the latter would be highly interest-
ing for the proposed functionalization, as
it could offer a covalent attachment of a
redox-active polymer to an highly electri-
cal conductive carbon support, thus over-
coming organic radical batteries main is-
sues of low active mass and dissolution in
the batteries electrolyte.*! While generally
non-covalent or covalent functionalization
of carbon nanotubes can be applied, the latter offers the advan-
tage of avoiding the use of an additional surfactant which might
negatively influence material properties and does not rely on
necessary non-covalent polymer-CNT interactions, ultimately
allowing high versatility of the polymer used. Furthermore,
covalently functionalized carbon nanotubes could be dispersed
in a broad variety of solvents due to the solubility of PDEVP.]
In order to attach the polymers covalently to the MWCNT5, a
defined end-group with specific reactivity is necessary. In the
context of carbon nanotube functionalization, azide-based func-
tionalizations for graft-from and graft-to approaches have been
investigated thoroughly, as azide moieties can be used either
for azide-alkyne click chemistry functionalizations or link to the
carbon nanotubes via [2+1] cycloaddition of an in situ formed
nitrene.[®!l Using these two methods, various different poly-
mers like poly(N-isopropylacrylamide),*? polycaprolactone,**]
poly(methyl methacrylate) (copolymers) [*!*l or polystyrene
[13.15] have successfully been anchored to carbon nanotubes, for
further functionalization examples a variety of comprehensive
reviews exists in literature.'*/ As a versatile functionalization
technique for modifying group-transfer polymerization-based
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polymers, C-H bond activation of substituted a-methylpyridines
has been utilized in literature, successfully introducing a va-
riety of different moieties, including alcohols,'”*® amines
and thiols,"®! bipyridines,'?! di- and tripyridine initiators,/?%!]
or double-bonds %!/ as end-groups. In this approach, an
azide-substituted a-methylpyridine is introduced to rare-
earth metal-based pre-catalysts like Cp,Ln(CH,TMS)(thf) or
[(ONOO)*B“Ln(CH,TMS)(thf)] (Ln = Y, Lu) by means of C-H
bond activation. These azide-pyridines then act as initiating
groups during polymerization initiation and are covalently
linked to the polymer chain end via [2+1] cycloaddition of an in
situ formed nitrene by nitrogen elimination, acting as functional
anchoring groups.!®%18-2022-24] While this method so far has pri-
marily been used to attach functional moieties like biologically
relevant molecules ['®%2] or catalysts [*°] to solvated polymers in
a post-polymerization reaction, it could also be utilized to attach
end-groups capable of binding to surface for graft-to approaches.
PDEVP has successfully been used in a graft-from approach,
but so far to the authors knowledge no graft-to methods are
known.”l Within this manuscript, such a functionalization
is introduced in order to covalently couple PDEVP as highly
functional REM-GTP-based polymer to multi-walled carbon
nanotubes as a proof of principle study.

2. Results and Discussion

2.1. Catalyst Activation and DEVP Polymerization

To be able to introduce the desired azide-moiety to the polymers,
a direct approach by C-H bond activation of a functionalized a-
methylpyridine is chosen. Starting from 2,6-dimethylpyridine, a
chloride is introduced in para-position via a literature-known sub-
stitution reaction.!”?! The obtained 4-chloro-2,6-dimethylpyridine
is reacted with hydrazine-hydrate to the corresponding 4-
hydrazineyl-2,6-dimethylpyridine. Without prior isolation, the
target molecule 4-azido-2,6-dimethylpyridine (PyNj;) is obtained
from a diazotisation with sodium nitrite and 5% hydrochloric
acid with a total yield of 20 % after purification by column
chromatography.*! Formation of the target compound has been
confirmed using elemental analysis, gas-chromatography-(GC-
MS), 'H-nuclear magnetic resonance (‘H-NMR), and Fourier-
transformed infrared spectroscopy (FT-IR) (see Figures S1 and
S2, Supporting Information). To dry the pyridine azide for the
subsequent C—H bond activation, it is filtered over activated alu-
minum oxide and a stock solution in dry benzene-d, is prepared
(see ESI).

To generate the active polymerization catalyst, an in situ C-H
bond activation protocol from literature is used, in which 1.0
equivalents of the functionalized pyridine are reacted with 1.0
equivalents of Cp,Y(CH,TMS)(thf) at room temperature.l'8%?
To assess the reactivity, a C-H bond activation kinetic is mea-
sured using ' H-nuclear magnetic resonance spectroscopy at de-
fined time intervals. Surprisingly, the reaction of PyN; with
Cp,Y(CH,TMS)(thf) led to immediate catalyst decomposition as
indicated by 'H-NMR and precipitation of a black solid within
seconds. This behavior is attributed to the overall higher reac-
tivity of the azide-pyridine. As the yttrium bis(phenolate) cata-
lyst usually shows a lower reactivity toward C-H bond activa-
tion and requires higher activation temperatures of 60 °C,’*! in
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the next step the activation of [([ONOO)'®*Y(CH,TMS)(thf)] with
PyN, is tested. Similar to Cp,Y(CH,TMS)(thf), upon mixing of
the two compounds, the solution immediately turned black, and
precipitate formed, indicating catalyst decomposition. This was
confirmed using 'H-NMR spectroscopy. As the last approach,
lutetium-based pre-catalysts were tested, as lutetium is known
to be less reactive toward C-H bond activation compared to
yttrium.!?] The reaction of Cp,Lu(CH,TMS)(thf) with PyN; un-
der the same conditions led to the formation of a dark-green so-
lution without precipitation upon mixing of the two reactants
overnight at room temperature, indicating successful C-H bond
activation. A kinetic investigation of the activation using 'H-
NMR showed complete consumption of PyN; within 4 h and for-
mation of tetramethyl silane, revealing the formation of the de-
sired polymerization catalyst (see ESI, Figure S3, Supporting In-
formation). As indicated by the formation of multiple small 'H-
NMR signals in the range of the cyclopentadienyl ligand, some
minor side products are formed during the C-H bond activation.
These side products were separated by filtration of the catalyst
mixture over a syringe filter. To ensure full activation PyN, and
the lutetium pre-catalyst are reacted for 18 h at room tempera-
ture prior to polymerization. Unfortunately, all efforts to isolate
the obtained catalyst Cp,Lu(PyN;)(thf) to confirm its structure
failed as they led to catalyst decomposition. To date, the in situ
activation of the azidepyridine remains the only way of obtaining
the desired catalyst.

Nevertheless, the in situ generated catalyst is used for the
polymerization of diethyl vinylphosphonate (DEVP). The results
from the polymerization experiments can be found in Table 1.

The polymerizations of DEVP with Cp,Lu(PyN;)(thf) at vari-
ous monomer:catalyst ratios of 25:1, 50:1, 100:1, and 200:1 have
been performed in toluene at room temperature. All polymers are
characterized regarding their conversion using aliquot->' P-NMR,
molecular structure using 'H/*'P-NMR (Figures S4 and S5,
Supporting Information) and molecular weight and polydisper-
sity using size-exclusion chromatography multi-angle light scat-
tering (SEC-MALS) (Figures S6 and S11, Supporting Informa-
tion). The catalyst is capable of fully polymerizing the available
monomer within 2 h for all monomer:catalyst ratios as indicated
by *'P-NMR. All polymers exhibit narrow polydispersity below
1.24, highlighting the controlled polymerization of DEVP by the
in situ generated catalyst. Surprisingly, the absolute molecular
weights of the polymers M, . are considerably higher than the
calculated molecular weights at full initiator efficiency M, ;. , re-
vealing overall low initiator efficiencies of 8.6-14.5%. These ini-
tiator efficiencies are about half of the reported literature values
for the structural similar lutetium catalyst Cp,Lu(sym-col)(thf)
without azide functionalities of 21 %./%*! These low initiator effi-
ciencies led to the formation of high molecular weight polymers
with M, ;. > 35 kg mol~! even at low catalyst:monomer ratios of
25:1. Verification of whether the end-group is attached to the poly-
mer is usually done by '"H-NMR or diffusion ordered (DOSY)-
NMR spectroscopy.!'”!8] However for the herein prepared poly-
mers this approach is not feasible due to the high molecular
weight of the polymers and the overall low number of detectable
protons of the PyN, end-group. Additionally, the intactness of the
azide moiety cannot be ensured by means of NMR spectroscopy.
Therefore, oligomers of PDEVP initiated by Cp,Lu(PyN;)(thf)
are prepared by reacting 1.0 equivalents of the catalyst with 5.0

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

46



End-group Modification

ADVANCED
SCIENCE NEWS

{M}gggular

Motk B

www.advancedsciencenews.com

www.mame-journal.de

Table 1. Results from DEVP polymerization with in situ generated Cp, Lu(PyN3).

= e
%7 _deabs _\DNS
%\ rt, 18 h, toluene % N

in-situ Ny A

rt, 3 h, toluene

Entry [DEVPE[Lu] “[-[] M, theo *kg mol =] M, abs “[kg mol™'] Def LE.4[%]
1 25:1 43 36.7 1.17 1.7
2 50:1 8.4 86.7 1.24 9.7
3 50:1 8.4 58.0 1.19 14.5
4 100:1 16.6 185 1.18 9.0
5 100:1 16.6 192 1.24 8.6
6 200:1 33.0 293 1.14 13
at:atalysi:—monomer ratio as weighed, 13.5 pmol catalyst in 5 mL toluene, RT, 2 h. ® theoretical molecular weight via M, .o = Mpeyp X Xpevp X ([DEVP]/[Lu]). “absolute

molecular weight M, . and polydispersity determined via SEC-MALS (40 °C, THF:H,0 = 1:1with 9 g L™ tetra-n-butyl ammonium bromide and 272 mg L~' 2,6-di-tert-

butyl-4-methylphenol) using dn/dc = 0.0922 mL g~' for PDEVP.

equivalents of monomer and the oligomers are subjected to ESI-
MS measurements directly from the reaction mixture (see ESI,
Figure S12, Supporting Information). In the electron-spray ion-
ization mass-spectrometry (ESI-MS), two series can be detected,
corresponding to PDEVP oligomers initiated by PyN; with an in-
tact azide moiety and one series of PDEVP oligomers with the
pyridine lacking the azide moiety, presumably due to decompo-
sition in the ESI-MS. While no quantitative functionalization of
the polymers with the azide can be verified, still attachment of
the azide via C-H bond activation functionalization is generally
possible. The prepared polymers from Table 1 are used for fur-
ther reactions with the multi-walled carbon nanotubes to assess
the proposed functionalization pathway.

2.2. Polymer-Carbon Nanotube Coupling and Characterization

To covalently link the prepared polymers to the multi-walled car-
bon nanotubes, a [2+1] cycloaddition between the z-electrons of
the carbon nanotubes and an in situ formed nitrene by ther-
mally induced nitrogen extrusion of the polymers azide moi-
ety is performed (see ESI).*! Different weight-percent ratios of
MWCNT:PDEVP of 1:1, 1:2, and 1:5 of PDEVP with a molecular
weight of 192 kg mol~! (PDEVP,,, Table 1, entry 5) are tested as
well as additional 1:5 ratios with different polymer chain lengths
of 58.0 kg mol™! (PDEVP;, Table 1, entry 3) and 293 kg mol™!
(PDEVP,,, Table 1, entry 6). To assess the loading of the nan-
otubes with the polymer, elemental analysis of the C, H, N,
and P content of all prepared compounds is measured, and the
loading is calculated based on the phosphorus percentage found
(Table 2).

As an additional method of quantification, the prepared com-
posites are subject to thermogravimetric analysis under an argon
atmosphere, the corresponding graphs are shown in Figure 1.

Pure MWCNTs do not show any decomposition up to 850 °C
under argon, while pure PDEVP starts to decompose by loss of

Macromol. Mater. Eng. 2023, 308, 2200635 2200635 (3 of 7)

initiator efficiency as, i.e., = M y00/M;, 45 X 100%.

its ethyl side chains at 260 °C as indicated by a weight loss of
38 wt.%. Starting at about 450 °C, a second decomposition on-
set can be detected, attributed to thermal fragmentation of the
backbone, followed by a less defined decomposition step at about
800°C, leaving a carbon residue of 18%./?”] Using the first decom-
position step of 38 wt.% for pure PDEVP, the relative content of
PDEVP on the MWCNTS can be calculated by determining the
weight percent difference before and after the first decomposi-
tion step and dividing it by 38 wt.%. The loadings determined
from elemental analysis and from TGA are compared to each
other, the corresponding results are listed in Table 3.

Comparison of the loadings determined from EA and TGA
shows quite good agreement with deviations of only about
5 wt.%, which are attributed to measurement uncertainties. Over-
all, the compounds with the lowest initial MWCNT:PDEVP ratio
of PDEVP,, also show the lowestloading of ~10 wt.% of polymer
content. The two experiments with higher MWCNT:PDEVP ratio
(1:2 and 1:5) of PDEVP,,, achieve about the same degree of func-
tionalization with 21-22 wt.% of polymer. This might be due to
steric blocking/coverage of the MWCNT surface by the polymers,
impeding azide end-groups from reacting with the MWCNT sur-
face, thus making a higher degree of functionalization impos-
sible. When using shorter-chain PDEVPs; in a 1:5 ratio, about
the same wt.% of polymer can be detected, corresponding to a
higher surface density of functionalized polymer on the carbon
nanotubes. This might be due to an overall much shorter chain
length of PDEVP,, compared to PDEVP,, and therefore less
sterical hinderance during the graft-to functionalization. For the
longest PDEVP,, 42 wt.% of polymer loading were determined
due to the overall higher molecular weight of the polymer with
a similar degree of functionalization as for the MWCNT:PDEVP
1:2 and 1:5 loadings.

Additionally, the functionalization of the carbon nanotubes is
investigated using Raman spectroscopy, XPS, and TEM. To access
whether MWCNTs have successfully been functionalized, Ra-
man spectra of pure MWCNTs and of MWCNT:PDEVP,, = 1:2

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Table 2. Elemental analysis results of the MWCNT:PDEVP composites prepared.

Entry Compound MWCNT:PDEVP C H N P Loading”
[wt.%6][wt.%] [%] [%] [%] [%] [wt.96]:[wt.%]

1 pure MWCNTs 1:0 Calculated® 100 0.00 0.00 0.00
Found*¢ 95.77 0.04 0.00 0.00 -

2 pure PDEVP 0:1 Calculated? 43.90 7.98 0.00 18.87 -
Found¢ 41.15 8.05 0.12 16.85

3 MWCNT:PDEVP, o 11 Calculated? 69.00 3.99 0.00 943 50:50
Found® 87.65 1.23 0.20 2.58 85:15

4 MWCNT:PDEVP, o 12 Calculated? 61.47 5.19 0.00 12.27 35:65
Found¢ 80.70 1.90 0.20 4.34 76:24

5 MWCNT:PDEVP,o 15 Calculated? 53.94 6.38 0.00 15.10 20:30
Founde 80.06 1.99 0.00 480 75:25

6 MWCNT:PDEVPs, 15 Calculated 53.94 6.38 0.00 15.10 20:30
Found 81.71 1.66 0.23 4.15 79:21

7 MWCNT:PDEVP,y, 15 Calculated 53.94 6.38 0.00 15.10 20:30
Found 70.81 3.40 0.15 7.33 57:43

*loading determined from the wt.% phosphorus found in elemental analysis. ~expected elemental composition of C, H, N, and P based on the wt.%:wt.% ratios used in the
experiments. “determined C, H, N, P content from single determination elemental analysis.

100 4

90 +

80 <4

weight / %
3

30 Jpure MWCNT
CNT:PDEVP,4, 1:1

weight / %
e

100

90 4

80

30|pure MWCNT
CNT:PDEVPy, 1:5

20+ 20{CNT:PDEVP, 4, 1:5
10{CNT:PDEVP,; 1:5 10{CNT:PDEVP,y, 1:5
pure PDEVP " pure PDEVP
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

temperature / °C

temperature / °C

Figure 1. TGA measurements of PDEVP-MWCNT composite materials with varying polymer chain lengths at constant MWCNT:PDEVP ratio (left) and
with varying MWCNT:PDEVP functionalization ratios of the same polymer (right).

Table 3. Comparison of MWCNT:PDEVP loading determined via elemental
analysis and thermogravimetric analysis.

Entry Compound MWCNT:PDEVP Loading from EA Loading from TGA

[wioskwise]  [wtos[wt%)] [wios]:[wt%)]
1 MWCNT:PDEVP;g, 11 85:15 90:10
2 MWCNT:PDEVP,5, 12 76:24 79:21
3 MWCNT:PDEVP,5, 15 75:25 78:22
4 MWCNT:PDEVPs, 15 79:21 78:22
5 MWCNT:PDEVP,q, 15 57:43 58:42

Macromol. Mater. Eng. 2023, 308, 2200635 2200635 (4 of 7)

(Table 2, entry 4) in the range of 1000-1800 cm™' are measured
(Figure S13, Supporting Information). In the Raman spectra,
the band at around 1326 cm™ can be assigned to the G band
of the sp?-bonded carbon atoms within the CNT surface lay-
ers, while the band between 1570-1610 cm™' can be assigned
to the D band of sp’-hybridized carbon atoms of defects of the
carbon nanotubes.'"'3%] When comparing the D band of pris-
tine MWCNTs with the MWCNT:PDEVP,,, = 1:2 D band, a
slight shift of the band can be observed. While the pure MWC-
NTs exhibit a single D band with a slight shoulder at higher
Raman shifts, for the hybrid material the emergence of an ad-
ditional band can be observed. This is attributed to a covalent
functionalization of the MWCNTs with the polymer via [2+1]
cycloaddition, however, this has to be considered with care as
the overall amount of new defects due to covalent bonding is

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 2. A). TEM images of pristine MWCNTs before functionalization and B) after functionalization with PDEVP,q, (Table 2, entry 7).

very low compared to the overall surface of the MWCNT.[**]
XPS analysis of pristine carbon nanotubes, pure PDEVP, and
the MWCNT:PDEVP,, = 1:5 compound material reveals the for-
mation of a hybrid material (Figure S14, Supporting Informa-
tion), while the attachment point via the nitrogen itself could
not be found due to the small quantity of attachment units com-
pared to the overall mass of the MWCNTs and the polymer.
Quantification of the corresponding C 1s components gives an
MWCNT:PDEVP,, ratio of 40:60 ([at% C]:[at% C]) which is sub-
stantially lower compared to a ratio of 87:13 ([at% C]:[at% C]) as
observed by elemental analysis. The higher fraction of polymer
found in XPS evidences a structure of the composite material
in which the polymer covers the MWCNT surface leading to an
attenuation of the C 1s signal intensity of the MWCNT compo-
nents. In the TEM pictures, the pristine MWCNT (Figure 2A)
exhibits a typical homogeneous structure of multiwalled carbon
nanotubes featuring a smooth surface with a diameter of 20 nm,
for the MWCNT functionalized with PDEVP,,, (Table 2, entry 7)
heterogeneous surface species can be observed (Figure 2B). The
higher absorption of the TEM electron beam can be induced by
higher adsorption of the phosphorous-containing PDEVP. In ad-
dition, TEM allows for a rough estimation of the surface species
size, resulting in a diameter of 2 nm and a length of 30 nm, which
is in good agreement with the hydrodynamic radius of PDEVP,,
derived via SEC-MALS. Thus, the authors conclude that the
attached surface species is the grafted poly(diethyl vinylphos-
phonate). The overall high coverage of the MWCNT's surface
with the polymer species is in good agreement with the pre-
viously observed limit for further polymer immobilization due
to steric blocking of the MWCNT surface by, e.g., wrapping.'?’!

2.3. Suspension Experiments

In the final step, the functionalized carbon nanotubes are sus-
pended in water to assess the capability of the water-soluble
PDEVP to stabilize the nanotubes against coagulation. Suspen-
sions of 0.05 mg mL~! of the MWCNT:PDEVP compound mate-
rials in Millipore water are prepared and pictures are taken im-
mediately after suspension, 5 min, 3 h, and 24 h (Figure 3). The
composites from the 1:5 MWCNT:PDEVP loadings at different
chain lengths (A—C) and the composites from the 1:2 and the 1:1
loading with PDEVP,, (D, E) are compared to the pure MWC-

Macromol. Mater. Eng. 2023, 308, 2200635 2200635 (5 of 7)

Figure 3. A) MWCNT:PDEVP,,, = 1:5 (Table 2, entry 7); B)
MWCNT:PDEVP,o, = 1:5 (Table 2, entry 5); C) MWCNT:PDEVP;, =
1:5 (Table 2, entry 6); D) MWCNT:PDEVP,o, = 1:2 (Table 2, entry 4);
E) MWCNT:PDEVP,o, = 1:1 (Table 2, entry 3), | pure MWCNTs without
polymer functionalization; Il MWCNTs after functionalization with a
non-azide functionalized PDEVP as control experiment.
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NTs in water (I) and a mixture of carbon nanotubes with non-
functionalized PDEVP (M, ;. = 121 kg mol~!, D = 1.09) of 1:5
(IT) using the same functionalization protocol. Each of the con-
trol experiments I and I show immediate coagulation of the car-
bon nanotubes, forming unstable suspensions. The compounds
from lower MWCNT:PDEVP ratios D and E show a lower sta-
bilizing effect, while the compounds from the 1:5 loadings A—
C show a good stabilization of the carbon nanotubes in water.
This behavior is attributed to an overall higher degree of func-
tionalization from the experiments where more polymer is used
for the surface modification. Additionally, we tried triggering the
LCST effect of the surface bound PDEVP by heating the samples
to 60 °C. Unfortunately, no defined precipitation of the polymer-
MWCNT composites could be observed. Overall, the attached
PDEVP chains are capable of stabilizing the carbon nanotubes
against coagulation, forming stable suspensions, yet the LCST
effect of PDEVP is not retained.

3. Conclusion

By means of group-transfer polymerization of DEVP with
an in situ generated C-H bond activation-based catalyst
from Cp,Lu(CH,TMS)(thf) and an azide-substituted pyridine,
poly(diethyl vinylphosphonate) was successfully functionalized
with an azide polymer end-group. By using a thermally induced
nitrene [2+1] cycloaddition, the PDEVPs prepared were cova-
lently linked to MWCNTs via the azide moiety in a graft-to ap-
proach. Different polymer chain lengths and polymer to car-
bon nanotubes have been tested in the functionalization and the
loaded compounds were characterized using elemental analysis,
thermogravimetric analysis, transmission electron microscopy,
raman spectroscopy, and X-ray photoelectron spectroscopy. The
polymer on the surface on the carbon nanotube is capable of sta-
bilizing suspensions of MWCNTs in water against coagulation.
The herein-presented pathway toward MWCNT functionaliza-
tion with GTP-based polymers could provide a synthetic tool to-
ward more advanced materials like organic radical polymers im-
mobilized on carbon nanotubes to overcome one of the limiting
components of organic radical batteries. Further, the azide func-
tionality itself is an immensely useful building block in organic
chemistry to further functionalize organic (macro)molecules via
copper-mediated click chemistry, thus opening a feasible path-
way for further research.
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4.5 Addendum

4.5.1 Synthesis of Functionalized Pyridines

In conjunction with the end-group functionalization utilizing an azide, an alkyne-modified
pyridine derivative is devised for the AAC complementary. This involves the transformation of
4-chloro-2,6-dimethylpyridine (1) into 4-iodo-2,6-dimethylpyridine (2) via nucleophilic aromatic
substitution. By switching from column chromatography to sublimation as the purification
method, the yield is increased to 45%. The final initiator, 4-trimethylsilylacetylene-2,6-
dimethylpyridine (3), can be produced with a 67% yield through copper-catalyzed Sonogashira
coupling with 1-trimethylsilyl acetylene (Scheme 4.1). To prevent the destruction of the catalyst

used in REM-GTP during polymerization, protecting the alkyne by introducing a TMS group is

necessary.
N N C,HSI(CH,)s (1.4 q.) N
| < Acetylenchloride (1.5 eq.) | X Pd(PPh3),Cl; (0.02 eq.) | X
P Nal (6.0 eq.) P Cul (0.01 eq.) P
Cl 140°C, 18 h | 75°C,3h
[MeCN] INEL] Il
1 2
T™MS
45% 67%
3

Scheme 4.1: Synthesis route to the alkyne-pyridine (3) via nucleophilic aromatic substitution and Sonogashira
coupling.

4.5.2 C-H bond Activation

The pyridine derivative 3 is subsequently activated using the catalyst Cp.Y(CH.TMS)(thf),
enabling its activation and initiation behavior assessment. To study the kinetic activation of C-
H bonds using 'H-NMR, catalyst 4 and alkyne-pyridine 3 are dissolved in deuterated benzene,
and regular '"H-NMR analyses are performed at specific time intervals (Figure 4.2). During the
reaction, signals from the TMS group (0 = 0.44 ppm) and the CH; group (6 = —-0.65 ppm)
(Figure 4.2, dark orange) of the CH,TMS initiator, binding to the yttrium center, decrease.
Simultaneously, a new signal emerged at & = 0.00 ppm, indicating tetramethylsilane (Figure
4.2, light orange). The signal of the methyl groups in the a-position to the nitrogen atom of 3 (5
= 2.29 ppm) (Figure 4.2, dark blue) decreases over time, while two new signals at & = 1.89
ppm and & = 2.32 ppm are observed (Figure 4.2, light blue). The [20+20]-cycloaddition of one
methyl group at the a-position of the pyridine with the CH>.TMS group of 4 resulted in the
successful binding of 3 to the yttrium center. Furthermore, the signal from two protons adjacent
to the methyl groups of 4 (6 = 6.83 ppm) (Figure 4.2, black) split during the reaction due to
coordination-induced asymmetry to the yttrium complex, forming two new signals. Additionally,

the "TH-NMR kinetics indicate selective C-H bond activation without forming side products.
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Figure 4.2: 'H-NMR kinetic reaction of the o-bond metathesis of catalyst 4 with the protected pyridine 3 in

benzene-d6.
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4.5.3 Polymerization

Following the successful demonstration of C-H activation, subsequent test polymerizations
using DEVP are conducted. Initially, catalyst 4 is activated in situ with initiator 3, followed by
the addition of monomers (Scheme 4.1). Various monomer-catalyst ratios are tested and

compared in Table 4.1.

Scheme 4.2: Polymerization of DEVP with the in-situ activated catalyst 5.

Table 4.1: Results from DEVP polymerization of activated catalyst 5 generated in-situ from alkyne-pyridine 3 with
Cp2Y(CH2TMS)(thf).

: : d d :
SN DR/ [ 4 kel Ggimoll 01 4
P1 50/1 99 8.7 19.6 1.09 44
P2 100/1 99 19.7 31.5 1.09 53
P3 2001 99 33.7 66.1 1.05 50

213.5 umol catalyst, 2 mL toluene, rt, 2 h; ° conversion determined via integration of *'P-NMR, °theoretical molecular weight
determined as Mnneo = X-Moeve:[DEVPY[Y]+Min; ¢ absolute molecular weight and polydispersity determined via SEC-MALS in
THF:H:0 with added TBAF, 40 °C, dn/dc = 0.0922 mL/g; ®initiator efficiency determined via I.E. = Mn.eo/Mn.abs-100%.

All polymers, P1-P3, are analyzed using 'H and 3'P-NMR spectroscopy as well as DOSY-NMR,
demonstrating complete conversion. MALS-GPC analysis indicates narrow PDlIs for all tested
polymers, signifying highly controlled polymerization and initiator efficiency ranging between
44-53%. Furthermore, the attachment of the TMS-protected catalyst to the polymer is
confirmed via "H-NMR (Figure 4.3, left). In the 'H spectrum, the signals corresponding to the
methyl groups (& = 0.22 ppm) of the silyl-protecting group of the initiator can be identified.
These exhibit identical diffusion coefficients to the polymer signals in the DOSY-NMR
spectrum, suggesting that the initiator is attached to the PDEVP polymer and no free initiator
3 remains after purification. Furthermore, the attachment of the initiator 3 to the polymer is
confirmed through ESI-MS measurements of DEVP oligomers generated by activated catalyst
5 (Figure 4.3, right). The ESI-MS spectrum reveals the presence of pyridine 3 attached to the
oligomer, indicated by a 204 m/z mass shift (corresponding to the initiator 3) in the DEVP
oligomers (m/z = ((Mini— H) + n x Mpeve + H)*, n = 2-9). Additionally, unreacted pyridine 3 (m/z

= 204) was also detected. The visibility of the initiator groups in ESI-MS suggests a nucleophilic
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transfer reaction of the initiator via a monomer insertion into an yttrium-carbon bond during

initiation, leading to the desired end group.

. 1+
B My copaigne s + 1N % Mpgyp+H]

-SI(CH,)y- miz = 204.1206 [Init + H']

9.00
0.28 0.21 0.14 0.07 n

B /ppm
Lk L

"72"68 64 60 56 52 48 44 40 36 32 28 24 20 18 12 08 04 00

4 4 y T
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——

Figure 4.3: "H-NMR spectrum of PDEVP prepared with the activated 5 with a close-up of silyl region (left) and
ESI-MS spectrum of PDEVP oligomers showing the series with the protected alkyne group attached.

4.5.4 End-Group Functionalization via AAC

To restore the reactivity of the alkynes, the TMS group is removed by stirring the polymer with
potassium carbonate in methanol overnight at room temperature, leading to complete cleavage
of the protecting group, as confirmed by 'H-NMR (Figure 4.4, left). The signal assignable to
the TMS-protecting group completely disappeared after the reaction. In addition to
demonstrating the presence of the alkyne as the end group, a qualitative study is carried out
using ruthenium-catalyzed azide-alkyne click conditions (RUAAC). This involves modifying the
alkyne  with  water-soluble  azide-containing dye, specifically 3-aziodo-7-

hydroxycoumarin (6) (Scheme 4.3).

K,CO5
N\ H 6
r.t., over night | P n r.t., over night
[MeCH] [CH,CI5]
I e

OH

Scheme 4.3: Deprotection of the alkyne end group and functionalization with 3-Azido-7-hydroxycoumarin (6) via
RUuAAC.
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After purifying the polymer through dialysis, the confirmation of functionalizing the alkyne end
group with dye 6 is determined using fluorescence spectroscopy (Figure 4.4, right). The
emission spectrum exhibits a prominent fluorescence band at 490 nm. Overall, this
demonstrates both the successful bonding of dye 6 to the polymer chain and the previously

successful introduction of an alkyne as an end group.

P5 PDEVP-Alkyne™'®
— 3-Azido-7-hydroxycoumarin

before deprotection

fluorescence intensity /a.u

s —
10 08 06
5 /ppm

T T T T T T T T T T T
400 450 500 550 600 850 700
wavelenght /nm

after deprotection

T T T T T T T T T T T T T
45 40 35 30 25 20 15 1.0 05 00 -05 -L0 -1.5 -2.0 -25
&/ ppm

Scheme 4.4: Stacked 'H-NMRs of alkyne-functionalized PDEVP before and after deprotection with a close-up of
silyl region (left) and fluorescent spectrum (right) of with coumarin functionalized polymer P5 (orange) and the dye 6
(blue).
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flexible platform for the selective introduction of functional groups via polymer-analogous transformationst”.
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5.3 Content

The task of incorporating functionality into the polymer chain of poly(vinyl phosphonate)s has
been previously addressed through diverse approaches, as detailed in Chapter 2.1. In the
context of polymer-drug conjugates (Chapter 2.3.1), the challenge extends beyond expanding
the platform with novel functional groups to create new anchor points for attaching selected
substrates. Equally important is the subsequent coupling of these substrates (or test

substrates) is equally important.

In this study, the primary focus revolved around allyl group-containing poly(vinyl
phosphonate)s, chosen for their distinctive chemical attributes that confer a high degree of
flexibility. The allyl groups serve as reactive sites for subsequent polymer-analogous
transformations, including bromination, epoxidation, and thiol-ene click chemistry, enabling
precise and selective incorporation of various functional groups. To achieve this, azides were
introduced into the brominated and epoxidized polymers for subsequent azide-alkyne
couplings, with phenylacetylene as a model substrate. Additionally, the epoxides underwent
ring-opening reactions with various organic nucleophiles (phenol, benzylamine, 4-amino-2,1,3-
benzothiadiazol). Any unreacted allyl groups were subsequently saturated through orthogonal
thiol-ene reactions. Furthermore, methyl thioglycolate was incorporated quantitatively during
the basic thiol-ene click reaction and converted into the corresponding hydrazide. The resulting
hydrazide was conjugated with 2-hydroxyacetophenone to form a hydrazone linkage between
the polymer and small molecules. The selective introduction of functional groups offers the
prospect of designing polymers with enhanced characteristics, including improved solubility,

biocompatibility, and responsiveness to external stimuli.
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Polyvinylphosphonates are highly promising candidates for (bio)medical applications as they exhibit
a tunable lower critical solution temperature, high biocompatibility of homo- and copolymers, and
a broad foundation for post-synthetic modifications. In this work we explored polymer-analogous
transformations with statistical polyvinylphosphonates comprising diethyl vinylphosphonate (DEVP) and
diallyl vinylphosphonate (DAIVP). The C=C double bonds were used as a starting point for a cascade of
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the copper-mediated alkyne-azide coupling with phenylacetylene (1). (2) The epoxides were reacted
with sodium azide for an alkyne-azide click coupling with 1 as well as small nucleophilic compounds
(phenol (2), benzylamine (3), and 4-amino-2,1,3-benzothiadiazol (4)). Afterwards the non-converted allyl
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hydrazone-linked conjugate was formed in a two-step approach. The polymeric substrates were
characterized by NMR, FTIR, and UV/Vis spectroscopy as well as elemental analysis and gel permeation
chromatography to monitor the structural changes of the polymeric substrates and to prove the success
of these modification approaches.
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polyethylenimine.** In addition, polymer-analogous reactions
are also used to form derivatives of cellulose and starch or to

Introduction

The history of polymer-analogous reactions reaches back to the
19" century, but their actual use was first established by H.
Staudinger in 1939." By definition these reactions involve a part
of the polymer, but while the degree of polymerization does not
change, the molecular weight does not remain necessarily
constant throughout the reaction.” These reactions differ
fundamentally from organic transformations with small mole-
cules. As a result, purification processes are more complex,
kinetic parameters can be affected, or the polymer solubility can
change during the reaction.” Prominent examples are the
formation of poly(vinyl alcohol) (PVA) via saponification of
poly(vinyl  acetate)* or the synthesis of linear

<
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refine the material properties of polyolefins.*®

Such organic transformations also allow the application of
modified polymers in biomedical fields, i.e. for (bio)imaging
through the conjugation of fluorescent probes,” or radiolabeling
of polymers for positron emission tomography,'® which allows
advances in cancer diagnostics and monitoring of the thera-
peutic progress. Yet, the best known are polymer-drug conju-
gates, which were conceptualized by H. Ringsdorf in 1975.'"**
This rational design combines a water-soluble polymer back-
bone that is covalently linked to the targeting moiety and the
(pro)drug motif.** This concept was extensively used for the
synthesis of a plethora of linear polymer conjugates. A broad
variety of polymers was investigated ranging from poly(vinyl
pyrrolidine),"** PVA,** poly(ethylene glycol) (PEG),'* which is
already clinically established due to its high biocompatibility,'”
and N-(2-hydoxypropyl)methyl-acrylamide (HPMA)."® In the case
of PEG reactive chain end-groups allow a simple and fast
conjugation of small molecules. However, this approach also
results in low drug loadings.'”*® Hence, branched and multi-
arm PEGs were developed to overcome this limitation.*** In

RSC Adv, 2021, N, 38555-38564 | 38555
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this context, dendrimeric systems are also of great interest,
since the synthesis of these types of polymers can be performed
with high precision and provide a high density of functional
groups at the surface, thus enabling the conjugation of drugs,
targeting moieties and imaging agents.'>**® In recent years,
researchers also focused on the application of stimuli-
responsive polymers, which respond to changes of external
stimuli such as pH or temperatures.’” In exemplary studies
doxorubicin was either linked to a HPMA-based polymer* or to
poly(ethylene oxide)** via a pH-sensitive hydrazone linkage. In
another study thermoresponsive elastin-like polypeptides were
labeled with derivatives of rhodamine and were able to show an
increased accumulation of polymer aggregates within the tumor
tissue by exploiting hyperthermia conditions.” The class of
polyvinylphosphonates offers interesting properties for
biomedical applications, e.g. a high biocompatibility**~** and
tunable cloud points between 5-92 °C.**** The successful
synthesis of defined, high-molecular weight poly(diethyl vinyl-
phosphonate) (PDEVP) was performed via rare earth metal-
mediated group transfer polymerization (REM-GTP) for the
first time in 2010 with Cp,YbMe.** Coming from a simple
homopolymerization we constantly aimed to push the bound-
aries of the REM-GTP by expanding the monomer scope towards
new functional monomers and (co)polymer and architectures.
Initial studies with these polymers also included polymer-
analogous reactions such as the saponification and the trans-
esterification of the phosphonate esters. Moreover, REM-GTP
facilitated the efficient incorporation of tailor-made end-
groups in these polymers at the initial step of the polymerisa-
tion.*?”* In this context a bipyridine-based initiator enabled
the selective complexation of Re(CO)sCl in a copolymer
comprising 2-vinylpyridine (2VP) and diethyl vinylphosphonate
(DEVP) for the photoreduction of carbon dioxide.” An initiator
consisting of a vinyl group allowed the precise formation of
polymer-biomolecule conjugates with cholesterol and folic
acid.” Both polymer conjugates were also successfully used in
localization studies with HMEC-1 cells.** The detection of the
conjugates by confocal microscopy required the presence of
a fluorescent moiety and was achieved by the introduction of
pyrene groups via a partial transesterification of the ethyl esters.
In addition, block copolymers of 2VP, DEVP, and diallyl vinyl-
phosphonate (DAIVP) were used in the formation of nano-
particular drug carriers.*’ Introduction of this small DAIVP
block in the outer shell facilitated the covalent cross-linking via
thiol-ene click chemistry.

As shown in the literature allyl moieties represent flexible
anchors to selectively incorporate biological moieties.*” In
addition, DAIVP-containing polymers are advantageous as two
ester per monomer unit can double the loading capacity
compared to other copolymer systems (polyethers*** or poly-
lactides**). Additionally, the water-solubility can be easily tuned
by the DEVP amount. Therefore, no solubilizing motifs such as
PEG or zwitterions are required.***® In combination with their
intrinsic biocompatibility and a polymerization technique,
which enables predictable and reproducible polymerization
results, these copolymer types emerge as model candidates for
biomedical applications. In this study, we took advantage of the

38556 | RSC Adv, 2021, 1, 38555-38564
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allylic groups introduced through DAIVP and explored a variety
of organic transformations of unsaturated carbon-carbon
bonds in form of polymer-analogous reactions with statistical
P(DEVP-co-DAIVP). Starting with basic transformations (bromi-
nation, epoxidation, thiol-ene click chemistry), consecutive
reactions were performed to investigate the accessibility of the
newly introduced, reactive groups and advanced to more
complex polymeric structures. Moreover, unreacted allyl groups
were converted via thiol-ene reactions to form dual-
functionalized polymers and mimic the basic architecture of
polymer-drug conjugates.

Experimental section
Materials and methods

General. All reactions with air- and moisture-sensitive
substances were carried out under an argon atmosphere using
standard Schlenk techniques or in a glovebox. Prior to use, all
glassware was heat dried under a vacuum. Unless otherwise
stated, all chemicals were purchased from Sigma-Aldrich, ABCR,
or TCI Europe and used without further purification. Toluene,
THF and DCM were dried using a MBraun SPS-800 solvent
purification system and stored over 3 A molecular sieves. The
precursor complexes Y(CH,Si(CHs);)3(THF), and LiCH,TMS
and the catalyst Cp,Y(CH,TMS)(THF) were prepared according
to procedures found in the literature.** Diethyl vinyl-
phosphonate (DEVP) was synthesized according to procedures
from the literature, dried over calcium hydride, and distilled
prior to use.”* Likewise, diallyl vinylphosphonate (DAIVP) was
prepared according to a published procedure.****

Nuclear magnetic resonance spectroscopy. NMR spectra
were recorded on a Bruker AV-400HD and an AVIII-500 Cryo
spectrometer. "H- and "*C-NMR spectroscopic chemical shifts
6 were reported in ppm relative to the residual proton signal of
the solvent. 6 (*H) was calibrated to the residual proton signal,
and 6 (**C) to the carbon signal of the solvent. Unless otherwise
stated, coupling constants J were averaged values and refer to
couplings between two protons. All deuterated solvents (Cg¢Ds,
MeOD-d,) were obtained from Sigma-Aldrich. For the analysis
of C-H bond activation products, CsDs was dried and stored
over 3 A molecular sieves in a glovebox. DOSY-NMR measure-
ments were performed for the characterization of polymer
conjugates.

Elemental analysis. Elemental analyses were measured on
a Vario EL (Elementar) at the Laboratory for Microanalysis of
the Institute of Inorganic Chemistry at the Technical University
of Munich.

Infrared spectroscopy. FTIR spectra were recorded with
a Vertex 70 FTIR (Bruker) using a Platinum ATR from Bruker.

UV/Vis spectroscopy. UV/Vis spectra were recorded on a Var-
ian Cary 50 UV/Vis spectrophotometer in 40 mm x 10 mm X
2 mm quartz glass cuvettes. Methanol (HPLC grade) was used as
solvent.

Dialysis. Purification via dialysis was performed with
Spectra/Por 1 dialysis membranes (regenerated cellulose) with
a molecular weight cut-off (MWCO) of 6-8 kDa (Spectrumlabs).
Prior to use the membranes were treated with deionized water

© 2021 The Author(s). Published by the Royal Society of Chemistry
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over night and then rinsed with deionized water. A 100 : 1 ratio
of a dialysis fluid to sample volume was applied. Specific
solvents used as dialysis fluid were given for the corresponding
procedures.

Molecular weight distribution. Gel permeation chromatog-
raphy was performed with samples of 5 mg mL ™" on a combi-
nation of a Shimadzu LC-10ADVP with a DGU-3A as degasser
(Shimadzu) and a column thermostat CTO-10A (Shimadzu)
equipped with two PL Polargel-M columns (Agilent). The eluent
used was a mixture of 50% THF and 50% water, treated with
tetrabutylammonium bromide (TBAB) (9 gL '),and 340 mg L'
3,5-di-tert-butyl-4-hydroxytoluene (BHT) as a stabilizing agent.
The samples were analyzed via multiangle light scattering
(MALS) using a Wyatt Dawn Heleos II in combination with
a Wyatt Optilab rEX as RI detector unit.

Main synthetic procedures

Synthesis of P(DEVP-co-DAIVP) P1. A solution of sym-colli-
dine (73.8 mg, 609 umol, 1.00 equiv.) in absolute toluene (5.00
mL) was added to a solution of Cp,Y(CH,TMS)(THF) (23.1 mg,
60.9 umol, 1.00 equiv.) in absolute toluene (5.00 mL), resulting
in the instant yellow coloration of the reaction mixture. After
stirring at room temperature overnight, full conversion was
verified by proton NMR, and the mixture was diluted with
additional toluene (80.0 mL). A mixture of DEVP (9.00 g,
54.8 mmol, 90 equiv.) and DAIVP (1.15 g, 6.09 mmol, 10 equiv.)
in absolute toluene (5.00 mL) was then added to the solution in
one portion. After four hours, the completion of the polymeri-
zation was detected by *'P-NMR spectroscopy. The reaction was
quenched by the addition of MeOH (5 mL), and the polymer was
precipitated in pentane. The supernatant solvent was decanted
off, and the residual polymer was dissolved in water and freeze-
dried to yield the pure polymer as a colorless solid.

Procedure for the bromination of P1. Bromine (50.3 mg, 315
pmol, 3.00 equiv. per allyl group) was carefully added to
a solution of 100 mg of polymer P1 (12po1ymer = 5.00 pmol; nayy; =
105 pmol,” 1.00 equiv.) in methylene chloride (8.00 mL). After
two hours of stirring at room temperature, proton NMR showed
the full conversion of the allyl motifs. The brominated polymer
was precipitated in ice cold hexane and washed several times
with hexane to remove excess bromine.

General procedure for the epoxidation of P1 with OXONE. A
solution of P1 (100 mg, Nyolymer = 5.00 pmol; 74y = 105 pmol,
1.00 equiv.) in acetone (5.00 mL) was treated with sodium
bicarbonate (74.1 mg, 882 pmol, 8.40 equiv. per allyl group). A
solution of OXONE (220 mg, 357 pmol, 3.40 equiv. per allyl
group) in deionized water (5.00 mL) was added slowly to this
suspension. The suspension was stirred for 24 hours at room
temperature and the conversion was determined by '"H-NMR
(65%). The solids were filtrated off and the resulting polymer
solution was used for further transformations.

General procedure for the epoxidation of P1 with meta-
chloroperbenzoic (mCPBA). mCPBA (145 mg, 840 pmol, 8.00
equiv. per allyl group) was added to a solution of 100 mg of
polymer P1 (npolymer = 5.00 pmol; nay; = 105 pmol, 1.00 equiv.)
in methylene chloride (6.00 mL). This solution was stirred for 48
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hours at room temperature. The conversion (23%) of the allyl
groups was checked by proton NMR and excess mCPBA was
removed by filtration from the ice-cooled reaction mixture. The
solution was concentrated in vacuo to half its volume and used
without further purification for the consecutive modifications.

General procedure for the thermally induced thiol-ene click
reaction. The polymer was dissolved in tetrahydrofuran (10 mL
THF per 100 mg polymer) and treated with the respective thiol
(5.00 equiv. per allyl group) as well as catalytic amounts of
azobisisobutyronitrile (AIBN). The mixture was degassed via
repeated evacuation and filling with argon (20 iterations) and
stirred for 24 hours at 60 °C. After quantitative conversion of the
allyl motifs was confirmed by "H-NMR, volatiles were removed
under reduced pressure and the residue was dissolved in water.
The aqueous solution was purified by dialysis against water and
freeze dried to yield the functionalized substrates.

General procedure for the photochemically induced thiol-
ene click reaction. The polymer was dissolved in a mixture of
tetrahydrofuran and methanol (THF/MeOH = 5/1) (10 mL
solvent per 100 mg polymer) and was treated with the respective
thiol (5.00 equiv. per allyl group and catalytic amounts of 2,2-
dimethoxy-2-phenylacetophenone (DMPA) (0.1 equiv. per allyl
group). The mixture was degassed via repeated evacuation and
filling with argon (15 iterations) and irradiated (2 = 365 nm) for
18 hours. After quantitative conversion of the allyl motifs was
confirmed by 'H-NMR, the volatiles were removed under
reduced pressure and the residue was dissolved in water. The
aqueous solution was purified by dialysis against water and
freeze-dried to yield the functionalized substrates.

Results and discussion

Bromination and consecutive modifications of copolymer P1
The first modification route started with the bromination of the
allyl groups of P1 (M, xmr = 20.0 kg mol ™, npeyp : Rpawve =
10:1,°* P = 1.04) and was followed by a nucleophilic substi-

tution with NaNj3, to later facilitate an alkyne-azide click reac-
tion between the polymer and a model compound (Scheme 1).

Br

\—o(o of L

0=F0=P-Q  _ . Qo @ i = ? @
| e H\—\\ ¢ B — =
Al
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Scheme 1 Transformation of polyvinylphosphonate P1 to the click
adduct P4 via bromination and conversion to the azide. Reaction
conditions: (a) Br,, RT, 2 h [DCM], (b) NaNs, NH,Cl, 50 °C, 24 h [DCM/
DMEF], (c) phenylacetylene (1), CuSO4-H,O (cat.), Na ascorbate, RT, 18 h
[THF/H,OI.
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In the present case copolymer P1 was treated with bromine and
the reaction was monitored by "H-NMR spectroscopy. After only
two hours full conversion of the allyl groups was observed via
'H-NMR, since the signals of the allyl groups between 4.50 and
6.20 ppm fully disappeared (Fig. 1, left). A comparison of the
integral ratios verified the integrity of P2. The section from 1.15
to 2.91 ppm (polymer backbone and POCH,CH;) was normal-
ized to a value of 7 = 1036 (P1: I = 1036). Hence, an integral of
547 was determined for the section between 3.44 and 4.79 ppm
(POCH,, CHBr and CH,Br). This value is equivalent to the
integral of P1 between 4.50 and 6.20 ppm (I = 543). In addition
to the polymer-related bands, an absorption band was found at
594 cm ™' (C-Br stretching mode) in the FTIR spectrum (Fig. 1,
right). Moreover, analysis via GPC-MALS confirmed a defined
copolymer with a narrow polydispersity (M,nur = 23.4 kg
mol ', b = 1.02). P2 was then reacted with NaNj; in the presence
of NH,Cl at 50 °C for 18 hours (Scheme 1) and dialyzed against
water. A qualitative analysis done by IR spectroscopy provided
evidence for the presence of the azide group at 2111 cm ™' (N=
N=N stretching mode) (Fig. S8t). Approximately 53% of the
bromide groups were converted during the substitution reac-
tion. These newly introduced azide moieties were investigated
in the coupling of phenylacetylene (Scheme 1). Initially, the
coupling of phenylacetylene (1) to P3 was performed at 90 °C for
20 to avoid the use of a copper species as catalyst.>> Unfortu-
nately, the analysis of P4 done by diffusion ordered spectros-
copy (DOSY) revealed two distinct diffusion coefficients for the
copolymer and phenylacetylene (1). Consequently, the copper-
catalyzed click reaction was tested with model compound 1.
Here, the use of CuSO,4-H,O0 in the presence of sodium ascor-
bate presumably yielded the coupling product as a correspond-
ing DOSY spectrum of the crude product had shown. However,
the polymer remained insoluble in a variety of solvents after the
work-up, preventing further characterizations. This behavior
was explained with the high degree of aromaticity in the

Allylic signals

CHBr-CH,Br signal region
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polymer side chains reducing the flexibility of the polymer
chain by intra- and intermolecular interactions of the aromatic

groups.

Epoxidation and follow-up modifications of copolymer P1

Due to the inconveniences with the alkyne-azide click reactions
after the bromination of precursor P1, the synthetic strategy was
focused on the epoxidation of the allyl groups (Scheme 2).
Starting from the epoxide-containing polymer a variety of
consecutive reactions were performed, namely the ring-opening
of the epoxide motif with model nucleophilic reagents (amines,
alcohols) and the investigation of the alkyne-azide click reac-
tion after a ring-opening with sodium azide.

Epoxidation of the allyl motifs of P1. In a first attempt the
conversion of P1 was tested with hydrogen peroxide and cata-
lytic amounts of 2,2,2-trifluoroacetophenone.>® However, no
consumption of the allyl groups was observed using these
reagents. The epoxidation with OXONE as oxidizing agent in
water and acetone turned out to be successful. In the corre-
sponding 'H-NMR spectrum of P5a, new signals at 2.71
(epoxide), 2.84 (epoxide), 3.94 (POCH), and 4.48 ppm (POCH)
corroborated the phosphonate-bound epoxide groups (Fig. 2,
green). In comparison to precursor P1 (Fig. 2, blue) the signal
intensities of the allyl groups were clearly reduced and exhibited
a conversion of 65% after comparison of the integrals before
and after the reaction. However, dialysis against water and
lyophilization resulted in an insoluble solid. Presumably,
a cross-linking process was initiated via the epoxide groups
during work-up. Therefore, the reaction media containing the in
situ generated epoxides were directly used in the consecutive
reactions after filtration. Due to the limitation to water/acetone
as solvent, the epoxidation of P1 was also investigated in the
presence of meta-chloroperbenzoic acid (mCPBA) as oxidizing
agent. The reaction was performed in DCM over a period of two
days. Solid side products were then removed by filtration from
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Fig.1 Left: Comparison of the "H-NMR spectra before (blue) and after (orange) the bromination reaction measured in MeOD-d.. Right: Section

of the IR spectra of P1 (blue) and P2 (orange).
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Scheme 2 Top: Epoxidation of P1 to P5a—b: (a) OXONE, NaHCOs, RT,
24 h [H,O/acetonel], (b) mCPBA, RT, 48 h [DCM]. Middle: Ring-opening
of the OXONE-derived substrate P5a to P6a—c with phenol (2), ben-
zylamine (3) or 4-amino-2,1,3-benzothiadiazol (4). Reaction condi-
tions: (a) 2, NaOH, 50 °C, 24 h [H,O/acetone], (b) 3, 50 °C, 24 h [H,O/
acetonel], (c) 4, 50 °C, 24 h [H,O/acetone]. Bottom: Ring-opening of
P5b with NaN3z and subsequent CuAAC to click adductP8. Reaction
conditions: (a) NaNz, NH4Cl, 50 °C, 24 h [DCM/DMF], (b) 1,90 °C, 21 h
[Toll.

i P1P(DEVP-co-DANP)

Epoxide POCH,

Fig. 2 Comparison of the significant shift regions of polymer P1 after
epoxidation with OXONE (P5a, green) or mCPBA (P5b, orange).

an ice-cooled solution. A comparative analysis of the oxidized
substrate with the precursor P1 by means of 'H-NMR spec-
troscopy showed a consumption of the allyl groups and the
occurrence of the epoxide-related signals at 2.68, 2.81, 4.01 and
4.49 ppm (Fig. 2, orange). Compared to the conversion with
OXONE the reaction with mCPBA was less efficient and reached
a conversion of 23% with respect to the corresponding amount
of allyl groups. The low conversion might be a result of the
presence of random coils in solution which can hinder the
oxidant from reaching the allyl groups. Moreover, mCPBA might

© 2021 The Author(s). Published by the Royal Society of Chemistry
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be sterically repulsed from the polymer chains due to its bulk-
iness of the rigid aromatic framework.

Ring-opening of the epoxide motifs. The OXONE-derived
derivative of P1 was applied in the nucleophilic ring-opening
with phenol (2), benzylamine (3), and 4-amino-2,1,3-
benzothiadiazol (4) (Scheme 2, middle) as test substrates.
Phenol was reacted with the polyvinylphosphonate-bound
epoxide in the presence of sodium hydroxide using the solu-
tion with the in situ-generated epoxides (vide supra). "H-NMR
spectroscopy confirmed the vanishing of the epoxide-related
signals, while the phenyl group was able to be assigned to the
signals at 6.93 and 7.26 ppm (Fig. 3, blue). According to NMR
34% of the allyl groups are functionalized with phenyl ethers.
DOSY-NMR further corroborated the presence of one species
exclusively since the aromatic and the phosphonate signals
(1.36 and 4.18 ppm) shared the same diffusion coefficient (D =
4.94 x 1077 ecm” s~ '; Fig. $13t). In addition, two absorption
bands at 1497 and 1600 cm ' (C=C bending mode) corrobo-
rated the presence of the aromatic groups (Fig. 3, right;
Fig. S147). Likewise, benzylamine (3) was coupled to the epox-
idized polyvinylphosphonate. The crude solution of the epoxi-
dized copolymer P1 was treated with the amine and stirred for
24 hours at 50 °C. "H-NMR confirmed the complete conversion
of the epoxide groups and revealed the methylene at 3.65 ppm
as well as the benzylic motif between 7.07 and 7.77 ppm (Fig. 3,
green) which again shared the same diffusion coefficient (D =
4.94 x 107 em® s ') as the phosphonate esters (Fig. S177).
According to a comparison of the integral values approximately
65% of the original allyl groups are bearing amine groups.
However, IR spectroscopy only showed a very weak shoulder at
1495 cm ™' that can be assigned to the §(C=C) mode (Fig. 3,
green). In a similar fashion, dye 4 was conjugated to the poly-
vinylphosphonate. Here, too, the signals of the aromatic
framework (6.63, 7.20, 7.41 ppm) could be assigned in the 'H-
NMR spectrum (Fig. S20t) with 26% of the allyl groups being
conjugated to 4. The corresponding DOSY spectrum confirmed
a covalent conjugation of the dye to the phosphonate frame-
work (D = 1.13 x 10 ® em® s ', Fig. S21%). A decisive IR band at
1556 cm™ ' was able to be assigned to C=N vibrations. More-
over, UV/Vis measurements featured changes in the absorption
behavior of 4-amino-2,1,3-benzothiadiazol (4) since the
absorption maximum shifted from 413 nm (free dye) to 422 nm
(polymer conjugate). The bathochromic shift can be a result of
the interaction of the aromatic motifs due to their spatial
proximity, hydrogen bonding between the benzothiadiazole
and the newly generated hydroxyl groups, as well as a polarity
change of the surrounding environment upon conjugation.*>*
The introduction of the azide groups was performed with the
crude solution containing the copolymer epoxidized by mCPBA.
Similarly, sodium azide was dissolved in DMF and added to the
epoxide-containing solution. The mixture was stirred at 50 °C
for 24 hours (Scheme 2). As proven by "H-NMR spectroscopy the
characteristic epoxide signals (compare Fig. 2) vanished during
the reaction indicating a quantitative conversion. Analysis by IR
supported the success of the reaction by revealing the stretching
mode of the azide at 2109 em ™' (Fig. 4). This transformation
was followed by the copper-free alkyne-azide coupling with
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Fig. 3 Left: Comparison of the H-NMR spectra of the conjugation products P6a (blue), P6b (green), and P6éc (orange) in MeOD-d.. Exact
integral values can be found in the ESIt for each reaction. Right: Zoomed-in view of the IR spectra of the conjugation products P6a (blue), P6b
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Fig. 4 Comparison of the 'H-NMR spectra recorded in MeOD-d, of
P7 (green) and P8 (orange) and corresponding region of the DOSY-
NMR of P8. Top left: IR section of the azide vibration before and after
azide—alkyne reaction.

phenylacetylene (1) at 90 °C. In contrast to the analogue reac-
tion with copolymer P3 "H-NMR revealed a successful coupling
to P7. Two new signal groups emerged between 7.28 and
7.68 ppm corresponding to the triazole motif (49% of all allyl
groups). Again, DOSY corroborated a covalent incorporation of
aromatic compound 1 since it shared the same diffusion coef-
ficient as the signals of the polyvinylphosphonate (Fig. 4).

38560 | RSC Adv, 2021, 11, 38555-38564

Synthesis of dual-functionalized copolymers. As presented,
approximately 35% of the allyl groups remained unreacted after
treatment with OXONE and 77% after using mCBPBA. These free
allyl groups are easily accessible by mercaptans through the
efficient thiol-ene click chemistry. This reaction enabled the
introduction of additional functionalities and an imitation of
the basic framework of polymer-drug conjugates. Therefore,
polymers P6b (benzylamine side groups) and P8 (alkyne-azide
coupling adduct) were reacted with thiocholesterol (5) (Scheme
3). All modifications were carried out under irradiation of UV
light with a wavelength of 365 nm, since light-mediated thiol-
ene reactions are known to be more efficient than their
temperature-induced equivalents.®® The modifications of P6b
were performed in a mixture of tetrahydrofuran and methanol
with 2,2-dimethoxy-2-phenylacetophenone (DMPA). A compar-
ison of the 'H-NMR spectra of P6b and the functionalized P9
provided evidence for the conversion of the remaining allyl

R1I‘2 R1I‘2
. Hoj) f . Hoj) /‘/\ & Chol
(o] (o) (o) (o] O (o)
SLLN e |
P6b or P8 P9 or P10
1= N Ph
R H
P6b or P9
Chol =
re= NN)—Ph
N=N
P8 or P10 HS

Scheme 3 Formation of the dual-functionalized polymers P9andP10
with thiocholesterol (5) via thiol-ene chemistry. Reaction conditions:
5, DMPA, ; = 365 nm, RT, 18 h [THF/MeOH].
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groups (Fig. 5). A comparison of the aromatic motif and the
isolated methyl group of cholesterol at 0.72 ppm gave a func-
tionalization ratio of 77% (benzylamine) to 23% (cholesterol).
The same observation was made for the conversion of P8 with
thiocholesterol to P10 (Fig. 5). Moreover, DOSY measurements
confirm the incorporation of 5 in the polymer chain as the
cholesterol-related methyl groups between 0.80 and 1.20 ppm
shared the same diffusion level as the polymer signals (Fig. 5).
Similarly, a functionalization ratio of 75% (aromatic group) to
25% (cholesterol) was determined.

Introduction of acid-labile hydrazone linkages. In contrast to
the previous functionalization strategies, which ought to insert
the new, functional groups irreversibly, we also explored the
introduction of a reversible hydrazone motif. Due to its pH-
sensitivity, pharmaceutically active agents are frequently
linked via hydrazones, which allows the pH-triggered release of
the cargo from the conjugate. In this context, polyvinyl-
phosphonates appear to be promising candidates because
each phosphonate repeating unit carries two ester groups,
which potentially double the drug-payload compared to other
systems. Inspired by the work of Zhong et al,*® 2-hydrox-
yacetophenone (7) was conjugated to the polymer side chains in
a three-step process (Scheme 4). In the first reaction methyl
thioglycolate (6) was conjugated to P1 by a thiol-ene click
reaction to yield P11, which was followed by the conversion to
the respective hydrazide P12. In a last step, the formation of the
hydrazone was studied with ketone 7 (Scheme 4). As visible in
the corresponding 'H-NMR spectrum, the allyl groups of P1
between 4.50 and 6.20 ppm were consumed, while new signals
appeared at 2.04 and 2.79 ppm (CH, groups adjacent to the
thioether bridge) as well as at 3.71 ppm (methyl ester) (Fig. 6A,
green). Analysis by DOSY confirmed the presence of one single
polymeric species (Fig. S387). The corresponding IR spectrum
corroborates a successful thiol-ene reaction. Compared to the
spectrum of P1, which exhibits the characteristic absorption
bands at 1016 and 1045 cm ' (P-O stretching mode) and
1223 em ' (P=O0 stretching mode),***> most decisive is the
band at 1736 cm ' that represents the C=0 stretching mode of

POCH;

11 (0 Contient)

1y 7 . % T 3 H 1 : T & 3 : 3 H v

Fig. 5 Respective section of the *H- and DOSY-NMR of P6b (green)
and P8 (orange) after conversion with thiocholesterol (5) recorded in
MeOD-d,.
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Scheme 4 Transformation of polyvinylphosphonate P1 to the hydra-
zine-bearing adduct P13 via a thiol-ene click reaction. Reaction
conditions: (a) methyl thioglycolate (6), AIBN, 60 °C, 18 h [THF], (b)
H4N5-H,0, reflux, 16 h [THF], (c) 2-hydroxyacetophenone (7), 4 A
molecular sieves, RT, 24 h [DMF].

the newly introduced ester (Fig. 6B, green). The addition of
hydrazine enabled the conversion of the methyl ester to the
respective hydrazide. In the corresponding proton NMR, the
signal at 3.71 ppm vanished completely, while the signal
structure of the polymer backbone remained untouched
(Fig. 6A, orange). DOSY measurements were performed to

P11 after thiok-ene click

B)

Transmittance /a.u.

——P1 P(DEVP-co-DAIVP)
—— P11 (With methyl thioglycolate)
\—— P12 (Hydrazide)

T T T T
2500 2000 1500 1000

Wavenumber /cm"'

T T
4000 3500 3000

Fig. 6 H-NMR spectra in MeOD of polymer P1, after conversion with
6, and after conversion with H4N2-H,O (A). Respective IR spectra of
the polymeric species before and after the transformations (B).
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Fig.7 H-NMR spectrum of P13 in MeOD (A) and corresponding DOSY (B) as well as IR spectrum of P13 (C). UV/Vis spectra of the hydrazide P12
(100 puM with respect to the allyl groups), 2-hydroxyacetophenone (7) (S00 uM) and the hydrazone conjugate P13 (100 pM with respect to the

phenyl groups) in methanol (D).

further confirm the integrity of the polymer (Fig. S42t). The
related IR spectrum supports the conclusions made by NMR
analysis. The carbonyl-related stretching band shifted from
1736 cm ' to 1660 cm ' (Fig. 6B, orange), which can be
explained by the formation of an amide motif. Moreover, the
absorption at 3100 to 3600 cm ' is more pronounced, which
was accounted for by the N-H stretching mode of the hydrazide
motif. However, the O-H stretching mode must also be
considered, since the introduction of the polar hydrazides
might cause a higher water content after freeze-drying. The
hydrazone formation with 2-hydroxyacetophenone (7) revealed
a new signal pattern in the aromatic region between 6.86 and
8.20 ppm. In comparison to the free ketone 7, which shows
three defined multiplets at 7.54, 7.65 and 7.98 ppm (Fig. $45%),
a signal broadening can be observed for the phenyl signals
found in the "H-NMR spectrum of P13 (Fig. 7A). This concluded
the successful conjugation of 7 to the polymer, since the phenyl
groups are now statistically distributed along the polymer
chain. Again, the presence of a single polymeric species in the
respective DOSY spectrum clearly corroborated the successful
conjugation (Fig. 7B). A comparison of the integrals of the
phenyl signals (I = 62.0) and the phosphonate signal at
4.18 ppm (I = 502) resulted in a coupling efficiency of approx-
imately 60%. Alongside NMR analysis, FTIR measurements
revealed two bands at 1595 ecm ™" and 1680 cm ', which were
referred to the C=0 and C=N stretching modes, substantiated
the presence of the hydrazone motif (Fig. 7C).**** UV/Vis
measurements of P13 in methanolic solution confirmed

38562 | RSC Adv, 2021, N, 38555-38564

a peak at 300 nm, which was not observed for precursor P12
(Fig. 7D), and exhibits a bathochromic shift of approximately
20 nm compared to the peak of the free compound 7 at 280 nm.

Conclusions

In this study, we explored several synthetic routes to function-
alize statistical P(DEVP-co-DAIVP) selectively at the position of
the allyl groups. Three basic transformations (bromination,
epoxidation, and thiol-ene click chemistry) were selected to
insert reactive groups for the follow-up modifications. The
addition of bromine was found to proceed quantitatively and
was transferred into the azide with NaN;. However, solubility
issues rendered the conversion of these azides via CuAAC
problematic. The epoxidation of the olefines was possible using
OXONE and mCPBA. In the case of OXONE, a conversion of 65%
of the allyl groups was detected whereas the reaction with
mCPBA was limited to 23%. The OXONE-derived substrate P5a
was functionalized with phenol, benzylamine or dye 4. P5b was
reacted with NaNj; followed by the conjugation of 1 in a copper-
free azide-alkyne cyclization to form species P8. In all cases
DOSY-NMR confirmed a successful coupling of the model
substrates. Moreover, P6b and P8 were converted with thio-
cholesterol (5) and proved that the remaining allyl groups are
still accessible to form complex polymer-conjugates potentially
mimicking polymer-drug conjugates. This study was concluded
by the introduction of an acid-labile hydrazone motif. There-
fore, P1 was subsequently reacted with thiol 6 and hydrazine-
hydrate, which was monitored vie NMR and IR spectroscopy.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Eventually, NMR, IR, and UV/Vis spectroscopy corroborated the
successful formation of the hydrazone P13 from ketone 7.

Clearly, the polymer-bound allyl groups give access to a rich
functionalization chemistry. Combined with the power of the
REM-GTP, which allows the production of defined (co)polymers
with predictable compositions and architectures, and our
experience on their end-group modification, we established
a highly flexible and versatile synthetic toolbox for the genera-
tion of smart materials. In the future this toolbox allows even
more sophisticated conjugates which can comprise a variety of
functional agents and are precisely attuned to their intended
applications.
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6.3 Content

Copolymerization with poly(vinyl phosphonate)s provide a targeted approach to adjusting
polymer properties (Chapter 2.1.3). Additionally, incorporating functional groups into
monomers allows a high level of control over their location and number. This aspect is crucial
in producing liposome linkers (Chapter 2.3.1), making the development of new functionalized

monomers essential for achieving site-specific multiple functionalization.

Precision polymerization via REM-GTP was applied to selectively introduce allyl and propargyl
groups into poly(vinyl phosphonate)s, using their specific advantages. These functional groups
are adaptable anchors for the subsequent selective incorporation of various biological
substrates. To achieve this, poly(vinyl phosphonate)e monomers with compatible functional
side groups were selected, and they were paired with diethyl vinyl phosphonate (DEVP),
renowned for its heightened water solubility and excellent biocompatibility. The efforts resulted
in the synthesis of a,w-block copolymers, facilitating orthogonal functionalization through
azide-alkyne cycloaddition (AAC) followed by a thiol-ene click reaction. This method allowed
for the precise introduction of various model substrates at specific sites within the polymers.
The success of post-polymerization functionalization and sequential modification of propargyl
groups was confirmed using aromatic benzyl azide and the dye 3-azido-7-hydroxycoumarin.
Additionally, the functionalization of allyl groups with cysteamine was realized. In the context
of potential biomedical applications, the synthesis of polymer conjugates incorporating
cholesterol, a vital component of cell membranes, and folic acid, a targeting moiety known for
its specific binding to the folic acid receptor (FR-a), was explored. Notably, these conjugates
and a-allyl-w-propargyl-block-co-poly(vinyl phosphonate) demonstrated exceptional cell

viability.

70



Orthogonally Functionalization of Poly(vinyl phosphonate)s by Developing New Monomers

6.4 Manuscript

Hacromolecules

This article is licensed under CC-BY 40 @ (®

pubs.acs.org/Macromolecules

Cytocompatible Triblock Copolymers with Controlled
Microstructure Enabling Orthogonally Functionalized Bio-polymer
Conjugates

Kerstin Halama, Molly Tzu-Yu Lin, Andreas Schaffer, Marvin Foith, Friederike Adams,
and Bernhard Rieger*

‘ Cite This: Macromolecules 2024, 57, 1438-1447 E Read Online

ACCESS | [l Metrics & More | Article Recommendations | Q Supporting Information

ABSTRACT: a,w-Functionalized block copolymers create various AN
opportunities across myriads of applications such as linkers for oy, T N\= L X
targeted drug delivery systems. Combining them with the ! - g
exceptional properties of polyvinyl phosphonates, such as high Precision Polymerization
control over polymer architecture and biocompatibility, further N .

reinforces their benefits. This study focuses on synthesizing the a- U -
allyl-w-TMSpropargyl-block-co-polymer P(DAIVP-DEVP- > g
DPrTMSVP) by rare-earth metal-mediated group transfer

polymerization. The monomers involved in this process are - Yo 0 oo Q §)
functionalized diallyl vinyl phosphonate (DAIVP) and dipropargyl ., _ o o ! HARARARAA
vinyl phosphonate (DPrTMSVP), as well as hydrophilic diethyl WAL, Orthogonal Polymer Modification

vinyl phosphonate (DEVP), enabling the incorporation of diverse

functionalities into the polymer structure. Click chemistry,

including azide-alkyne cycloaddition (AAC) and thiol-ene reactions, facilitates specific and controlled modifications of polymer
side chains. Various model substrates, such as benzyl azide, 3-azido-7-hydroxycoumarin, and cysteamine, show the scope of these
modifications. The potential in (bio)medical applications is proven with the polymer—biomolecule conjugate a-cholesteryl-a-folate-
block-co-polyvinyl phosphonate, exhibiting remarkable biocompatibility. Our versatile approach also establishes a synthetic platform
for drug delivery systems, for instance, in targeted therapy.

1. INTRODUCTION Another option for equipping linear polymers with multi-

Precisely defined and highly functionalized polymers exhibit a functi.onal woits 15 wsing t.riblock copolym.ers uf the ABC type,
high potential in various applications, mcludmg biomedical allowing the incorporation of three different blocks with

administrations and delivery systems.'™ In addition to distinct functionalities and properties."” This structure
forming amphiphilic block copolymer-based systems such as provides a broad range of synthetic options for the sequential,
micelles and polymersomes, there is great interest in the orthogonal functionalization of the blocks with varying
surface modification of liposomes and polymersomes using functional groups and the potential to access self-assembled
specially designed polymer substrate conjugates.’ nanostructures. "> Achieving precise control over the

One extensively utilized polymer for these purposes is distribution and placement of functional moieties along the
poly(ethylene glycol) (PEG), which is well established as a macromolecular backbone offers the opportunity for well-
precursor for therapeutic agents and highly valuable in defined polymer conjugates through targeted orthogonal
designing targeted drug delivery systems. PEGylation, the modification.
covalent and noncovalent attachment of PEG to different “Click” chemistry, introduced by Sharpless and co-workers
biologically relevant motifs, offers several advantages, such as in 2001, shows a valuable concept for subsequent functional-

increasing half-life, reducmg immunology, improving solubility, ization of various polymeric materials.">'® It provides high
and enhancing stability.” PEG also plays a crucial role in site-

specific targetm% therapeutics and enables the modification of
nanoparticles.”'” Functionalized macromolecule conjugates
are often based on precursor polymers with (different)
functional end groups, including both homo (same functional
groups on both chain ends) and hetero bifunctional (different
functional moieties) systems achieved through initiator/
terminating agents or by postpolymerization approaches.' "'
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Figure 1. Sequential REM-GTP of DAIVP, DEVP, and DPrTMSVP with the CH-bond activated species of Cp,YCH,TMS(thf) at room
temperature (A). Comparison of "H NMR spectra (B) for P(DAIVP) P1, P(DAIVP-DEVP) P2, and P(DAIVP-DEVP-DPrTMSVP) P3. 'H NMR
signals of monomers DAIVP (blue), DEVP (green), and DPrTMSVP (orange) are highlighted.

regio- and stereoselectivity, excellent yields under mild reaction
conditions, and the possibility to obtain the final structure in
few simple steps in a high-yield and reasonable time scale.>"”
“Double click reactions” enable the orthogonal functionaliza-
tion of macromolecules by utilizing two chemically and
mechanistically different click reactions to ensure the targeted
modification of the polymer side chains."’~'? One promising
strategy is the combination of a thiol-ene click reaction and
azide-alkyne cycloaddition (AAC).

Polyvinyl phosphonates also provide a versatile platform for
functionalized polymers and enhance properties in new and
smart materials. These macromolecules possess notable
characteristics, including high biocompatibility,”’~** good
solubility in water, and a tunable lower critical solution
temperature (LCST).”* Moreover, the presence of two
functionalizable motifs per monomer unit allows doubling of
the attached molecules per repeating unit, resulting in a higher
loading capacity. Our group has successfully achieved well-
defined, high molecular-weight polyvinyl phosphonates via
living rare-earth metal-mediated group transfer polymerization
(REM-GTP).>*° This method enables excellent control over
the polymer microstructure in terms of copolymer composition
and the creation of block structures with various functional
monomers while maintaining a narrow polydispersity. Besides,
various modification options are available, including end-group
functionalization with different initiators functionalized with
azides, allyl groups, or other protected reactive groups.”*'™**
Moreover, modifying polymers through postpolymerization
functionalization or incorporating diverse functional monomer
units is feasible.*>*® Furthermore, amphiphilic block copoly-
mers containing polyvinyl phosphonates have been studied for
their micellar formation, loading and release behavior, and
modification options.””***’~** Postpolymerization functional-
ization also allows the attachment of different biologically
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active substrates to the polymer. The successful synthesis of a
polymer—biomolecule conjugate involving folic acid or
cholesterol has been achieved via thiol-ene click chemistry
on a vinyl-containing polymer end group, followed by
investigations on the localization of these polyvinyl phospho-
nate conjugates in HMEC-1 cells.”"*’

This study capitalizes on the advantages of precision
polymerization via REM-GTP for the selective introduction
of allyl and propargyl moieties into terpolymers, which serve as
flexible anchors for the selective incorporation of (biological)
substrates.” To this end, monomers containing functional
groups, such as diallyl vinyl phosphonate (DAIVP, 1) and di
trimethylsilyl propargyl vinyl phosphonate (DPrTMSVP, 3),
are chosen. By combining these monomers with diethyl vinyl
phosphonate (DEVP, 2), which contributes to the enhanced
water solubility of the final polymer structure, the block-co-
polyvinyl phosphonate P(DAIVP-DEVP-DPrTMSVP) P3 is
synthesized.

These a,w-block copolymers enable orthogonal functional-
ization through AAC followed by a thiol-ene click reaction,
opening the pathway for site-specific introduction of different
model substrates. The postpolymerization functionalization
and sequential modification of the propargyl groups containing
polyvinyl phosphonate P4 is tested using aromatic benzyl azide
and the dye 3-azido-7-hydroxycoumarin as model substrates.
Furthermore, the functionalization of the allyl groups with
cysteamine is confirmed. To advance toward a biological
application of these polymers, modification with cholesterol, an
essential compound of the cell membrane,*** and folic acid,
which specifically targets the folic-acid receptor (FR-a) and is
a well;kng)wn drug-delivery targeting group, are investi-
gated. "

https://doi.org/10.1021/acs.macromol.3c02238
Macromolecules 2024, 57, 1438—1447
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2. RESULTS AND DISCUSSION

2.1. Synthesis of a-Allyl-w-TMSpropargyl-block-co-
polyvinyl Phosphonate P(DAIVP-DEVP-DPrTMSVP). The
controlled incorporation of allyl and propargyl functionalized
monomers to form the hetero terpolymer is facilitated by the
living character of REM-GTP, allowing a sequential addition of
different monomers due to the constant coordination of the
growing polymer chain at the catalyst center. After quantitative
C—H bond activation of Cp,YCH,TMS(thf) with 2,4,6-
trimethylpyridine in toluene is confirmed via nuclear magnetic
resonance (NMR) spectroscopy, the initial monomer DAIVP is
introduced.”” A limited number of five monomer units is
employed to maintain the water solubility of the final polymer.
Consequently, the hydrophilic DEVP core is polymerized
before introducing the newly developed vinyl phosphonate
DPrTMSVP (Figure 1A). To avoid catalyst decomposition by
the acidic proton of the propargyl group upon polymerization,
the monomer is previously protected with a trimethylsilyl
(TMS) group. This enables the polymerization of a third short
polymer block, consisting of propargyl-functionalized vinyl
phosphonate 3, thereby introducing a second modification
handle and, finally, the synthesis of a-allyl-o-TMSpropargyl-
block-co-polymer P3.

To verify the block structure of polymer P3, the conversion
of each monomer is assessed via NMR after every polymer-
ization step (Figure 1B). The disappearance of the vinyl group
in the '"H NMR spectra and the absence of the monomer signal
in the P NMR spectra indicate complete monomer
conversion (Figure SS). This allows for the addition of the
following monomer. While the first monomers, DAIVP and
DEVP, exhibit living character and achieve full conversion, the
polymerization of DPrTMSVP does not proceed to full
conversion. It is assumed that although the polymerization is
the preferred reaction, the trimethylsilyl-1-proparyl side chain
of DPrTMSVP can also interact with the catalyst through C—
H activation at the CH,-position, thereby terminating the
polymerization process.48 Nonetheless, incorporating an
adequate amount of propargylic-modified monomer 3 into
the terpolymer P3 is possible. The 'H NMR spectra display
signals indicative of the allylic side groups in the range of 5.04
to 5.87 ppm (DAIVP), as well as the trimethylsilyl protecting
group at 0.13 ppm (DPrTMSVP). Furthermore, the CH,
group of the respective monomers in P3 can be observed at
408 (DEVP), 449 (DAIVP), and 4.79 ppm (DPrTMSVP),
enabling the precise determination of the exact monomer
composition.

By correlating the above signals with those from the
trimethylpyridine initiator, it becomes feasible to determine
the monomer composition of DAIVP/DEVP/DPrTMSVP =
5:110:2 through spectral analysis. Additionally, successful
polymerization toward P3 and the absence of homopolymers
are confirmed using diffusion-ordered NMR spectroscopy
(DOSY-NMR) (Figure S6). Furthermore, the determination
of the number-average molecular weight (M,) and narrow
polydispersity (PDI) for the polymers P2 and P3 is carried out
via size-exclusion chromatography multiangle light scattering
(SEC-MALS) (Figures S7 and S8). Dynamic light scattering
(DLS) determines that terpolymer P3 undergoes self-
aggregation into micelles due to the hydrophobic nature of
the trimethylsilyl group (Figure S$9). Comparing DLS
measurements between polymers P2 and P3 reveals that the
diblock copolymer P2 does not exhibit self-assembly behavior,
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whereas P3 forms micelles with an approximate size of 100 nm
(Figure 2B).
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Figure 2. Overview of deprotection of DPrTMSVP in terpolymer P3.
Conditions (A): (a) K,COj; rt, and overnight [MeOH]. DLS
measurements (B) of the polymers P2 (light blue), P3 (dark blue),
and P4 (orange) and the extract of the "H NMR spectra (C) of P3
and P4.

2.2. Deprotection. Before functionalization, the removal
of the trimethylsilyl group from the PDPrTMSVP block is
required to give access to the desired polymer—substrate
conjugates. For the deprotection of the propargyl groups, P3 is
dissolved in methanol, followed by the addition of potassium
carbonate. The reaction mixture is stirred at room temperature
overnight. The reaction demonstrates full conversion, as
confirmed by 'H NMR analysis, where the signals of the
TMS group at 0.13 ppm and the CH, group at 4.79 ppm
disappear entirely (Figures 2C and S10). The SEC-MALS
analysis of polymer P4 provides evidence that the polymer
backbone remains unaffected by the reaction conditions and is
fully preserved (Figure S13). The DLS measurements confirm
no micelle formation in polyvinyl phosphonate P4 (Figure
2B). To sum up, the results indicate the successful and
complete deprotection of the propargyl groups.

2.3. Orthogonal Functionalization of a-Allyl-w-prop-
argyl-block-co-polyvinyl Phosphonate. After successfully
synthesizing polyvinyl phosphonate P4 as an unmodified
polymer with well-defined quantities of functionalized
monomers, the subsequent step involves testing the orthogonal
functionalization of P4. To ensure the targeted introduction of
diverse substrates, modifying the propargyl groups through
AAC is beneficial before performing thiol-ene click reactions
on the allyl groups (Figure 3). This approach prevents
unwanted thiolyne click reactions between the propargyl
groups and the utilized thiols. To screen the AAC, benzyl azide
(4) is employed as a model substrate due to its distinct
aromatic signals in 'H NMR spectroscopy.

The modification of the alkyne groups of the polymer P4
through AAC is achieved via thermal activation following the
Huisgen method.”” The thermal activation approach success-
fully eliminates the need to deal with potential metal catalyst
contaminations, which would be particularly crucial for later

https://doi.org/10.1021/acs.macromol.3c02238
Macromolecules 2024, 57, 1438—1447
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Figure 3. Overview of the synthetic pathway of postpolymerization functionalization of polyvinyl phosphonate P4. (a) Benzyl azide (4), 110 °C,
overnight [DMF], (b) 3-azido-7-hydroxycoumarin (5), 110 °C, overnight [DMF], and (c) cysteine (6), ACPA, 70 °C, overnight [THF/MeOH].

biomedical applications. Consequently, the polymer and azide
derivative 4 are heated overnight to facilitate the reaction.
Upon purification, the '"H NMR spectrum reveals a signal
ranging from 7.24 to 7.69 ppm, indicating the presence of
aromatic protons from the conjugated benzylic group.
Furthermore, the effectiveness of the postpolymerization
functionalization can be assessed by the weak signal at 8.57
ppm, corresponding to the newly formed triazole (Figure S19).
However, due to the low proportion of substrate molecules
attached to the polymer and their weak signals, a quantitative
analysis of the reaction is not feasible. Nevertheless, the
confirmation of successful side-chain functionalization can be
inferred based on additional evidence from DOSY-NMR
experiments (Figure 4A). It can also be shown that modifying
the polymer by the method above did not lead to
decomposition of the parent block copolymer (Figures S20—
$22). Additionally, the cycloaddition of propargyl groups in
polyvinyl phosphonate is confirmed by coupling a water-
soluble azide-containing dye, specifically 3-azido-7-hydroxy-
coumarin (5). This verification is conducted under reaction
conditions identical to those of the previous Huisgen click
reaction with benzyl azide 4, and the resulting product is
purified via dialysis against water. The successful synthesis of
polyvinyl phosphonate P6 is demonstrated using '"H NMR
spectroscopy, wherein the spectrum exhibited aromatic signals
ranging from 6.62 to 7.79 ppm, as well as the newly formed
triazole signal around 8.47 ppm (Figure $23). Additionally, the
DOSY-NMR spectrum confirms the successful conjugation by
presenting identical diffusion coefficients for the signals
corresponding to the polymer and substrate S (Figure 4B).
Furthermore, the dye-functionalized polymer P6 is subjected
to absorption (Figure 4C) and fluorescence (Figure 4D)
spectroscopy. The absorption spectrum unveils an absorption
band at approximately 250 nm and another band at 320 nm,
which indicates the conjugate dye 5. The emission spectrum
exhibits a prominent fluorescence band at 490 nm.
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Collectively, these spectra provide further evidence supporting
the presence of the dye within the polymer. To conclude, the
functionalization of the propargyl group via Huisgen cyclo-
addition is achieved on the block copolymer backbone.

Following the introduction of substrates through azide-
alkyne cycloaddition, the allyl groups undergo targeted
modification by a second structural motif via the thiol-ene
click reaction. For this purpose, the amino acid L-cysteine (6)
is chosen as a thiol, which can also be used for coupling
different modified amino acid sequences and thus opens the
possibility of peptide functionalization of polyvinyl phospho-
nates.””*' For the modification, the radical reaction of
polyvinyl phosphonate PS and substrate 6 is initiated by the
water-soluble initiator 4,4'-azobis(4-cyanopentanoic acid)
(ACPA). In contrast to previous studies,® only 1.2 equiv of
cysteine is used for each allyl group present in the polymer to
prevent thiol-yne click side reactions with unreacted propargyl
groups. The success of the synthesis is determined by the
NMR analysis of the purified polymer after dialysis. In the 'H
NMR spectrum, the signals assigned to the allyl groups at 4.60,
5.46—5.20, and 6.01 ppm have disappeared completely,
suggesting quantitative conversion of the allyl groups (Figure
S10).

2.4. Application-Oriented Approach—a-Cholesteryl-
w-folate-block-co-polyvinyl Phosphonate. Drawing inspi-
ration from the successful end-group postpolymerization
functionalization of PDEVP with folic acid (FA) and
cholesterol and considering the diverse applications of PEG-
modified biomolecules, we synthesize an a-cholesteryl-w-
folate-block-co-polyvinyl phosphonate (Figure 5).>"** This
novel copolymer confirms the sequential functionalization
strategy based on orthogonal click reactions for the creation of
biologically active systems. In this context, coupling of folic
acid to the polymer through the radical thiol-ene click reaction
is not possible due to the role of FA as a free radical
scavenger.”* Alternatively, attachment of the folic acid

https://doi.org/10.1021/acs.macromol.3c02238
Macromolecules 2024, 57, 1438-1447
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Figure 4. DOSY-NMR spectra of polyvinyl phosphonate PS (A) and P6 (B). Polyvinyl phosphonate (blue) and substrates (orange) are
highlighted. UV—vis (C) and fluorescence (D) spectra of P6 (blue) and 3-azido-7-hydroxycoumarin (orange).

derivative to the polymer does not exhibit a modification of the
allyl groups with a second substrate in subsequent thiol-ene
click reactions due to the above-mentioned reasons.
Therefore, we initiated the functionalization process by
modifying the protected terpolymer P3 through a thiol-ene
click reaction with thiocholesterol (Chol-SH, 7). To prevent
thiol-ene click reactions with the propargyl groups present in
the polymer, we apply the protected terpolymer P3, in which
TMS groups still shield the mentioned functional groups.”* >’
Deprotection of these moieties is performed after functional-
ization of the allyl bonds. Additionally, we use only 0.9 equiv of
cholesterol 7 relative to the allylic groups in the polyvinyl
phosphonate during the thiol-ene click reaction. This approach
avoids excessive thiols that can react with the alkyne groups.
Moreover, a high degree of functionalization negatively affects
the solubility of the polymer—biomolecule conjugate and
hinders further applications. In the experiment, terpolymer P3
reacts with thiocholesterol in the presence of the photoinitiator
2,2-dimethoxy-2-phenylacetophenone (DMPA). 'H NMR
spectroscopy of polyvinyl phosphonate P8 demonstrates 75%
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conversion of the allylic side groups by comparing the
spectrum with polymer P3. This conversion is confirmed by
the decrease in signals corresponding to the allyl groups in the
range of 5.04 to 5.87 ppm and the prominent signals of the
cholesterol methyl groups from 0.81 to 0.99 ppm (Figure 6).

Additionally, DOSY-NMR investigations of polyvinyl
phosphonate P8 demonstrate that the cholesterol moiety, as
well as the polymer signals, exhibits the same diffusion
coefficient (Figure S38). The cholesterol-functionalized
polyvinyl phosphonate P8 is not soluble in water due to the
presence of two hydrophobic functionalized polymer chain
ends, namely, the TMS groups on one side and the lipophilic
cholesterol conjugates on the other.

Before the modification with folic acid, the propargyl groups
of the polymer P8 are subjected to deprotection of the TMS
groups, following the same procedure as that for polyvinyl
phosphonate P3. The complete conversion is confirmed for
polymer P9 via '"H NMR spectroscopy (Figure 6). Addition-
ally, the DLS analysis demonstrated that upon the removal of
the hydrophobic TMS groups, the polyvinyl phosphonate

https://doi.org/10.1021/acs.macromol.3c02238
Macromolecules 2024, 57, 1438—-1447
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Figure S. Overview of the synthetic pathway of orthogonal functionalization of terpolymer P3. (a) Thiocholesterol (7), DMPA, rt, A = 365 nm,

overnight [THF/MeOH], (b) K,COj, rt, overnight [MeOH], and (c) folic acid azide (8), 110 °C, overnight [DMF].

DAIVP DEVP backbone DEVP Chol

DPrTMSVP

Figure 6. Comparison of 'H NMR spectra of the polymers P3, P8, and P9. Monomers DAIVP (blue), DEVP (light green), DPrTMSVP (orange),

as well as cholesterol (dark green), are highlighted.

regained its amphiphilic nature, forming micelles. Notably, the block of the polymer (Figure S18). Following the deprotection
core of the micelles is constituted by the cholesterol-modified of the propargyl groups, azido folate 8 needs to be attached to
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Figure 7. UV—vis (A) and fluorescence (B) spectra of polyvinyl phosphonate P9 (dark blue), P10 (light blue), and folic acid (orange). Cell
viability (C) of MIO-M1 cells after 24 h with the polymers P3 (green), P4 (orange), P9 (dark blue), and P10 (light blue).

them in a manner orthogonal to the cholesterol moieties.
Considering the previously mentioned reasons, the terminally
initiated Huisgen cycloaddition is selected as the preferred
method and executes under the same reaction conditions as
those used for PS and P6. The synthesis of the azido-
functionalized folic acid derivative 8 follows an established
procedure described in the literature.”> After complete
purification of the polymer—biomolecule conjugate P10,
confirmation of the successful coupling of the folic acid is
achieved through meticulous 'H NMR analysis. In the
aromatic region of the NMR spectrum, distinct signals are
observed at chemical shifts between 6.64 and 8.37 ppm,
corresponding to characteristic resonances of folic acid. A
signal attributed to the triazole moiety formed during the
cycloaddition reaction is also identified at 7.56 ppm (Figure
$28). However, owing to the relatively low proportion of folic
acid within the polymer conjugate P10 and the significantly
reduced signal intensity of the functional groups in the NMR
spectrum, a quantitative analysis of the functionalization
degree is impossible. The covalent incorporation of the folic
acid derivative 8 into the polymer is further confirmed by
DOSY-NMR, as evidenced by its similar diffusion coefficient to
that of the polyvinyl phosphonate (Figure S$30). This
observation not only indicates successful integration but also
ensures the purity of the sample. Moreover, the polymer—
biomolecule conjugate P10 is analyzed using UV—vis and
fluorescence spectroscopy. The UV—vis spectrum revealed two
characteristic absorption bands in the range of 250—300 and
300—400 nm, corresponding to the 7—7* and n—7z* electronic
transitions, respectively, of the pterin and p-amino benzoyl acid
moieties of the folic acid (Figure 7A).>® Moreover, the
fluorescence spectra displayed an emission maximum at 465
nm, exhibiting a noticeable shift compared with the pure folic
acid (A, & 451 nm) (Figure 7B). Notably, the exclusively
cholesterol-functionalized polyvinyl phosphonate P9 shows no
signals in the fluorescence and UV—vis spectra. Furthermore,
DLS determines that the polymer is capable of self-assembly
and forms micelles with a cholesterol core (Figure $32).
Finally, the cytotoxicity of the unmodified polymers P3 and
P4, along with the cholesterol and folic acid-functionalized
polyvinyl phosphonates P9 and P10, is examined on cells. This
assessment stands as a crucial determinant for the potential
biomedical applications of these materials. Cell viability assays
are performed using a spontaneously immortalized human
Miiller cell line (MIO-M1) by exposing the cells to different
concentrations of the polymers (ranging from S to 1750 ug/
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mL) after 24 h. The resulting values of the assay are presented
in Figure 7C. Up to a 500 ug/mL concentration, a cell viability
of over 90% is observed for all polymers. Results show that
TMS-protected terpolymer P3 has a higher viability than
100%, but the cell viability decreases as the polymer
concentration increases. Upon deprotection, the resulting
polymer P(DAIVP-DEVP-DPrVP) P4 demonstrates a signifi-
cantly higher viability level of around 100% compared to P3,
indicating the absence of toxicity. The cell viability of the
cholesterol-functionalized polyvinyl phosphonate P9 remains
above 100% across the tested concentration range, indicating
high biocompatibility. However, the addition of folic acid
(P10) as an additional functionalized compound slightly
decreases the obtained viability values. From a concentration
of 1000 pug/mL onward, there is a noticeable decrease in the
cell viability across all polymers. This decline is observed to be
more dynamic in the case of polymers P4 and P10 compared
to P3 and P9. This can probably be attributed to the fact that
higher molecular masses lead to an increase in cell membrane
damage.”” Nevertheless, it is evident that both deprotection
from P3 to P4 and the functionalization of P9 with folic acid
to generate P10 leads to a marked reduction in the cell viability
in their respective cell tests (Figure S39). Preceding tests of
polyvinyl phosphonates yielded promising results, with cell
viability surpassing 50% in MTT assays.”' However, the recent
findings show that all four polymers exhibited a minimum of
78% cell viability following a 24 h treatment with a polymer
concentration of 1 mg/mL. This finding provides valuable
insights into subsequent cellular experiments. This further
emphasizes the positive potential of these materials for
biomedical applications. Additionally, a noteworthy observa-
tion emerges where data points surpassed 100%. These
instances are construed as compelling evidence showcasing
the favorable influence of the polymers on cell growth,
imparting an intriguing dimension to their potential utility in
the field of biomedicine. Overall, it can be concluded that all
evaluated polyvinyl phosphonates (P3, P4, P9, and P10)
display low toxicity. These findings suggest that these polymers
are promising platforms for biological and medical applica-
tions.

3. CONCLUSIONS

In summary, the presented study reports the successful
synthesis of a-allyl-w-TMSpropargyl-block-co-polyvinyl phos-
phonate P(DAIVP-DEVP-DPrTMSVP) P3, employing the
newly developed vinyl phosphonate DPrTMSVP via REM-
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GTP. The sequential polymerization of the terpolymer is
monitored via 'H- and *'P NMR spectroscopy, and the
targeted structure is confirmed via DOSY-NMR spectroscopy
as well as SEC-MALS. Additionally, the amphiphilic nature and
self-assembly of the block copolymer are studied via DLS,
revealing the formation of micelles of 100 nm size.

The modification of propargyl groups after quantitative
cleavage of the TMS groups via the Huisgen click reaction with
benzyl azide and 3-azido-7-hydroxy-coumarin is achieved and
qualitatively demonstrated (Figure 8) via 'H NMR spectros-

P(DAIVP-DEVP-DPrTMSVP) P3

THIOL-ENE

DEPROTECTION CLICK REACTION

a-cholesterol-TMSpropargy!

P(DAIVP-DEVP-DPrVP) P4 ohma s

AZIDE-ALKYNE

CYCLOADDITION DEPROTECTION

a-allyl-w-benzyl (coumarin)
polyvinylphosphonate P5 (P6)

THIOL-ENE
CLICK REACTION

AZIDE-ALKYNE
CYCLOADDITION

a-cysteine-w-benzyl

Polyvinylphosphonate P7

Figure 8. Schematic overview of synthesis cascades.

copy. The attachment of the fluorescent dye to the polymer is
further confirmed through UV—vis and fluorescence measure-
ments of polymer P6. Moreover, a subsequent thiol-ene click
reaction enabled almost quantitative conversion in functional-
izing the allyl groups with the amino acid cysteine, opening the
possibility of modifying the polymers with various peptide
sequences. As a proof of concept for the functionalization
approach using sequential, orthogonal click reactions on
polyvinyl phosphonates toward potential biomedical applica-
tions, the terpolymer P3 is modified through a thiol-ene click
reaction with cholesterol, converting 75% of the allyl bonds in
the polyvinyl phosphonate. Subsequent deprotection of the
propargyl groups allows for the attachment of folic acid via
AAC, which is confirmed through fluorescence and UV—vis
measurements. Notably, the lipophilic character of cholesterol
contributed to the formation of micelles in modified polymers
P9 and P10. Furthermore, unfunctionalized polymers P3 and
P4 and biologically functionalized polymers P9 and P10
exhibit no cytotoxic behavior. Therefore, the investigated
polyvinyl phosphonates exhibit essential fundamental charac-
teristics. On the one hand, there is potential for further
exploration through orthogonal modifications of a-allyl-w-
propargyl-block-co-polyvinyl phosphonate P4, allowing for the
incorporation of diverse targeting groups, dyes, peptides,
nucleobases, and other functionalities in various fields of
application. On the other hand, research efforts can be
dedicated to assess the suitability of the modified a-cholesteryl-
w-folate-block-co-polyvinyl phosphonate P10, for instance, as a
linker for liposome-based drug delivery systems, comParing its
performance with the well-established PEG variant.*
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7. Excursus I: Micellformation of New Block-co-Polymers

7.1 Polymerization

The previously mentioned terpolymers P(DAIVP-DEVP-DPrTMSVP) synthesis process
uncovered their capacity to form micelles. As a result, this behavior and the ensuing properties
should be further investigated in a supplementary project. To explore this, P(DEVP-co-
DPrTMSVP) block copolymers with varying monomer ratios are synthesized (Scheme 7.1).
The polymerization challenge arises from termination reactions during DPrTMSVP
polymerization due to the coordination of the monomer side chain to the catalyst, making the
precise formation of longer PDPrTMSVP blocks challenging.5® Consequently, the primary focus
centered on investigating the impact of DEVP block on micelle behavior, with monomer ratios
of DEVP-DPrTMSVP set at 50-10 (P6), 100-10 (P7), 200-10 (P8), and 400-10 (P9).
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Scheme 7.1: Polymerization of P(DEVP-b-DPrTMSVP) P6-P9.

The polymerization process starts by adding the appropriate quantity of DEVP to the sym-
collidine-activated catalyst Cp.Y(CH.TMS)(thf), followed by monitoring the complete
conversion of the first monomer block using proton and phosphorous NMR to validate the
subsequent block structure. After the polymerization with the respective quantity of
DPrTMSVP, the monomer ratio within the polymer is calculated using 'H and 3'P-NMR. This
determination relies on the signals derived from the CH., groups of the side chains of DEVP
(4.13 ppm) and DPrTMSVP (4.84 ppm). Additionally, confirming the presence of a copolymer
and the absence of homopolymers is achieved through DOSY-NMR. During the analysis of the
block copolymers using MALS-GPC, precise polymer molar masses, and a narrow
polydispersity are determined (refer to Table 7.1). Similar to previous examinations of
terpolymers, a bimodal distribution is observed, indicating the presence of micelles. However,
it is noteworthy that an increasing DEVP content in the polymer resulted in a shift in the ratio
of the two signals in favor of the associated monomer signal. This shift indicates a diminishing
tendency for micelle formation with a higher DEVP content, suggesting a reduction in the size

of the hydrophilic block.
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Table 7.1: Monomer feed, polymer composition, molecular weight, and £ of block copolymer substrates

Entry [DEVP])/[DPrTMSVP]  [DEVP]/[DPrTMSVP]? Mn,abs® pP
feed composition [kg/mol] [-]

P6 50:10 50:2 28.0 1.1
P7 100:10 100:7 40.8 1.1
P8 200:10 200:4 101.2 1.1
P9 400:10 400:2 253.0 1.1

2 ratio of DEVP to DPrTMSVP determined via *H-NMR Pabsolute molecular weight and polydispersity determined via SEC-GPC in THF:H,0 with
added TBAF, 40 °C, dn/dc = 0.0922 mL/g.

7.2 Characterization of Micelles

Upon a more detailed investigation into micelle properties, this hypothesis is confirmed. In
determining the critical micelle concentration (CMC) using nile red, an increasing DEVP
content in Polymers P6-P8 correlate with a higher CMC. However, for P9, the copolymer with
the highest hydrophilic component, determining a CMC is impossible, indicating the absence
of micelle formation due to insufficient amphiphilic character. This is also reflected in the
conducted DLS measurements (Table 7.2, Figure 1, left). For P9, only a diameter of 12.3 nm
is measured, indicating a tendency toward a polymer coil rather than a micelle structure.
Diameters ranging from 67.2 to 83.3 nm can be determined for polymers P6 to P7, suggesting
the presence of micelles. An interesting observation is that as the DEVP content increases,
resulting in larger polymer chains, the micelle radius decreases. In prior research involving
block copolymers using 2VP and DEVP, a consistent hydrodynamic micelle diameter is
observed despite maintaining an unchanged hydrophilic block size and varying DEVP chain
lengths.% 67 This suggests that the DEVP content does not exert a significant influence on the
size of the micelles. However, in this case, there is not just stability but also a decrease in
diameter by up to 9.00 nm. Due to this phenomenon and the notably wide distribution of micelle
sizes, additional transmission electron microscopy (TEM) measurements are conducted (Tabel
7.2, Figure 7.1, right). These reveal notably smaller micelle diameters, attributed to the drying
process during TEM sample preparation. Notably, unlike findings from DLS, micelle size
increases with higher DEVP content. This observation can be traced back to a detailed
examination of the TEM images, which indicates that P6 particularly tends to form road-shaped
and worm-like micelles. These variations in morphology are weighted differently across these
analysis methods, consequently influencing the statistical outcomes of each method differently.
Overall, it suggests that the tendency to form wormlike micelles diminishes with the larger
DEVP blocks. This not only explains the relatively larger diameter in P6 and the reduced
hydrodynamic diameter (from P6 to P8) in DLS measurements but also accounts for the
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decrease in polydispersity (in both analysis methods) with increased hydrophilic components.
During TEM measurements, no micelles are observed for polymer P9, confirming the

assumption that this polymer is also incapable of forming micelles.

Table 7.2: Critical micelle concentration, diameter, and polydispersity of the micelles

Entry cMmcC dpis PDIpis® drev® PDlrem®
[mg/mL] [nm] [%] [nm] [%]
P6 0.40 83.3 20.3 26.3 27.7
P7 0.41 74.9 15.6 55.8 25.9
P8 0.48 67.2 11.8 72.3 15.5
P9 - 12.3 9.0 - -

2measured by DLS in millipore water (c = 2.5 mg/mL). The micelle size is given as the average hydrodynamic diameter. ® analyzed by TEM in
millipore water (c = 0.5 mg/mL).
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Figure 7.1: Size distribution of P6 (dark blue), P7 (light blue), P8 (orange), and P9 (green) determined via DLS
measurements at a concentration of 2.5 mg/mL in water (left); histogram plot with a Gaussian regression fit (right).
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Figure 7.2: TEM images of P6, P7, P8 and P9. Scale bar = 200 nm.

In addition to characterizing the size and shape of the formed micelles, the thermoresponsive
behavior characteristic of polyvinyl phosphonates is investigated. This study reveals the
expected reversible thermoresponsive behavior and identified an increase in the cloud
temperature from 36 °C to 42 °C corresponding to the growing DEVP content in polymers P6-
P9 (Figure 7.3). This capacity allows the tailoring of the LCST of the polymers based on chain
length. Moreover, DLS measurements conducted within a 25 °C to 50 °C temperature range
validate the transferability of previously acquired temperature data to the micellar system. This
also proofs the reversibility of the polymers and the reformation of micelles upon falling below
the LCST. Additionally, the UV/vis-derived cloud temperatures are reflected, exhibiting minor
deviations compared to the cloud points derived from DLS analysis.
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Figure 7.3: Determination of cloud point (left) of poly(vinyl phosphonate)s P6 (dark blue), P7 (light blue), P8
(orange), and P9 (green) and temperature-dependent behavior of their micelles (right).
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Building upon the findings from the investigations into the thermoresponsive behavior of the
block copolymers, subsequent studies are conducted with P6-P8 to explore potential
applications in drug delivery systems (Figure 7.4). These studies involve loading micelles with
fluorescein and investigating the release of the dye over 48 hours at various temperatures:
room temperature, 37°C, 42°C, and 44°C. Generally, the highest release of fluorescein is
observed at a medium temperature of 44°C, closely followed by conditions at 42°C.
Comparatively, the release at 37°C and room temperature showed notably lower values, which
are quite similar. Polymer P6 demonstrates nearly complete release at 44°C and 42°C,
promising for drug delivery systems. However, substantial release is also observed at 37°C
and room temperature, indicating the need for further improvement. P7 and P8 show slightly
reduced releases at lower temperatures, but higher temperatures result in lower release rates.
Overall, a trend is evident where the release increases with the rise in medium temperature at
the selected measuring points. Nevertheless, no correlation is observed concerning the

polymer composition
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Figure 7.4: Cumulative fluorescein release from P6 (left top), P7 (left bottom), and P8 (right bottom) under
varying conditions.
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Besides exploring the release behavior, the biocompatibility of the polymers is assessed with
the spontaneously immortalized human Miiller cell line (MIO-M1) (Figure 7.5). The cells are
treated with varying polymer concentrations for 24 hours. Notably, all tested polymers
demonstrated cell viability exceeding 93% up to a concentration of 500 pg/mL, comparing with
the trends observed in the previously discussed terpolymers and affirming their performance.
However, a further increase in polymer concentration led to a significant reduction in cell
viability for all tested polymers. Specifically, P6 exhibits a viability of only 60% at 1000 pg/mL.
Comparing individual polymers, it is noted that P6, containing the highest percentage of
DPrTMSVP, exhibited markedly higher toxicity compared to P9, which has the lowest
DPrTMSVP content. P7 and P8 fall between these extremes, showing no distinct trend.
Generally, all polymers demonstrate promising biocompatibility. It is conjectured that the
toxicity of the polymers correlates with the proportion of DPrTMSVP, but this hypothesis
requires validation through further exploration of different polymer compositions and additional
cell tests.
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Figure 7.5: Analysis of the cell viability of Mdiller cell line (MIO-M1) as a function of increasing P6 (dark blue), P7
(light blue), P8 (orange), and P9 (green) polymer concentration.
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8. Excursus llI: Functionalization with Nucleobase
Derivates

Apart from investigating the self-assembly behavior of P(DEVP-co-DPrTMSVP) copolymers,
an additional examination of potential functionalization with nucleobases is conducted,

considering their potential for further promising biological applications.

8.1 Polymerization

As a model system, the statistical copolymer P(DEVP-co-DPrTMSVP)go10,stat P10, based on a
monomer ration DEVP: DPrTMSVP = 90:10, is selected to enhance accessibility to the
modifiable propargyl groups (Scheme 8.1, left). The polymerization is carried out and
characterized under nearly analogous conditions to the preceding block copolymers P6-P9.

The successful completion of the polymerization is validated using 'H, 3'P, and DOSY-NMR

spectroscopy.
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Scheme 8.1: Polymerization of statistical P(DEVP-b-DPrTMSVP)so10,stat P10, followed by deprotection of
propargyl groups gainig P11.

Before functionalizing the polymer P10 through AAC, it is necessary to deprotect the propargyl
groups (Scheme 8.1, right). To remove the TMS group, the polymer P10 is dissolved in
methanol and stirred overnight at room temperature with potassium carbonate, following the
deprotection methods previously mentioned. Quantitative deprotection is confirmed via 'H-
NMR analysis, where the signal attributed to the TMS group at 0.13 ppm and the CH, group at
4.79 ppm completely disappeared (Figure 8.1). Additionally, DOSY-NMR reveals that all
signals associated with the polymer exhibited identical diffusion coefficients, indicating intact

polymer chains and the absence of polymer degradation.
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Figure 8.1: Stacked 'H-NMRs of the statistical polyvinyl phosphonate before (P10) and after (P11) deprotection
with a close-up of the -CHz-groups region of the monomer side chains (blue) and the silyl region (orange).

8.2 Functionalization with Adenine and Thymine

Following this, the post-polymerization functionalization of the obtained model polymer
P(DEVP-co-DPrVP)sit P11 with adenine and thymine derivatives is investigated (Scheme 8.2).

The azide derivatives of the nucleobases essential for the AAC are synthesized analogously

in the literature. The modification through copper-catalyzed AAC (CuAAC) is initially compared
to the thermally activated Huisgen method. In CUAAC, Cu'™ sourced from copper sulfate is
reduced to the catalytically active Cul* via sodium ascorbate, while the Huisgen method

achieves reaction activation through an increase in temperature.
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Scheme 8.2: Conjugation of the adenine (blue)- and thymine (orange)-derivates to polymer P11.

The initial focus involves exploring the functionalization process of poly(vinyl phosphonate)

P11 using the adenine derivative 7. The success of the modification can be assessed through

analysis using "H-NMR spectroscopy (Figure 8.2). In this case, polymer P13, modified through



Excursus Il: Functionalization with Nucleobase Derivates

CuAAC, shows a signal at 8.29 ppm, while polymer P14, functionalized via the Huisgen
method, presents a signal at 8.30 ppm. These correspond to the aromatic protons of adenine
derivative 7, which are found at 8.14 ppm. Moreover, the broadening of the signal compared
to the uncoupled substance 7 indicates coordination of the nucleobase to the polymer.
Additionally, DOSY-NMR analysis shows that the signal attributed to azide 7 shares the same
diffusion coefficient with signals stemming from the poly(vinyl phosphonate), confirming the
binding of azide 7 to poly(vinyl phosphonate) P11. Both CuAAC and Huisgen reactions
demonstrated successful qualitative modification of the polymer, as evidenced by 'H- and
DOSY-NMR. However, due to the low intensity of these signals, the exact degree of
functionalization could not be determined, thereby hindering the comparison of different

reaction conditions using NMR analytics.

Nevertheless, the functionalization with the nucleobase thymine, complementary to adenine in
DNA, is qualitatively examined for both reactions, CUAAC (P14) and Huisgen methode (P15),
using "H-NMR. During this analysis, the presence of an aromatic signal at 7.25 ppm (P14)/
7.20 ppm (P15) is associated with the aromatic proton of thymine. Additionally, an observed
signal at 11.2 ppm (P14)/ 11.3 ppm (P15) corresponds to the acidic proton of the amide group.
Moreover, the shift and broadening of these signals compared to the utilized thymine
derivative 8 further support the successful post-polymerization functionalization via CuAAC
and Huisgen reactions. However, a quantitative assessment of the functionalization in this
reaction remains unfeasible. Additionally, in both cases, the coupling of thymine to the polymer

is demonstrated.
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Figure 8.2: Stacked 'H-NMRs of adenine (left)- and thymine (right) functionalization via CuACC (middle) and
Huisgen method (bottom) compared with the nucleobase substrate (top).
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To facilitate comparing different variations of the cycloaddition process, the detectability of
nucleobases is utilized through UV/vis spectroscopy (Figure 8.3). All purified, with adenine and
thymine functionalized, polymers, P12, P13, P14, and P15 are measured in methanol. The
adenine-functionalized polymers P12 and P13 exhibit an absorption band at approximately
260 nm, corresponding to adenine.'”® Additionally, the absorption around 210 nm indicates the
presence of 1,2,3-triazole formed during the cycloaddition, further confirming the successful
modification through AAC. A comparison between polymers P12 and P13 reveals a display of
a very similar intensity of absorption bands, suggesting a comparable effectiveness of both
cycloaddition reactions. Subsequently, the polymers functionalized with thymine, P14, and
P15, are also examined. At a wavelength of 262 nm, a distinct absorption band indicative of
thymine is observed."”” Considering the similar intensity of signals in both polymers, it suggests

a comparable degree of functionalization achieved by both methods.
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Figure 8.3: UV/vis spectra of adenine (P12, P13, left)- and thymine (P14, P15, right) functionalized polymers.
Comparison of the nucleobases (dark blue), the modification via CUAAC (orange) and Huisgen (green), as well as
the unfunctionalized polymer P11 (light blue).

The comparison between the CUAAC and Huisgen methods did not show a clear preference
because both approaches produced highly similar results. However, the tendency of copper to
coordinate with phosphonate groups complicates the purification of polymers and makes the
CuAAC variant challenging, especially in biomedical applications. Consequently, further
research efforts have prioritized the Huisgen method. To optimize it, analogous reactions are
conducted at various temperatures ranging from 90°C to 150°C. Different solvents are chosen

considering the temperatures applied and their boiling points.
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Table 8.1: Post-polymerization functionalization of P(DEVP-co-DPrVP) P11 with adenine 7 at different temperatures

Entry nucleobase solvent [01(-:]

P12 . H,0:DMSO 90
adenine 7 (2:5)

P16 adenine 7 DMF 130

P17 adenine 7 DMAc 150

The functionalization of the polymers is qualitatively confirmed for all modification approaches
by 'H and DOSY-NMR spectroscopy. However, analysis of the 3P NMR spectra revealed
significant observations. Treatment at 150°C (P17) results in the disappearance of the typical
polymer signal at 33.1 ppm, replaced by signals at 30.7 ppm and 22.5 ppm, indicating potential
polymer chain degradation. The newly formed signals can likely be attributed to the
degradation products of the previous compound. At 130°C (P16), additional signals at 29.3
ppm and 20.0 ppm are observed alongside the expected polymer signal, suggesting the
beginning degradation of the polymer chain, although with low signal intensity. Identifying the
precise nature of these degradation products necessitates further experimental investigation.
Interestingly, at 90°C, no supplementary signal is detected beyond the anticipated polymer
signal at 33.1 ppm, indicating an absence of polymer chain degradation under these conditions
(Figure 8.4).
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Figure 8.4: Cutout of 3'P-NMR spectra of adenine-functionalized poly(vinyl phosphinates) synthesized via Huisgen
at 90°C (P12), 130°C (P16) and 150°C (P17). Polymer (blue) and degradation products (orange) are highlighted.
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Nevertheless, UV/vis spectroscopy is utilized to examine the functionalized polymers. Polymer
P17 is disregarded due to the suspected degradation reaction. As polymer P16 exhibited only
a minor proportion of degradation reactions, it is nonetheless used for comparative analysis.
By comparing polymers P12 and P16 at equal concentrations, a relative assessment based
on the intensity of the absorption band is made possible. Initially, it is noted that both polymers
exhibited an absorption band at the anticipated wavelength of 260 nm (Figure 8.5). However,
a significantly higher intensity is observed at 130°C, suggesting a higher degree of
functionalization. This implies that the reaction at higher temperatures leads to better
functionalization, albeit limited in this case due to polymer chain degradation. Although further
investigation between 100°C and 120°C is essential for making clear statements, such studies

are not conducted as part of this research.
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Figure 8.5: UV/vis spectra of adenine functionalization via Huisgen method at 90°C (P12, orange) and 130 °C (P16,
blue).
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9. Summary and Outlook

Within the scope of this thesis, the previous achievements, such as the precise polymerization
of poly(vinyl phosphonate)s via REM-GTP and the already implemented modifications, were
utilized as a foundation to develop polymers with a broad potential for functionalization and
applications across various fields, particularly in the biomedical field.'8 27, 61, 62,67

One aspect involved the expansion of available end-groups for poly(vinyl phosphonate)s by
incorporating (protected) alkynes and azides. This, in conjunction with previously reported
functional groups such as double bonds, bipyridines, multifunctional pyridines, amines, and
thiols, resulted in a diverse spectrum of anchor points for subsequent linking reactions.4® 6364,
75 The quantitative in-situ activation and integration of initiators based on pyridine derivatives
enable the dependable attachment of functional groups. This type of modification is especially
relevant when only one linking site or specifically one substrate per polymer chain is required,
as is often the case for labeling or surface modifications. DEVP was chosen as the monomer
for polymerization screening. Future research endeavors could explore alternative alkyl vinyl
phosphonates, vinylpyridines, or IPOx as highly functional monomers. Strategic combinations
of these monomers in copolymers make it possible to selectively tune polymer properties in

alignment with the targeted objectives of developing advanced materials (Figure 9.1).
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Figure 9.1: Graphical overview of end-group functionalization in poly(vinyl phosphonates) within the scope of this
thesis and prospective approaches.
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In addition to incorporating diverse end groups, it is also possible to enhance functionalities
within the polymer chain by choosing suitable monomers. This approach was addressed by
Rieger et al. via the monomer DAIVP, a vinyl phosphonate with pending allyl groups.®’This
monomer was also applied in the context of this work, whereby the double bonds are
functionalized further through polymer-analogous reactions. This allowed the integration of
novel functionalities like azides after reactions like brominations, epoxidations, thiol-ene
reactions, subsequent nucleophilic substitutions, nucleophilic ring-openings, and hydrazone
formation. Moreover, various test substrates were coupled to the polymers through AAC,
further expanding the plaform via multifunctionalization. This serves as the foundation to create
new poly(vinyl phosphonate) conjugates. Subsequent investigations could explore the
polymeric materials with biologically active units, such as drugs, peptides, targeting groups, or
other active substrates attached to them. This, in turn, could help to develop polymer-drug

conjugates and subsequently application-oriented testing (Figure 9.2).
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Figure 9.2: Visual Representation of polymer-analogous reactions on P(DEVP-co-DAIVP)stt for expanding the
spectrum of polymer functionalization within the scope of this thesis.
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Especially concerning the targeted multifunctionalization of poly(vinyl phosphonate)s, this
study has achieved significant progress by introducing the new monomer DPrTMSVP. This
monomer features TMS-protected propargyl groups as side chains. With two available
monomers classes equipped with functional groups, it is possible to selectively introduce
functionalities into the terpolymer P(DAIVP-DEVP-DPrTMSVP). A thoughtful selection of these
functionalities enables subsequent orthogonal modification of poly(vinyl phosphonate)e
through AAC and thiol-ene click reactions with diverse test substrates. This once again
establish a concept for the precise multifunctionalization of phosphorus-containing polymers.
Furthermore, strategically attaching biologically active substrates, such as cholesterol and folic
acid, demonstrates the promising utility of the polymers. Their low toxicity further reinforces
their potential. In addition to further investigations regarding the applicability of these polymer
conjugates, for example, in liposomal drug delivery systems, there is the potential for extensive
variation of selected substrates over a wide range and testing in different combinations (Figure
9.3).
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Figure 9.3: Graphic summary of the polymerization of dual functionalized terpolymers and subsequent orthogonal
modification in the context of this thesis, as well as potential future approaches.
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Summary and Outlook

In summary, various pathways to integrate functional anchor points into poly(vinyl
phosphonates) were investigated. While the present study focused on end-group
functionalization, polymer-analogous reactions, and functionality in individual monomers, a
future approach could consolidate all achieved modification methods (Figure 9.4). This

comprehensive perspective could focus on biomedical applications like drug delivery systems.

POLYMER-ANALOGOUS ENDGROUP
REACTION FUNCTIONALIZATION

&

FUNCTIONALIZED ’

MONOMER

Figure 9.4: Graphical outlook for integration of the investigated modification options explored in this thesis into a
unified approach.
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1. GENERAL EXPERIMENTAL

All reactions and polymerizations with moisture and air-sensitive reactants were carried out in a
MBraun LabMaster120 glovebox filled with argon 4.6 from Westfalen or using standard Schlenk
techniques. All glassware was heat-dried prior to use. All chemicals were purchased from
Sigma-Aldrich, ABCR, or TCI Europe and used without further purification unless otherwise
stated. Dichloromethane, tetrahydrofuran, toluene, and pentane were dried using an MBraun
SPS-800 solvent purification system and stored over 3 A molecular sieve. Diethyl
vinylphosphonate was dried over CaH, for several days and distilled prior to use.
Y(CH,TMS);(thf)[ 1], the precursor catalyst Cp,Y(CH,TMS)(thf)[2], Cp,LuCH,TMS(thf)[2],
[(ONOO)'B“Y(CHzTMS)(thf)][3] and 4-chloro-2,6-dimethylpyridine[4] were prepared according

to literature procedures.

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV-400HD
spectrometer at 400 MHz (lH), 125 MHz (13C) and 162 MHz (31P). NMR spectroscopical shifts &
were reported in ppm relative to the residual proton or carbon signal of the deuterated solvent.
Deuterated solvents (CDCls, benzene-dg) were purchased from Sigma-Aldrich or Deutero and
dried over 3 A molecular sieves prior to use. Size-exclusion chromatography multi angle light
scattering (SEC-MALS) was used to determine molecular weights and polydispersity of the
polymers (¢ =2 mg/mL) with a Wyatt Dawn Heleos II MALS light scattering unit and a Wyatt
Optilab rEX 536 RI unit in THF:H,O = 1:1 (with 9 g/L tetra-n-butyl-ammonium bromide and
272 mg/L 2,6-di-tert-butyl-4-methylphenol added) as eluent at 40 °C on two Agilent PolarGel-M
columns; for absolute molecular weight (triple detection) determination of DEVP the refractive
index increment dn/dc = 0.0922 mL/g[5] was used. Lyophilization was performed on a VaCO
5-1I-D at a pressure of 2 mbar and -90 °C condenser temperature from either 1,4-dioxane or
benzene. Elemental analysis (EA) was performed by the Laboratory of Microanalytics at the
Institute of Inorganic Chemistry at the Technical University of Munich, Department of
Chemistry, Catalysis Research Center. Electronspray lonization Mass Spectrometry (ESI-
MS) was measured using a Thermo Fisher Scientific Exactive Plus Orbitrap in positive mode in
HPLC acetonitrile straight from the reaction mixture without quenching. Thermogravimetric
analysis (TGA) was measured inside a glovebox with argon atmosphere on a Netsch TG 209 F 1

Libra with a heating rate of 10 °C/min from 30-1000 °C under argon flow of 20 mL/min. Data
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analysis was performed using the Netzsch Proteus 6 software. Fourier-transformed infrared
spectroscopy (FT-IR) measurements were conducted on a nitrogen-cooled Bruker Vertex 70A
on an attenuated total reflection module. The measurement resolution was 4 cm™, transmission
mode, collected with Opus software. Gas chromatography mass spectrometry (GC-MS)
analysis is performed on an Agilent GC 7890B equipped with a MS 5977A (single quadrupole
mass detector), a 7693A Automatic Liquid Sampler and a G4513A Autoinjector. Separation is
done with a HP-5MS UI column (30 m length, 0.25 mm internal diameter, 0.25 pm film) in a
temperature range of 60-300 °C and the mass spectrometry was done using full scan in a mass
range of 40 to 500 amu. Interpretation of the recorded data is done using the MassHunter
software. Transmission electron microscopy (TEM) measurements were performed on a JEOL
JEM 1400 plus instrument at an acceleration voltage of 120 kV. Before analysis, the samples
were suspended in HPLC-grade ethanol and dispersed ultrasonically before being deposited on a
carbon-coated copper mesh. Raman spectra of pristine MWCNTSs and functionalized composites
were acquired using a Renishaw inVia Raman spectrometer with a Leica DM/LM microscope.
As excitation source a 622 nm (He) laser was used, the laser was focused on the surface using a
50x microscope objective. X-ray photoelectron spectra (XPS) were recorded on a Leybold-
Heraeus LHS 10 spectrometer using a non-monochromatized Al K, source (1486.7 eV). Samples
were pressed into cavities and measured as pellets. All spectra were recorded in an ultra-high
vacuum chamber at a pressure below 5x10™® mbar. The analyzer was operated at a constant pass
energy of 100 eV leading to an energy resolution with a full width at half-maximum (fwhm) of
~1.1 eV. High resolution-C s spectra were additionally acquired at a pass energy of 20 eV
leading to an energy resolution of ~0.8 eV. The energy scale of the MWCNT:PDEVP spectra
was corrected for sample charging by using the C 1s main component of the MWCNT assuming
the absence of charging in latter spectra. The energy scale of PDEVP;o was corrected
considering the P 2p core level of the MWCNT:PDEVP(, composite. The intensity of all spectra
was scaled to the total peak area of C Is. Core level spectra were deconvoluted by using Doniach

Sunjic functions after linear background subtraction.

126



Appendix

2. SYNTHESIS PROCEDURES

(TRIMETHYLSILYL)METHYL)LITHIUM

2.0 eq. lithium beads,
40 °C, 14 h, (pentane)

e sil Li”sil
| 89 % |
M =122.67 g/mol M = 94.16 g/mol

1.44 g (207 mmol, 3.35 eq.) lithium beads are added to a pressure Schlenk vessel and 70 mL of
dry pentane are added. Under vigorous stirring, 8.8 mL (7.73 g, 63.0 mmol, 1 eq.)
(chloromethyl)trimethylsilane are added and the suspension is heated to 35 °C. After 30 min the
flask is put in an ultrasonic bath for 10 min to remove the passivating layer around the lithium
beads. This procedure is repeated until a slight purple color appears. Afterwards the reaction
mixture is heated to 35 °C for 14 hours. The purple suspension is filtered, and the residue washed
with 3x15 mL hexane, the organic phases are combined, and the solvent is removed in vacuo.

5.27 g (56.0 mmol, 89%) ((Trimethylsilyl)methyl)lithium are obtained as white powder.

"H-NMR (400 MHz, C:Ds, 300 K): & (ppm) = -2.07 (s, 2H, CH>), 0.15 (s, 9H, Si(CHs)s).
BC-NMR (100 MHz, CsDs, 300K):  (ppm) = -4.67, 3.58.
»Si-NMR (80 MHz, CsDs, 300K): & (ppm) = -0.39.

4-AZIDO-2,6-DIMETHYLPYRIDINE"!

Ny 1) NoH,+H,0, 90 °C, 19 h, (EtOH) | M
| 1)NaNOy, 5% HClag), 0 °C, 30 min /
20%
Cl ° N3
C,HgCIN C7HgN4
M = 141.03 g/mol M = 148.07 g/mol

4-Chloro-2,6-dimethylpyridine (2.00 g, 14.1 mmol, 1.0 eq.) and a solution of 64% hydrazine-
hydrate in water (3.4 mL, 44.5 mmol, 3.2 eq.) were heated in 6 mL ethanol under reflux for
19 hours. The solvent was removed under reduced pressure and the resulting white solid was

dissolved in 35 mL 5% HCl.q). The solution was cooled to 0 °C in an ice-bath and a solution of
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sodium nitrite (1.46 g, 21.2 mmol, 1.5eq.) in 18 mL water was slowly added. The yellow

reaction solution was stirred at 0 °C for 30 min before adjusting an alkaline pH by addition of

solid potassium carbonate. 50 mL dichloromethane were added and the organic layer was

separated, the remaining aqueous phase is additionally extracted with 3x50 mL dichloromethane.

The combined organic phases were washed with 50 mL water and dried over sodium sulphate

before the solvent is removed in vacuo. Purification via column chromatography (gradient, 3%-

5%MeOH/DCM, silica as stationary phase) yielded 0.38 g (2.54 mmol, 18%) 4-azido-2,6-

dimethylpyridine as orange oil. Two combined experiments are dried together by filtration over

aluminum oxide in benzene-ds and a stock solution with 3.72 mg azide/10 pL C¢Dg is prepared

for further reactions.

"H-NMR (400 MHz, CDCI3, 300K): & (ppm) = 2.50 (s, 6H, CHs), 6.62 (s, 2H, Ha,).

TLC: R;=0.41 (5 vol% MeOH in DCM) [UV].

IR: ¥ (cm™) = 2150 (-N3)

GC-MS: tr = 12.1 min, m/z = 240.2 [2xMpyn3-2XN>, dimeric species].

EA: calc: C 56.74%, H 5.44%, N 37.81%.

found: C 56.97%, H 5.73%, N 35.85%.

Figure S1:

726C0CO

662

'H-NMR (400 MHz, CDCls, 300K) of 4-azido-2.6-dimethylpyridine.
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Figure S2: FT-IR spectrum of 4-azido-2,6-dimethylpyridine.
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3. C-H BOND ACTIVATION

The in-situ CH-bond activation of the methyl pyridine compound is monitored via kinetic
'H-NMR experiment in a J-Young NMR tube. 11.66 mg (0.0251 mmol, 1.0 eq.)
Cp.Lu(CH,TMS)thf are dissolved in 0.3 mL dry benzene-ds and 3.72 mg (0.0251 mmol, 1.0 eq.)
4-azido-2,6-dimethylpyridine in 0.3 mL dry benzene-dg are added at room temperature. 'H-NMR
spectra are measured immediately after addition, after 10 min and every 2 hours for 24 hours.
Subsequently the mixture is filtered to remove any decomposition products and an additional 'H-

NMR is measured.

_ _ d &> HC
‘ 1 Wion . N
l‘ M = %\CH

1
24 h, filtered

[2+2]-bond  activation .
= \S/ L
I
™ = Lu—
Hz(‘l—lll
1 N=
ll L \ /

4 h
N3
l rt, 24h, (CgDg)
A P 11 :
10 min L] 15 O H;C< N H,
=2 5 |
Lu'\— / £ =
5 Si—
. S T I N S | || 1 % \ N3
Cp,LUCH,TMS(thf) ]
75 713 6‘5 6‘0 515 5.0 ' 4t5 ' 4‘0 ' 35 3.0 2:5 ' 20 1.5 1.0 ' 0‘.5 0.0 ‘ -(]‘.5 -1.0 -1
&/ppm

Figure S3: in-Situ '"H-NMR (400 MHz, C6D6, 300 K) kinetic experiment of the CH-bond
activation of 4-azido-2,6-dimethylpyridine with Cp,Lu(CH,TMS)(thf) at room temperature.
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4. POLYMERIZATION PROCEDURE

N i i —
Lu 1eq. PyNs Lu—N_ )—Nj

%\ rt, 18 h, toluene % = |N

SiMe; in-situ N A

rt, 3h, toluene R

A\

R
o
e
o
\
63
o

In a screw-cap vial, 10.6 mg (22.8 umol, 1.0 eq.) Cp,Lu(CH,TMS)(thf) are dissolved in 5 mL
dry toluene and the corresponding amount of the prepared stock solution of 4-azido-2,6-
dimethylpyridine (50.2 pmol, 1.1 eq.) are added. The in-situ activation of the catalyst is
performed at room temperature over night before adding 374.6 mg (2.28 mmol, 100 eq.) diethyl
vinylphosphonate. The polymerization is stirred at room temperature for 3 hours before an
aliquot is withdrawn and the reaction is quenched by addition of wet methanol. The polymer is
precipitated from pentane, subject to centrifugation and the supernatant is decanted of. The
residual polymer is dissolved in 1,4-dioxane before being freeze-dried. The purified polymer is

analyzed using 'H/'P-NMR and SEC-MALS.

mmmmmmmm
mmmmmmmm

415
413
411

L
N

J S

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
5/ ppm

Figure S4: '"H-NMR (400 MHz, CDCls, 300 K) of PDEVP prepared with Cp,Lu(PyN3)(thf)
(Table 1, entry 2).
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Figure S5: SIP.NMR (162 MHz, CDCl3, 300K) of PDEVP prepared with Cp,Lu(PyNj3)(thf)
(Table 1, entry 2).

M, .ps = 36.7 kg/mol
D=1.17

light scattering response
refractive index response

— g
0 5 10 15 20 25 30 35
retention time / min

Figure S6: SEC-MALS of PDEVP prepared with Cp,Lu(PyNj3)(thf) (Table 1, entry 1).
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M, .bs = 86.7 kg/mol

D=1.24

light scattering response
refractive index response
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Figure S7: SEC-MALS of PDEVP prepared with Cp,Lu(PyNs)(thf) (Table 1, entry 2).

M, abs = 58.0 kg/mol

p=1.19

light scattering response
refractive index response

0 5 10 15 20 25 30 35
retention time / min

Figure S8: SEC-MALS of PDEVP prepared with Cp,Lu(PyN3)(thf) (Table 1, entry 3).
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M, .bs = 185 kg/mol

D=1.18

light scattering response
refractive index response
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Figure S9: SEC-MALS of PDEVP prepared with Cp,Lu(PyN3)(thf) (Table 1, entry 4).

M, .bs = 192 kg/mol
D=124
light scattering response
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S —
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Figure S10: SEC-MALS of PDEVP prepared with Cp,Lu(PyN;)(thf) (Table 1, entry 5)
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M, aps = 293 kg/mol
D=1.14
light scattering response

refractive index response
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Figure S11: SEC-MALS of PDEVP prepared with Cp,Lu(PyN3)(thf) (Table 1, entry 6).
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5. END-GROUP ANALYSIS

To determine the attachment of the pyridine initiator and ensure functionalization with the
desired azide moiety, oligomers of PDEVP are prepared as described for the polymerization with

5 equivalents of DEVP. 10 pL of the reaction mixture are withdrawn after 5 minutes and

V: [Mpzig + N X Mpgyp + KI'; n = 3-8

. -
0: [Mpzig"Mys + N X Mpgyp + Na] 5 n =4-8

V,n=5
n=4 5 8
2 n= _ V, n=
0 ang V,n=7 _
V I 0 V,n=8
'Al ‘.Ldl‘l‘“; Lpal L'llJAl". .' Al i o .Ll " ; i' a L! .
600 800 1000 1200 1400 160C

mass-charge ratio m/z

Figure S12: ESI-MS spectrum of short-chain PDEVP prepared with the catalyst Cp,Lu(PyN3)
showing a main series corresponding to [n X Mpgyp + Mpyn3 + K] (black) and a parallel series
corresponding to [n x MDEVP +Mpyns — M3 + Na]™ (blue) indicating successful attachment of
the azido-pyridine to the PDEVP chain.

dissolved in HPLC-grade acetonitrile (100 pg/mL) immediately before ESI-MS measurement.
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6. FUNCTIONALIZATION OF MWCNTS

N 3
_P~
P~0
2%

<

For the functionalization of the carbon nanotubes, 50 mg of MWCNTs are suspended in 25 mL

160 °C, 18 h, (N,N-DMF)

of N,N-dimethylformamide by ultra-sonification and afterwards the corresponding amount of
functionalized PDEVP (50 mg / 150 mg / 250 mg, based on desired wt%/wt% ratio) is added.
The mixture is stirred at 160 °C over night to facilitate the thermal nitrene formation and
subsequent [2+1] cycloaddition. The mixture is transferred into a centrifugation vial and
centrifuged for 5 min at 9000 rpm. The supernatant is decanted off and the black residue is
washed with N, N-dimethylformamide, ethanol and dichloromethane two times each. Afterwards,
the residue is dried under vacuum at 60 °C over night before being analyzed by

thermogravimetric analysis and elemental analysis.[6]

137



Appendix

pure MWCNTs

normalized intensity / a.u.
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Figure S13: Raman spectra of pristine MWCNTs without polymer (black) and after
functionalization with PDEVP(, (Table 2, entry 4 / Table 3, entry 2) in the range of 1000 —

1800 cm™ with the G band of sp>-hybridized carbon bonds of the MWCNTSs and D bands of sp°-
hybridized carbon bonds due to surface defects and functionalization.[7]
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Figure S14: XPS detail spectra of the C Is (left) and P 2p (right) core levels obtained from
pristine MWCNT, pure PDEVP and MWCNT:PDEVP o = 1:5 (Table 3, entry 3). The intensity
is scaled to the total C 1s peak area. Deconvolution of the C 1s core levels reveals that the
MWCNT:PDEVP spectrum is fully described by a superposition of both, the MWCNT and the
PDEVP spectra without adding further components.
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Supporting information of the addendum
Material and Methods
General consideration

Polymerizations with moisture and air-sensitive reactants were carried out in a MBraun
LabMaster120 glovebox filled with argon 4.6 from Westfalen or using standard Schlenk
techniques. All glassware was heat-dried prior to use. All chemicals were purchased from
Sigma-Aldrich, ABCR, or TCI Europe and used without further purification unless otherwise
stated. Dichloromethane, tetrahydrofuran, toluene, and pentane were dried using a MBraun
SPS-800 solvent purification system and stored over 3 A molecular sieve. Diethyl
vinylphosphonate (DEVP) and were synthesized according to literature procedures followed
by drying over CaH, for several days and distilled prior to use.'® LiCH,TMS, and

Cp2YCH,TMS(thf) were prepared according to literature procedures. 9. 180
Electronspray lonisation Mass Spectrometry (ESI-MS)

ESI-MS was measured using a Thermo Fisher Scientific Exactive Plus Orbitrap in positive mode in

HPLC acetonitrile straight from the reaction mixture without quenching.

Fluorescence spectroscopy

Fluorescence spectroscopy was performed on a Jasco (Jasco FP-8300, Spectra Manager
software 2.13). The concentration of polymers in methanol was determined to be 1.0 mg/mL.
Corresponding substrates were prepared in 0.5 mM solutions. Fluorescence spectroscopy was

performed on a Jasco (Jasco FP-8300, Spectra Manager software 2.13).

Lyophilization

The polymer samples subject to freeze-drying were dissolved in either ultrapure water or 1,4-
dioxane and frozen under constant rotation in liquid nitrogen. For lyophilisation, a VaCo 5-11-D
from Zirbus Technology GmbH was used, the pressure was adjusted to 2 mbar with a

condenser temperature of -90 °C.

Nuclear magnetic resonance spectroscopy (NMR)

Nuclear magnetic resonance spectra were recorded on a Bruker AVIIl 400 HD (400 MHz) or
an AVIII 500 cryo (500 MHz). Deuterated solvents were purchased (CDCI3z, benzene-d6) from
Sigma-Aldrich. Spectroscopic chemical shifts & are reported in ppm and calibrated to the

residual proton signals of the used solvents.

Size-exclusion chromatography multi-angle light scattering (SEC-MALS)

Molecular weights and polydispersity of the polymers (c = 2.5 mg/mL) were determined by

SEC-MALS using a Wyatt Dawn Heleos || MALS light scattering unit and a Wyatt Optilab rEX
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536 Rl unitin THF: H20 = 1:1 (with 9 g/L tetra-n-butyl-ammonium bromide and 272 mg/L 2,6-
di-tert-butyl-4-methylphenol added) as eluent at 40 °C on two Agilent PolarGel-M columns; for
absolute molecular weight (triple detection) determination of different polymers, the refractive

index increments dn/dc = 0.0922 mL/g was used.
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lodo-2,6-dimethylpyridine (2)

3.00g (21.2 mmol, 1.0 eq.) 4-chloro-2,6-dimethylpyridine and 19.1 g (127 mmol, 6.0 eq.)
sodium iodide were suspended in 50.0 mL acetonitrile. To this mixture, 2.27 mL (2.49 mg,
31.8 mmol, 1.5 eq.) acetyl chloride was added dropwise. The reaction mixture was stirred
overnight at 140 °C. Following this, aqueous solutions of K2CO3 (25.0 mL, 10.0 wt%), Na>SOs3
(25.0 mL, 5.00 wt%), and Na>S203 (20.0 mL, concentrated solution) were added to the cold
suspension. Ethyl acetate was added until phase separation could be occurred. After extracting
the aqueous phase with ethyl acetate twice, the combined organic phases were dried over
Na>SO., and the solvent was removed in vacuo. Purification was achieved through sublimation
with dry ice cooling (33.0 °C, p = 0.1 x 102 mbar), yielding in 2.26 g (9.69 mmol, 45%) 4-iodo-
2,6-dimethylpyridine as a white solid.

H-NMR (500 MHz, CDCls, 300 K): & (ppm) = 7.38 (s, 2H, Ha), 2.47 (s, 6H, CHs).
13C-NMR (101 MHz, CDCls, 300 K): & (ppm) = 159.0 (s), 129.9 (s), 106.8 (s), 24.4 (s).
EA: calculated:  C 36.08%, H 3.46%, N 6.01%, | 54.45%.

found: C 36.27%, H 3.33%, N 6.07%, | 54.04%.

The analytical data match those reported in the literature.*
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2,6-Dimethyl-4-((Trimethylsilyl)ethynyl)pyridine (3)

TMS
1.99 g (8.53 mmol, 1.00 eq.) 4-lodo-2,6-dimethylpyridine and 120 mg (16.3 mmol, 0.02 eq.)

bis(tri-phenylphosphine) palladium(ll) dichloride were dissolved in 150 mL triethylamine. To
this solution, 1.47 mL (1.17 mg, 11.9 mmol, 1.40 eq.) trimethylsilylacetylene and 16.3 mg
(85.3 mmol, 0.01 eq.) copper (l) iodide were added, and the resulting rection mixture was
stirred at 75 °C overnight. After filtration, the solvent was removed in vacuo. Purification via
column chromatography (H/NEt; = 99:1, aluminium oxide as stationary phase) provided 1.16 g
(5.70 mmol, 67%) 2,6-dimethyl-4-((trimethylsilyl)ethynyl)pyridine.

1H-NMR (400 MHz, CsDs, 300 K): & (ppm) = 6.84 (s, 2H, Har), 2.29 (s, 6H, CHs), 0.24 (s, 9H,
Si(CHa)s).

ESI-MS: calculated: 204.1209 [M-H]*, found: 204.1206 [M—H]".
EA: calculated: C 69.92%, H 8.53%, N 6.89%, | 13.81%.
found: C 70.68%, H 8.43%, N 6.99%, 1 13.70%.

The analytical data match those reported in the literature.'8
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in-situ CH-bond activation of Cp.Y(CH.TMS)(thf)

The in-situ CH-bond activation of the methyl pyridine compound 3 was monitored via kinetic
"H-NMR experiment in a J-Young NMR tube. Initially, 5.11 mg (0.0135 mmol, 1.0 eq.)
Cp2YCH2TMS(thf) were dissolved in 0.3 mL dry benzene-ds. This solution was added to a
solution containing 3.29 mg (0.0162 mmol, 1.2 eq.) 2,6-dimethyl-4-
((trimethylsilyl)ethynyl)pyridine in 0.3 mL dry benzene-ds at room temperature. 'H-NMR
spectra are measured immediately after addition (5 minutes), subsequently at intervals of

15 minutes for one hour, and thereafter at hourly intervals for a total duration of 5 hours.
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Polymerization of DEVP

/O
(@)
N
B :
/ n
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TMS

Upon full conversion of the CH-bond activation, the respective equivalents of Michael
monomer were added in a single addition. An aliquot (0.1 mL) was taken and subsequently
quenched with 0.4 mL wet methanol (calculation of conversion via '"H-NMR spectroscopy).
Once the full conversion was confirmed, the reaction mixture was then quenched by adding of
0.5 mL ethanol, followed by participation in 50 mL pentane. After centrifugation, the
supernatant was decanted. The polymer was dissolved in 1,4-dioxane and lyophilized
overnight, yielding a white solid product. Each aliquot was used for GPC-MALS analysis of the

containing polymer species.

Table 11.1: Group-transfer polymerization results with in-situ activated Cp2Y(CH2TMS)(thf)

, : d d :
EntY. - [DEvRY/ YT o4 bgmoll  [ghmoll L] 4
P1 50/1 99 8.7 19.6 1.09 44
P2 100/1 99 19.7 31.5 1.09 53
P3 200/1 99 33.7 66.1 1.05 50

@13.5 ymol catalyst, 2 mL toluene, rt, 2 h; ° conversion determined via integration of 31P-NMR, °theoretical molecular weight
determined as Mneo = X-Mbeve:[DEVP]/[Y]+Mini; ¢ absolute molecular weight and polydispersity determined via SEC-MALS in
THF:H.O with added TBAF, 40 °C, dn/dc = 0.0922 mL/g; ®initiator efficiency determined via |.E. = Mntheo/Mn,abs*100%.

"H-NMR (400 MHz, CDCls, 300 K): & (ppm) = 6.91 — 6.71 (M, Har.sym-colidin), 4.13 (s, -OCH2CHs),
2.87-1.13 (m, Hbackbone, 'OCHZCHB), 0.22 (S, HTMS-initiator)-

31P-NMR (203 MHz, CDCls, 300K): & (ppm) = 33.2.
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TMS deprotection procedure of PDEVP from group-transfer polymerization

The alkyne functionalized PDEVP (1.0 eq.) was dissolved in methanol (5.00 mL solvent per
100 mg polymer). The calculated amount of K,COs (20 eq.) was suspended in the solution,
and the resulting suspension was stirred overnight. Following the solvent removal, the mixture
was dissolved in water and dialyzed for 24 h (MWCO 6-8 kDa). The deprotected polymer P4

was obtained through lyophilization of the dialyzed solution.

Functionalization of polymer P4 with Coumarine-N3 using azide-alkyne click reaction

The deprotected PDEVP P4 (1.0 eq.) was dissolved in water (5.00 mL solvent per 100 mg
polymer). Following this, a solution of 3-azido-7-coumarine (6) (10 eq., 2.17 pyM in water) was
added, along with a solution of Cp*Ru(COD)CI (0.1 eq., 0.002 yM in water). The resulting
reaction mixture was stirred overnight and subsequently dialyzed (MWCO 6-8 kDa).

Lyophilization afforded the polymer P5 in the form of a yellow solid.
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1  Polymerization of DEVP and DAIVP to P(DEVP-co-DAIVP) P1

ﬂ%
2
\ /
\

by / (cat ) \_ \ /0 |
RT, 12 h = =p-

s —(ID* g (I) 0O=P O=P-0O
D=0 O=P-0 [Toluene] N H\_\\
/‘ = | "

Pz
DEVP DAIVP P1

TH-NMR (400 MHz McOD, 300 K):  (ppm) = 7.22 — 6.85 (m, CHa, 2H), 6.04 (s, CHayy, 22H), 5.42 (d,°J=16.9 Hz,
CHaugp, 22H), 5.28 (s, CHang, 22H), 4.63 (s, POCH, a1, 44H), 4.18 (s, POCH>, 440H), 2.96— 1.15 (m, polymer backbone,
363H), 1.38(s, POCH2CH;, 660H).

31P-NMR (203 MHz, MeOD, 300 K): 8 (ppm)=33.2.

IR (ATR):  (cm™)=3506 (brw), 2984 (m, ven), 2934 (m, ver), 2910 (m, ver), 1481 (w, Scp), 1445 (m, Scx), 1393 (m,
Scn), 1369 (W, 8cn), 1223 (st, ve-o), 1164 (m, ve.o), 1098 (w), 1047 (w, ve.o), 1017 (st, ve.o), 952 (st), 780 (st).

3.31 €0300

H,0
POCH,CH;

POCH,

... 80 7.5 7.0 65,
) %

L

polymer backbone

........................

v —————— T ——T— r—r—t——— r—r——r r— T
40 135 13.0 125 120 115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
8 (ppm)

Fig.S1 'H-and zoom of *'P-NMR spectrum of polymer P1 in MeOD.
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Fig.S3 GPC trace of polymer P1 in THF/water measured via GRC-MALS.
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2 Bromination and Follow-up Functionalizations

Bromination of P(DEVP-co-DAIVP) P1

Br
( S (Y
L o 0 & \—o o0
R e r =\/ =il 4
) 0=P 0=P-Q e ) 0=P 0=P-0_  Br
—_—
N
| Lt [DCM] | H Br
= =
P1 P2

'H-NMR (400 MHz MeOD, 300 K): 8 (ppm)=7.76 — 7.65 (m, CHa,), 7.61 (s, CH ), 4.63 — 4.48 (m, POCH>CHBr), 420
(s, POCH:),4.04-3.86 (m, CHBr,CH2Br),3.67-3.46 (m, CHBr, CH:Br),2.91 — 1.16 (m, polymer backbone), 1.38 (s,
POCH:CH;).

3P-NMR (203 MHz,MeOD, 300 K): 6 (ppm)=33.1.

IR (ATR): © (cm™)=3349 (brw),2989 (m,vcr), 2937 (m, ven), 2910 (m, ver), 1481 (W, dcn), 1447 (m, dcir), 1394 (m,
Scar), 1370 (W, Scn), 1209 (st, ve-o), 1162 (m, veo), 1097 (w), 1043 (w, ve.o), 1022 (st, ve.o), 958 (st), 783 (st), 594

(W, VC-B:).

331 CD30D

POCH,CH;
H,0 i

Ao I

0 80 70 60 50 40 30 20 10 0 -10 -20 -30 40 -50 -60 -70 -80 -90
5 (ppm)

POCH,

CHar POCH,GHBI | ||| CHBr[+ CH;Br

.

polymer backbone

T T T T T T T T T T T T T T T T T r T T
115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
5 (ppm)

Fig.S4 '"H-and zoom of *'P-NMR spectrum ofpolymer P2 in MeOD.
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Fig.S6 GPC trace of polymer P2 in THF/water measured via GPC-MALS.
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Conversion of Brominated Polyvinylphosphonate P2 with Sodium Azide

Br N3

Y Y

ooO ooo
0=F 0=P-0  Br HE.Ol 0=F 0=P-0  Br

\_& 50 °C,24h \_Q_
W Br [DCM/DMF] W Na

The brominated polyvinylphosphonate P2 was dissolved in equal amounts of dichloromethane (4 mL per 100 mg of
polymer) and N,N-dimethylformamide (4 mL per 100 mgof polymer) and treated with sodium azide (5.0 equiv. per C-Br
bond). The reaction mixture was heated to 50 °C for24 hours. Volatiles were then removed in vacuo and the residue was

dissolved in deionized water. The polymer was dialy sed againstdeionized water and freeze-dried from water.

H-NMR (400 MHz MeOD, 300K): 3 (ppm)= 4.67-4.43 (m, non-converted POCH>CHBYr), 4.19 (s, POCH,),
4.04-3.83 (m,non-converted CHBr),3.03— 1.13 (m, polymerbackbone), 1.38 (s, POCH.CH5).

31P.NMR (203 MHz, MeOD, 300 K): 8 (ppm)=33.1.

IR (ATR): O (cm™)= 3375 (brw), 2981 (m, vc-n), 2929 (m, ven), 1481 (W, Scn), 2111 (m, vi-n-n), 1648 (m), 1445 (m,
dcn), 1392 (m, 6c.n), 1368 (W, dcn), 1211 (st, vp-0), 1162 (m, vco), 1096(w), 1041 (W, Vo), 1019 (st, vp0), 954 (st), 777
(st).

POCH,CH;

— 331 C030D

DCM H,0

MeOD

POCH,

100 50 0 -50
8 (ppm)

polymer backbone

CHar ﬂ

remaining CHBr motifs

T r r T T r r T T T T T T T T T T T T
115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
3 (ppm)

Fig.S7 '"H-and zoom of *P-NMR spectrum ofpolymer P3 in McOD.
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Fig.S8 IR spectrum ofpolymer P3.
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3 Epoxvydation Reactions and Follow-up Functionalizations

Epoxydation of P(DEVP-co-DAIVP) P1 with OXONE or mCPBA

OXONE
NaH003
50°C,24 h
—_—

[H,O/acetone]

mCPBA
RT, 48 h

[DCM]

The crude reaction solutions were used immediately for the follow-up functionalization reaction to prevent cross-
linking of the epoxide groups.

Analyticaldata of polymer PSa

!H-NMR (400 MHz MeOD, 300K): 8 (ppm) =7.39-7.20 (m, CHa:), 6.04 (s, CHauy), 5.42 (d, =172 Hz, CH any),
5.27 (s, CHa1), 4.65 (s, POCH2 i), 4.49 (s, POCH2 Eproide), 4.18 (s, POCH:), 2.88 — 2.62 (m, CHpoxide), 2.98 — 1.08 (m,
polymerbackbone), 1.38 (s, POCH.CHj3).

SIP-NMR (203 MHz,MeOD, 300 K): 8 (ppm)=33.1.

IR (ATR): © (cm™) = 3466 (brw), 2983 (m, vcn), 2931 (m, ven), 2909 (m, ven), 1652 (m), 1478 (w, dc.n), 1446 (m,
dcn), 1394 (m, dcn), 1370 (W, dcm), 1217 (st, ve-0), 1 164 (m, vc.0), 1099 (w), 1043 (w, ve.o), 1015 (st, ve.0), 953 (st), 783
(st).
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Fig.S9 '"H-and zoom of *'P-NMR spectrum of polymer P5a in MeOD.
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Fig.S10 IR spectrum ofpolymer P5a.
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Analyticaldata of polymer P5Sb

'H-NMR (400 MHz, MeOD, 300K): & (ppm)=6.04 (s, CHany), 5.42 (d,%J=17.2 Hz, CHany), 5.27 (s, CHauy), 4.64 (s,
POCH2,a1y1), 4.18 (s,POCH:), 2.88 —2.67 (m, CHgpoxize), 3.06 — 1.23 (m, polymerbackbone), 1.38 (s, POCH.CH5).

IP-NMR (203 MHz, MeOD, 300 K): 8 (ppm)=33.1

POCH,CH
H,0 s

— 3.31C030D

MeOD

100 9 80 70 60 S0 40 30 20 10 O -10 -20 -30 -40 -50 -60 POCH,

residual mCPBA polymer backbone

Epoxide

20 115 110 105 100 95 90 85 80 75 70 65 60 S5 50 45 40 35 30 25 20 15 10 05 O

Fig.S11 'H-and zoom of *'P-NMR spectrum of polymer P5b in MeOD.
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Ring-Opening of Polyvinylphosphonate P5a with Phenol (2)

L <o oJ> ©/OH L (HO]AO/Q

00 O
e NaOH e A
N =p 0= 50 °C. 24 h . 0=P 0=P-0
—_— = \
| m A [H,0/acetone] | m A
% Z
P5a Pé6a

The crude solution of P5a in acetone/water (approximately 100 mg per 10 mL solvent) was treated with a solution of
phenol (2) (8.8 equiv. perepoxide, 500 pmolin 750 pL H>O) and sodium hydroxide (9.0 equiv. perepoxide, 511 pmol per
750 uL H20O) in deionized water. Hereafter, the mixture was stirred for 24 hours at 50 °C. The conversion of the epoxide
groups was checked via "H-NMR spectroscopy and the solution was cooled to room temperature. Acetone was removed
underreduced pressure and theaqueous phase was purified via dialysis a gainst water for 48 hours. The product was yielded

via lyophilization from water.

'H-NMR (400 MHz MeOD, 300K): 8 (ppm)=7.32—7.20 (m, CH.mew, 1 5H),7.02—6.87 (m, CH.r,ortho, C Harpara, 22H),
6.04 (s, CHanyt), 542 (d, >J=17.5 Hz, CHauy), 5.23 (s, CHauyl), 4.63 (s, POCH2a151 9H), 4.18 (s, POCH>, 475H),
2.91—-1.14 (m, polymerbackbone), 1.36 (s, POCH.CH;).

31P-NMR (203 MHz, MeOD, 300 K): 8 (ppm)=33.3.

IR (ATR): U (cm™)=3466 (brw), 2983 (m, ven), 2931 (m, ver), 2909 (m, ver), 1652 (m), 1600 (m, ve=c), 1497 (m, ve-c),
1481 (w, Scn), 1445 (m, Scn), 1393 (m, Scn), 1368 (W, Scn), 1216 (st, ve-o), 1162 (m, veo), 1097 (w), 1043 (w, ve-o),
1016 (st, vr.0), 952 (st), 780 (st).
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Fig.S13 DOSY spectrum of polymer P6a in MeOD.
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Fig. S15 GPC trace of polymer conjugate P6ain THF/water measured via GPC-MALS.
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Ring-Opening of Polyvinylphosphonate PSa with Benzylamine (3)

(o)
HO
( J} . H/\©
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s \ s \
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= =
P5a P6b

The crude solution of polymer PSa in acectone/water (approximately 100 mg per 10 mL solvent) was treated with
benzylamine (3) (8.5 equiv. perepoxide). Hereafter, the mixture was stirred for24 hoursat 50 °C. The conversion of the
epoxide groups was checked via "H-NMR spectroscopy and the solution was cooled to room temperature. Acetone was
removed underreduced pressure and theaqueous phase was purified via dialysis against water for48 hours. Freeze-drying

from water yielded polymer conjugate P6b.

TH-NMR (400 MHz, MeOD, 300 K): 8 (ppm)=7.77—-7.07 (m, CHy,, 71H), 6.03 (s, CHauy), 5.42 (d, °J=17.1 Hz,
CHauy), 5.27 (s, CHauy), 4.60 (s, POCH2.ang1, 13H), 4.18 (s, POCH>, 471H), 3.65 (s, CH:NH), 2.97 — 1.08 (m, polymer
backbone), 1.38 (s, POCH.CHj3).

3IP-NMR (203 MHz, McOD, 300 K): § (ppm)=33.3.

IR (ATR):  (cm™)=3458 (brw), 2980 (m, ven), 2929 (m, ver), 2907 (m, ven), 1656 (m), 1496 (w, ve-c), 1477 (w, dc.
1), 1446 (m, Sc.nr), 1393 (m, dcnr), 1368 (w, Scn), 1220 (st, ve-o), 1163 (m, ve.o), 1096 (w), 1044 (W, ve.o), 1017 (st, ve-o).
950 (st), 787 (st).
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Fig.S16 'H-and zoom of *'P-NMR spectrum of polymer conjugate P6b in MeOD.
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Fig.S18 IR spectrum ofpolymer conjugate P6b.
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Fig.S19 GPC trace of polymer P6b in THF/water measured via GPC-MALS.
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Ring-Opening of Polyvinylphosphonate P5a with 4-Amino-2,1,3-benzothiadiazole (4)

_N

2 :s HO /Q
\N jﬁ

-0

H

ooO

50°C24h OPOPO

| m [H,O/acetone]

P5a

The crude solution containing polymer P5a in acetone/water (approximately 100mgper 10 mL solvent) was treated with
4-amino-2,1,3-benzothiadiazole (4) (10 equiv. perepoxide). Hereafter, the mixture was stirred for24 hoursat 50 °C. The
conversionofthe epoxide groups was checked via 'H-NMR spectroscopy and the solution was cooled to room temperature.
Acetone was removed under reduced pressure and the remaining aqueous phase was purified via dialysis a gainst wa ter for

48 hours. Subsequent lyophilization from water yiclded polymer conjugate Péc.

IH-NMR (400 MHz, MeOD, 300K): & (ppm) = 7.41 (d, °J=7.9 Hz, CHCHCHCNH, 6H), 7.20 (d, *J=8.7Hz,
CHCHCHCNH, 5H), 6.63 (d, *J=7.7Hz, CHCHCHCNH, 6H), 4.18 (s, POCH>, 484H), 2.88—1.16 (m, polymer
backbone), 1.38 (s, POCH,CHj3).

31P-NMR (203 MHz, MeOD, 300 K): 8 (ppm)=33.2.

IR (ATR): © (cm™)=3454 (brw), 2980 (m, ven), 2930 (m, ven), 2908 (m, ve), 1629 (m), 1556 (m, veex), 1497 (w, ve—c)
1479 (W, 5(1}-1), 1444 (m, 5(1}1), 1390 (m, 50}1), 1367 (W, 5(:}1), 1217 (St, Vp:()), 1161 (m, V(L()), 1097 (W), 1045 (W, Vp,o),
1016 (st, ve0), 953 (st), 781 (st).

H2Q POCH,CH;
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Fig.S20 '"H-and zoom of *'P-NMR spectrum of polymer conjugate P6¢ in MeOD.
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Fig.S23 UV/Vis spectrum of polymer conjugate P6 ¢ and4-amino-2,1,3-benzpthiadiazole (4) in MeOH.
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Fig.S24 GPC trace of polymer conjugate P6¢ in THF/water measured via GPC-MALS. Only the dRI trace is shown due
to a stronginteractionofthedye with MALS detector.
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Ring-Opening of Polyvinylphosphonate PSb with Sodium Azide

N 0 NaN, o o
e S NH,CI N T
—P —P- 4 =] =pP-
. O0=P O=P-Q 50°C. 24 h N 0=P 0=P-0
X H \——————* \
| m [DMF/DCM] | H N
Z ¥z
P5b P7

The crude solution containing polymer PSb wasconcentrated to a volume ofapproximately 3.00 mL (100 mg polymer per
3.0 mL DCM) anddiluted with N,N-dimethylformamide (3.00 mL). Thesolution was treated with sodium azide (9.0 equiv.
perepoxide) andammonium chloride (9.0 equiv. per epoxide). Hereafter, the mixture was stirred for 24 hours at 50 °C and
the conversion of the epoxide groups was checked via 'H-NMR spectroscopy, which substantiated a quantitative
consumption ofthepolymer-bound epoxides. Thesolvent was removed under reduced pressure and the crude product was

dialysed against water for48 hours. Subsequently, lyophilization from water yielded polymer P7.

TH-NMR (400 MHz, MeOD, 300 K): 8 (ppm)=4.18 (s, POCH>, 440H), 2.88 — 1.16 (m, polymer backbone), 1.38 (s,
POCH:CH;).

3IP-NMR (203 MHz, MeOD, 300 K):  (ppm)=33.2.

IR (ATR): O (cm™)=3427 (brw), 2981 (m, ven), 2931 (m, ven), 2907 (m, ver), 2110 (m, vaoxex), 1713 (st), 1574 (m),
1477 (W, veec) 1477 (w, dcr), 1429 (m, Scar), 1395 (m, Scn), 1369 (W, Scn), 1222 (st, ve-o), 1193 (st), 1161 (m, veo),
1101 (w), 1047 (w, vp-0), 1017 (st, ve-0), 960 (st), 791 (m), 750 (st).

324

H,0

POCH,CH;

& (ppm)

MeOD

polymer backbone

)

115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
& (ppm)

Fig.S25 'H-and zoom of*'P-NMR spectrum ofpolymer P7 in MeOD.
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Fig.S26 IR spectrum ofpolymerP7.
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Fig.S27 GPC trace of polymer P7 in THF/water measured via GPC-MALS.
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Azide-Alkyne Click Coupling of Polyvinylphosphonate P7 with Phenylacetylene (1)

TP OT (TR

. OPOPO 90°C21h OPOPO
= H
W [Toluene] W
=
P7

Polymer P7 was dissolved in toluene (10 mg polymer per 1.0 mL solvent) and was treated with phenylacetylene (1)
(8.0 equiv. perazide group; azideamount equal to epoxideamount in PSb). After heating to 90 °C, therea ction was stimed
for21 hours. '"H-and DOSY-NMR spectroscopy was employedto check the outcome ofthe coupling reaction. Afterwards
the polymer was washed with pentane to remove phenylacetylene and dialysed against water. Freeze -drying from water

yielded conjugate P8.

TH-NMR (400 MHz, McOD, 300 K): 8 (ppm) =7.99 —7.07 (m, Phenyl, 65H), 6.03 (s, CHauy), 5.42 (d,’J=17.3 Hz,
CHauy), 5.26 (s, CH any1), 4.63 (s, POCH2 anyi, L0H), 4.18 (s, POCH>, 474H),3.00 — 0.78 (m, polymer backbone), 1.37 (s,
POCH,CHj3).

3IP-NMR (203 MHz, MeOD, 300 K): & (ppm)=33.2.

IR (ATR): § (cm™)=3471 (brw), 2981 (m, vcn), 2928 (m, venr), 2909 (m, ve), 1773 (m), 1713 (st), 1652 (brm), 1573
(W, Vo), 1480 (w, dcn), 1444 (m, Scn), 1392 (m, dcir), 1368 (w, dcuir), 1216 (st, ve-o), 1193 (st), 1162 (m, veo), 1097
(W), 1044 (w,ve.0), 1015 (st, ve0), 951 (st), 778 (st).

POCH,CH;
H,0 =

331 €300

%0 80 '}D 60 ,'LO 40 ZID 20 l‘O b -10 -20 -30 -‘40
3 (ppm) POCH2 MeOD

Phenyl jﬂ A
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Fig.S28 'H-and zoom of *'P-NMR spectrum ofpolymer P8 in MeOD.
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Fig.S29 DOSY spectrum of polymer P8 in MeOD.
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Fig.S30 IR spectrum ofpolymer P8.
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Fig.S31 GPC trace of polymer P8 in THF/water measured via GPC-MALS.
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4  Synthesis of Dual-Functionalized Polyvinylphosphonates

Follow-up Functionalization of P6b with Thiocholesterol (5) via Thiol-Ene Click Chemistry

HO
( j/\”/\© Thiocholesterol (5)
N DMPA

00 O
e A =365 nm
N 0=F 0=P-Q RIS Hoj/\N
- H
= H \\ (
- m [THF/MeOH] \—o\ e
0=P 0=P-Q
P6b K
» Z
=
P9

Polymer P6b (100 mgper 10 mL solvent) was dissolved in a mixture of THF/water (5/1). This solution was treated with
thiocholesterol (5) (4.0 equiv. per remaining allyl group) and catalytic amounts of the photoinitiator 2,2-dimethoxy-2-
phenylacetophenone. The reaction mixture was degassed (drawing vacuum and refilling with argon; 15 iterations) and
irradiated at A=365 nm for 18 hours atroom temperature. The consumption ofthe allyl groups was monitored by 'H-NMR
spectroscopy. Volatiles were then removed in vacuo and the crude polymer was washed several times with pentane to
removeexcess thiocholesterol, when the quantitative conversion of the allyl groups was observed via NMR. Hereafter, the

conjugate was purified by dialysis a gainstwa ter and freeze-dried to yield substrate P9.

1H-NMR (400 MHz, MeOD, 300K): & (ppm)= 7.70—7.11 (m, benzylamine, 71H), 5.39 (s, CHcuol), 4.18 (s, POCH.,
484H),2.91—1.14(m, polymerbackbone), 1.38 (s, POCH>CHs), 1.03 (s, CH3.chol), 0.95 (d, >J=6.2 Hz, CH3 col), 0.88 (d,
$J=6.6 Hz,2 x CHs chai), 0.72 (s, CH3 cuot, 13H).

3P-NMR (203 MHz,MeOD, 300 K): 6 (ppm)=33.2.
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Fig.S32 'H-and zoom of *'P-NMR spectrum of polymer P9 in MeOD.
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Fig.S33 DOSY spectrum of P9 in MeOD.
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Follow-up Functionalization of P8 with Thiocholesterol (5) via Thiol-Ene Click Chemistry

HO
-0 T
% ( [‘\J:N Thiocholesterol (5) N
00O

) 0 G DMPA N
0=F 0=P-0 A = 365 nm Hoj)
- RT, 18 h
s Ho O\ _ (
L 2 " [THF/MeOH] 90 9
0=F 0=P-0
P8
N HLL
| &
4
P10

Polymer P8 (100mg per 10mL solvent) was dissolved in a mixture of THF/water (5/1). This solution was treated with
thiocholesterol (5) (4.0 equiv. per remaining allyl group) and catalytic amounts of the photoinitiator 2,2-dimethoxy-2-
phenylacetophenone. The reaction mixture was degassed (drawing vacuum and refilling with argon; 15 iterations) and
iradiated at A=365 nm for 18 hours atroom temperature. The consumption ofthe allyl groups was monitored by 'H-NMR
spectroscopy. Volatiles were then removed in vacuo and the crude polymer was washed several times with pentane to
remove excess thiocholesterol, when the quantitativeconversionof theallyl groups was observed by NMR . Hereafler, the

conjugate was purified by dialysis a gainstwater and lyophilized to yield substrate P10.

"H-NMR (400 MHz MeOD, 300K): & (ppm) =8.16 — 6.89 (m, Phenyl, 65H), 4.18 (s, POCH>, 484H), 2.96—1.11 (m,
polymer backbone), 1.38 (s, POCH2CH3), 0.95 (d, >J=6.4 Hz, CH3cnol), 0.88 (d, °J=6.5Hz, 2 x CHsctol), 0.72 (s,
CHJ‘(’hol, ] lH)

3P.NMR (203 MHz, MeOD, 300 K): 8 (ppm)=33.2.
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Fig. S35 DOSY spectrum of P10in McOD.
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5 Introduction of Hydrazone Linkages in P(DEVP-co-DAIVP) P1

Thiol-Ene Coupling of Methyl Thioglycolate (6) with P(DEVP-co-DAIVP) P1

N g Hsdk/ NI IS8

ooO ooo
0=F 0=P-0 A'BN 0=F 0=P-0

IN\ H\_\ Sk W \_\_/_<
.~ m [THF]
P1

Polyvinylphosphonate P1 (500mg, 25.0 pmol) was dissolved in THF (30 mL) in a pressurizable schlenk flask. Methyl

thioglycolate (6) (236 uL, 2.64mmol, 5.00 equiv. per allyl group) and catalytic amounts of azobisisobutyronitrile were
added and the solution was degassed via repeated evacuation and filling with argon (20 itera tions). Themixture was heated
to 60 °C and stirred for 24 hours at this tempermture. After this time period '"H-HMR spectroscopy confirmed the
quantitative conversion of the allyl groups. The solvent was removed in vacuo, the residue was dissolved in deionized
water, and the aqueous solution was purified by dialysis against deionized water. After replacing the dialysate a fter two
and four hours, the mixture was dialysed against wa ter for additional 20 hours and the polymer-containing solution was

freeze-driedto yield P11 as a colourless solid.

'H-NMR (400 MHz,MeOD, 300 K): 8 (ppm)=4.18 (brs, POCH:), 3.71 (s, methylester), 2.82 (s, SCH2(C=0), CH>S),
2.96—1.07 (m, polymerbackbone),2.04 (s,), 1.38 (brs, POCH.CH;).

BC-NMR (126 MHz, MeOD, 300K): & (ppm)=172.6 (s, C=0), 65.9 (s, POCH.), 63.5 (s, POCH>), 52.8 (s, OCH3),338
(s, CH»),34.4—-28.5 (m, polymerbackbone),31.1 (s, CH>),29.6 (s, CH»),17.2 (s, POCH,CHj3).

3IP-NMR (203 MHz, McOD, 300 K): & (ppm)=33.2.

IR (ATR): ¥ (cm™)=3472 (brw),2980 (m, vc-n), 2930 (m, ven), 2909 (m, ven), 1 736 (m, ve-o), 1477 (w, Sc.n), 1443 (m,
dcn), 1392 (m, 6c.n), 1368 (W, dc.n), 1219 (st, vp-0), 1162 (m, vc.o), 1097 (w), 1043 (W, vr.o), 1015 (st, vr.0), 952 (st), 781
(st).

EA: calculated*: C43.24 H7.75 NO0.06 S2.53

found: C4334 H7.82 NO.12 S247
*with 1.5 wt-% residual water a fter freeze-drying

176



Appendix

& (ppm) H0

POCH, OCH;

95 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 20 15 1.0 0.5

Fig.S36 '"H-and zoom of*'P-NMR spectrum of polymer P11 in MeOD.
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Fig.S37 “C-NMR spectrum of polymer P11 in MeOD.
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Formation of Hydrazide P12

N2H4‘H20 (64 Wt%)
O—  reflux, 16 h

Underan argon atmosphere 300 mg of the thiol-ene adduct P11 (13.5 pumol) were dissolved in absolute THF (30 mL) and
treated with hydrazine-hydrate (700 pnL, 14.3 mmol, 50.0 equiv. per ester). The mixture was refluxed for 24 hours and the
quantitative conversion of the ester was confirmed by 'H-NMR spectroscopy. Hereafier, the volatiles were removed in
vacuo usingan external cooling trap. Excess hydrazine was rendered harmless by addition of diluted hydrogen peroxide.
The polymeric residue was dissolved in deionized water and purified by dialysis for 24 hours. The polymer-containing

solution was lyophilized to yield hydrazide P12as a colourless solid.

'H-NMR (400 MHz McOD, 300K): 6 (ppm)=4.18 (brs, POCH:),3.20 (s, SCH2(C=0)),2.76 (s, CH2S),2.96— 1.16 (m,
polymerbackbone), 1.99 (s, CHz), 1.38 (brs, POCH:CHj3).

BC-NMR (126 MHz,MeOD, 300K): 8 (ppm)=171.6(s,C=0), 66.1 (s, POCH-),63.5 (s, POCH-),34.1 (s,CH>),31.6 (s,
CH»),35.0-28.2 (m, polymerbackbone),29.6 (s, CHz), 17.2 (s, POCH2CHj3).

31P-NMR (203 MHz, MeOD, 300 K): & (ppm)=33.2.

IR (ATR): § (cm™)=3411 (brm), 2981 (m, vc.n), 2930 (m, ver), 2910 (m, ver), 1660 (m, ve-o), 1478 (w, Scir), 1444 (m,
dcn), 1392 (m, dcn), 1368 (W, 8cm), 1212 (st, vp-0), 1162 (m, ve.0), 1096 (w), 1041 (W, ve.0), 1014 (st, ve.0), 954 (st), 783
(st).

EA: calculated*: C42.25 H7.86 N227 S253
found C41.74 H7.79 N204 S242
*with 3.0 wt-% residual waterafier freeze-drying
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Fig.S40 '"H-and zoom of *'P-NMR spectrum of polymer P12 in MeOD.
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Fig.S41 BC-NMR spectrum of polymer P12 in MeOD.
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Fig.S42 DOSY-NMR of polymer P12 in MeOD.
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Formation of Hydrazone P13

0o
OH

~

S “NH, S N
o] 7 ( o Ph
NEts, 4 AMS /

HN—NH, RT, 24 h HN-N  OH
L&
s 0 [DMF] s 0

Under an argon atmosphere hydrazide P12 (150 mg, 6.74 pmol) was dissolved in anhydrous DMF (6.0 mL) and treated
with triethylamine (50 pL, 142 pmol, 2.50 equiv. per hydrazide motif) and 2-hydroxyacetophenone (7) (48.2 mg,
142 umol, 2.50 equiv. per hydrazide motif). In the presence of molecular sicves (4 A) the solution was stirred at room
tempenature. The progress of the reaction was monitored by 'H-NMR spectroscopy and the reaction was stopped after
24 hours. Remains of the molecular sieves were filtrated off, volatiles were removed in high vacuum, and the yellowish
residue was dissolved in deionized water. The hydmazone adduct was purified by dialysis against deionized water for

24 hours. Lyophiliza tion of theaqueous polymer solution yielded compound P13 asa yellow solid.

'H-NMR (400 MHz, MeOD, 300 K): & (ppm)= 8.55 (s, NHuydrazone), 8.28 — 6.84 (m, Ph), 4.18 (s, POCH>), 3.99 (s,
CH20H),3.19 (s,CH2),2.76 (s,CH2),2.04 (s, CH2),2.94 — 1.06 (m, polymer backbone), 1.37 (s, POCH,CHs).

BC-NMR (126 MHz McOD, 300K) § (ppm) = 169.9 (s, C=0), 157.9 (s, C=N), 1344 (s, Cas), 133.3 (s, Car), 1299 s,
Car), 128.7 (s, Car), 65.8 (weak s, POCH:), 63.5 (s, POCH,), 33.1 (s, CH»), 30.8 (s, CH>), 35.6 — 27.8 (m, polymer
backbone),23.7(s,CH>), 17.2 (s, POCH.CH5).

3IP-NMR (203 MHz, MeOD, 300 K):  (ppm)=33.2.

IR (ATR): O (cm™)=3407 (brm),2980 (m, vcn), 2927 (m, ven), 1680 (m, ve-x), 1595 (m, ve-o), 1478 (w, Sc.n), 1444 (m,
dcn), 1391 (m, 8cn), 1368 (W, dcm), 1215 (st, ve=0), 1162 (M, ve0), 1096 (w), 1043 (w, Vo), 1018 (st, vr-0), 957 (st), 783
(st).

UV/Vis MeOH): Ayax [nm] (e X 10° [L mol' cm™])=300 (5.2).
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1. GENERAL EXPERIMENTAL
All reactions and polymerizations with moisture and air-sensitive reactants were carried out in an
MBraun LabMaster120 glovebox filled with argon 4.6 from Westfalen or using standard Schlenk
techniques. All glassware was heat-dried before use. All chemicals were purchased from Sigma-
Aldrich, ABCR, or TCI Europe and used without further purification unless otherwise stated.
Dichloromethane, tetrahydrofuran, toluene, and pentane were dried using an MBraun SPS-800
solvent purification system and stored over a 3 A molecular sieve. Diethyl vinyl phosphonate and
diallyl vinyl phosphonate were dried over CaH: for several days and distilled before use.
Y(CH2TMS)s(thf)!, the precursor catalyst Cp2Y(CH2TMS)(thf)?, diallyl vinyl phosphonate?,
dichloro vinyl phosphonate®, (3-(trimethylsilyl)propargyl alcohol®, thiocholesterol® and azido-

functionalized folate’ were prepared according to literature procedures.

Cell Viability Assay was used for evaluating the biocompatibility of polymers with spontaneously
immortalized human Miiller cell line (MIO-M1). The polymers were prepared at a stock
concentration of 1.5 mg/mL in distilled water and vortex until dissolved before use. MIO-M1 (P41)
was seeded in a transparent 96-well plate at the density of 10,000 cells in pre-warmed high glucose
(45¢g/L) DMEM medium (Gibco; ThermoFisher Scientific, Taufkirchen, Germany)
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (ThermoFisher
Scientific, Karlsruhe, Germany). After 24 hours, the medium was aspirated, and each well was
treated with 100 pL of different concentrations of polymers (5, 15, 25, 50, 100, 150, 200, 250, and
500 pg/mL) prepared in the medium. Following 24 hours of treatment at 37°C and 5% CO2, an
MTS assay was carried out to evaluate the metabolic activity of the treated cells by adding 20 pL
of the CellTiter 96 ® Aqueous One Solution Reagent (Promega Corporation, Madison, WI, USA)

directly to each well and incubated at 37°C for 90 minutes. Subsequently, the absorbance was
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measured at 490 nm with a reference wavelength set at 690 nm for background correction using a
a Tecan Reader (NanoQuant infinite M200). All data is shown as mean + SD from five replicates

after normalizing to the untreated control wells representing 100% cell viability.

Dynamic light scattering (DLS) was performed at a Zetasizer Nano ZS (Malvern). The diameter
was averaged over three independent values consisting each of 10 measurements. The samples

were dissolved in water at a concentration of 2.5 mg/mL.

Elemental analysis (EA) was performed by the Laboratory of Microanalytics at the Institute of
Inorganic Chemistry at the Technical University of Munich, Department of Chemistry, Catalysis

Research Center.

Electrospray Ionization Mass Spectrometry (ESI-MS) was measured using a Thermo Fisher
Scientific Exactive Plus Orbitrap in a positive mode in HPLC methanol straight from the reaction

mixture without quenching.

Fluorescence spectroscopy was performed on a Jasco (Jasco FP-8300, Spectra Manager software
2.13). The concentration of polymers in methanol was determined to be 1.0 mg/mL.
Corresponding substrates were prepared in 0.5 mM solutions. Fluorescence spectroscopy was

performed on a Jasco (Jasco FP-8300, Spectra Manager software 2.13).

Lyophilization was performed on a VaCO 5-I1-D at a pressure of 1 mbar and -90 °C condenser

temperature from either 1,4-dioxane or water.

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV-400HD, AV-
500HD, or AV-II-500 spectrometer at 400 or 500 MHz ('H), 125 MHz (**C), 203 MHz (*'P) and

99 MHz (**Si). NMR spectroscopical shifts & were reported in ppm relative to the deuterated
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solvent's residual proton or carbon signal. Deuterated solvents (CDCIls, benzene-ds, MeOD,
DMSO-ds) were purchased from Sigma-Aldrich or Deutero and dried over 3 A molecular sieves
before use. DOSY-NMR measurements were performed for the characterization of polymer

conjugates.

Size-exclusion chromatography multi-angle light scattering (SEC-MALS) was used to
determine molecular weights and polydispersity of the polymers (c = 2.5 mg/mL) with a Wyatt
Dawn Heleos II MALS light scattering unit and a Wyatt Optilab rEX 536 RI unit in THF:
H20=1:1 (with 9 g/L fetra-n-butyl-ammonium bromide and 272 mg/L 2,6-di-fert-butyl-4-
methylphenol added) as eluent at 40 °C on two Agilent PolarGel-M columns; for absolute
molecular weight (triple detection) determination of the polyvinyl phosphonates the refractive

index increment dn/dc = 0.0922 mL/g® was used.

UV/vis spectroscopy (UV/vis) was measured on a Varian Cary 50 Scan UV visible
spectrophotometer. Spectra were measured from 200 nm to 800 nm at 25 °C. The samples were
dissolved in methanol and analyzed in a QS 10x10 mm quartz glass cuvette from Hellma GmbH
& Co. KG. A baseline correction with the pure solvent was performed before sample

measurements.

190



Appendix

2. SYNTHESIS PROCEDURES

DI 3-(TRIMETHYLSILYL)PROP-2-YN-1-YL) VINYL PHOSPHONATE (DPRTMSVP)

o 1) 3-(Trimethylsilyl)propargyl alcohol, 1)
A p-Cl NEts, 0 °C— r.t, 24 h, (THF) /\,‘,',o\/TMS
i 1) HCI (1 M), rt.,, 2 h o
b
85 %
C,H3CI,OP \\
M = 144.92 g/mol
TMS
C14H2503PSi,

M = 328.49 g/mol

5.15 mL (7.25 g, 50.0 mmol, 1.0 eq.) vinyl phosphonic dichloride and 16.3 mL (14.1 g, 110 mmol,
2.2 eq.) were dissolved in 250 mL of THF in a Schlenk flask. Under vigorous stirring, 27.8 mL
(20.2 g, 200 mmol, 4.0 eq.) triethyl amine was added at 0 °C. After stirring the solution overnight
at room temperature, the reaction course was monitored via *'P NMR spectroscopy. With complete
conversion, the reaction is then quenched with 50 mL of water. The solution was filtered and
washed with water (2 x 100 mL). The aqueous phase was extracted with ethyl acetate
(2 x 200 mL). The combined organic phases were dried over sodium sulfate before the solvent
was removed in vacuo. Purification via sublimation with dry iced cooling (75.0 °C,
p=5.0x10"° mbar) yielded 14.0 g (42.5 mmol, 85%) di (3-(trimethylsilyl) prop-2-yn-1-yl)vinyl
phosphonate as light yellow oil.

TH-NMR (500 MHz, CDCls, 300K): & (ppm) = 6.37 — 5.90 (m, 3H, CHviny1), 4.36 (q, 4H, CH>),
0.12 (s, 18H, Si(CHs)s3).

BC-NMR (126 MHz, CDCls, 300K): & (ppm) = 136.4 (s, Cviay), 125.1 (d,Jrc=185.6 Hz,
PCviny1), 99.2 (s, C), 92.9 (s, Si-C), 54.4 (s, CHz), -0.4 (s, CH3).

3IP_.NMR (203 MHz, CDCls, 300K): J (ppm) = 19.5.

Si-NMR (99 MHz, CDCls, 300K): é (ppm) = -17.1.
ESI-MS: calculated: ~ 329.11 [M-H]", found: 329.11 [M-H]".

EA: calculated:  C 51.19%, H 7.67%, P 9.43%.
found: C 51.20%, H 7.74%, P 9.42%.
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Figure S1: '"H-NMR (500 MHz, CDCl3, 300 K) of di (3-(trimethylsilyl)prop-2-yn-1-yl) vinyl phosphonate (DPrTMSVP).
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Figure S2: 3C-NMR (126 MHz, CDCls, 300 K) of di (3-(trimethylsilyl)prop-2-yn-1-yl) vinyl phosphonate (DPrTMSVP).
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Figure S3: 'P-NMR (203 MHz, CDCl3, 300 K) of di (3-(trimethylsilyl)prop-2-yn-1-yl) vinyl phosphonate (DPrTMSVP).
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Figure S4: °Si-NMR (99 MHz, CDCl3, 300 K) of di (3-(trimethylsilyl)prop-2-yn-1-yl) vinyl phosphonate (DPrTMSVP).
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3. POLYMERIZATION PROCEDURE

e T™MS TMS
N, 4 U 'ﬂ oo 7
/
o o — 0 —=-Tms 00000
n 0=P-0 m 0=P-O © 0=P-0 P=0 P=0 P-0
@\ - 2 2 A N, "
Y-N —_— » » | n m o
% DAIVP DEVP DPrTMSVP Z pa

For the C—H bond activation, 75.7 mg (200 pmol, 1.0 eq.) Cp2Y(CH2TMS)(thf) was dissolved in
5.0 mL absolute toluene, and 24.3 mg (200 pmol, 1.0 eq.) sym-collidin was added to the solution.
The in-situ activation of the catalyst is performed at room temperature for two hours. For the
polymerization, firstly, 188 mg (1.00 mmol, 5.0 eq.) diallyl vinyl phosphonate was added, and an
aliquot of PDAIVP P1 (0.50 mL) was withdrawn after one minute. Secondly, 10.5 mL absolute
toluene was refilled after three minutes, and 2.30 g (14.0 mmol, 80 eq.) diethyl vinyl phosphonate
was added. 1.00 mL of the reaction solution is used for an aliquot of P(DAIVP-co-DEVP) P2. For
the final polymerization step, 294 mg (825 pmol, 5.0 eq) di (3-(trimethylsilyl)prop-2-yn-1-yl)
vinyl phosphonate was used. The polymerization was performed at room temperature overnight
before an aliquot of P(DAIVP-DEVP-DPrTMSVP) P3is withdrawn, and the reaction was
quenched by adding wet methanol. The polymer participated from pentane, subject to
centrifugation, and the supernatant was decanted. The residual polymer is dissolved in 1,4-dioxane
before being freeze-dried. The purified polymer is analyzed using '"H/A'P/DOSY-NMR and SEC-
MALS.

Polyvinyl phosphonate P3

1H-NMR (400 MHz, CDCls, 300K): & (ppm) = 6.88 — 6.60 (m, 2H, Har.sym-Coliidin), 5.87 (s, 14H,
-OCH>CHCH>), 5.33 — 5.04 (m, 28H, -OCH2CHCH>), 4.79 (s, 8H, -CH>C=CSi(CH3)3)), 4.49 (s,
28H, -OCH>CHCHb), 4.08 (s, 404H, -OCH>CH3), 2.87 — 0.96 (m, 936H, backbone, OCH>CHs),
0.13 (s, 36H, -CH2C=CSi(CHs)s).

3IP_NMR (203 MHz, CDCls, 300K): & (ppm) = 33.2.
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Figure S5: 'H (400 MHz, CDCls, 300K) (right) and *'P (203 MHz, CDCls, 300K) (left) of the polyvinyl phosphonates PDAIVP P1,

P(DAIVP-co-DEVP) P2 and P(DAIVP-DEVP-DPrTMSVP) P3.
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Figure S6: DOSY-NMR of and P(DAIVP-DEVP-DPrTMSVP) P3.
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M, aps= 22.1 kg/mol
D=1.04
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Figure S7: SEC-MALS of P(DAIVP-DEVP) P2.
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Figure S8: SEC-MALS of P(DAIVP-DEVP-DPrTMSVP) P3.
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Figure S9: DLS spectra of P2 (d = 26.5 + 1.90 nm, PDI = 0.835) and P3 (d = 128 + 1.20 nm, PDI = 0.361).
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4. POST-POLYMERISATION FUNKTIONALISATION

DEPRODECTION OF PROPARGYL GROUPS (DPRTMSVP)

L 0\/ (1?,0/ — Si\'_—> (N n O/ —
P=0 P=0 pP- rt, over night P=0 P=0 P-O
S NN (MeOH] RNP\JN*
n m o n m o
P3 P4
Chol  Ghel Chol  Ghol
- \SI/\ s. /S
A Vi
> > / K,COs >
00 Q0 Qo,/—=-si— 00 Qo o/~
P=0 P=0 P-0O N i, over night P=0 P=0 P-O
n m o n m o
P8 P9

For deprotection of the propargyl groups, the polyvinyl phosphonates were dissolved in methanol
(5.00 mL solvent per 100 mg polymer), and potassium carbonate (5.0 eq. per propargyl group) was
added. The reaction solution was stirred overnight at room temperature before the volatiles were
removed under reduced pressure. The residue was purified by dialysis against water and freeze-

dried to yield the deprotected polymer.

Deprotection of P3 = P4

'H-NMR (400 MHz, CDCls, 300K): 0 (ppm) = 6.91— 6.68 (m, Harsym-Collidin), 5.92
(s, -OCH2CHCH2>), 5.43 — 5.04 (m, -OCH2CHCH>), 4.55 (s, -OCH2CHCH>»), 4.13 (s, -OCH>CH3),
2.87 — 0.96 (m, backbone, OCH>CH3,-OCH2C=CH).

SIP.NMR (203 MHz, CDCls, 300K): J (ppm) = 33.2.
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Figure S 10: 'H-NMR (400 MHz, CDCls, 300K) of the polyvinyl phosphonates P(DAIVP-DEVP-DPrTMSVP) P3 and
P(DAIVP-DEVP-DPrVP) P4.

mem

Figure S 11: 3'P-NMR (203 MHz, CDCls, 300K) of P(DAIVP-DEVP-DPrVP) P4,
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Figure S13: SEC-MALS of P(DAIVP-DEVP-DPrVP) P4.
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Figure S14: DLS spectra of P4 (d = 8.10 = 0.20 nm, PDI = 0.334).
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Deprotection of P8 = P9

IH-NMR (400 MHz, CDClL;, 300K): & (ppm) = 6.89— 6.70 (m, Hangm-coliigin), 5.94
(s, -OCH2CHCH2»), 5.54 — 5.13 (m, -OCH2CHCH>), 4.54 (s, -OCH>CHCH>), 4.13 (s, -OCH>CH3),
3.72 (s, -CH2C=CH), 2.79 — 0.98 (m, backbone, OCH>CH3, Hcholesterol), 0.99 — 0.81 (m, -CH33,

cholesterol) .

3IP_NMR (400 MHz, CDCls, 300K): & (ppm) = 33.2.

DAIVP DAIVP P ackbone Chol

DPrTMSVP

P3 - *_/\ /\

.,9 U

5/ ppm

Figure S15: '"H-NMR (400 MHz, CDCls, 300K) of the polyvinyl phosphonates P3 and P9.
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Figure S 16: *'P-NMR (203 MHz, CDCl3, 300K) of P(DAIVP-DEVP-DPrVP) P9.
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Figure S17: SEC-MALS of polyvinyl phosphonate P9.
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Figure S18: DLS spectra of P9 (d = 164 =21.1 nm, PDI = 0.467).
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MODIFICATION OF DPRVP VIA ALKYNE-AZIDE CYCLOADDITION (AAC)

—
=

//
o _

h 0/ —
P=0 P=0 P-0

*
R%J\J%l\JPL\i/
o

n m

S

N,

5

P4

4or5

110 °C, over night
[DMF]

R
n m (o]
P5 (R=Bn)
P6 (R= hydroxycoumarin)
Chol

110 °C, over night
[DMF]

The polymer and the respective azide (3.0 eq. per propargyl group) were dissolved in N,N-

dimethylformamid (5.00 mL solvent per 100 mg polymer) before the reaction solution was stirred

for 48 hours at 110 °C. The solvent was removed under reduced pressure, and the crude product

was purified in different ways.

Modification of P4 with benzylazide 4 = PS

The crude polymer PS was dissolved in water and ethanol (water/ethanol = 5/1) and purified by

dialysis. In the beginning, against water/ethanol = 5/1, then against water. The functionalized

substrate is yielded through freeze-drying.

IH-NMR (400 MHz, MeOD, 500K): & (ppm) = 8.57 (s, Huiazot), 7.69 — 7.24 (m, Har, penzyt), 6.01
(s, -OCH2CHCH>), 5.47 —5.20 (m, -OCH2CHCH>), 4.60 (s, -OCH>CHCH>), 4.18 (s, -OCH>CH3),
2.90 — 1.16 (m, backbone, OCH>CHs,-OCH>C=CH).

3IP_.NMR (400 MHz, MeOD, 300K): 5 (ppm) = 33.2.
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MODIFICATION OF DPRVP VIA ALKYNE-AZIDE CYCLOADDITION (AAC)

R
N,
/\ // /\ \ l\/llN
o> > i Lors >> Nan
0. O/—: or (o} O O/O |
P=0 P=0 P-O _ P=0 P=0 II:I’—O/_Q\/N‘R
R/NP\‘}'P\J/* 110 °C, over night R»P\],P\M*
n m o [DMF] n m o
P4 P5 (R=Bn)
P6 (R= hydroxycoumarin)
Chol Ch 1
Chol : Chol ° Folat

R/P\!—P\H)\,}/* 110 °C, over night R»P\H)\J.P\J/*

n m o [DMF] n m o
P9 P10

The polymer and the respective azide (3.0 eq. per propargyl group) were dissolved in N,N-

dimethylformamid (5.00 mL solvent per 100 mg polymer) before the reaction solution was stirred

for 48 hours at 110 °C. The solvent was removed under reduced pressure, and the crude product

was purified in different ways.

Modification of P4 with benzylazide 4 = PS5

The crude polymer PS was dissolved in water and ethanol (water/ethanol = 5/1) and purified by

dialysis. In the beginning, against water/ethanol = 5/1, then against water. The functionalized

substrate is yielded through freeze-drying.

TH-NMR (400 MHz, MeOD, 500K): & (ppm) = 8.57 (s, Huiazot), 7.69 — 7.24 (m, Har, genzyi), 6.01
(s, -OCH2CHCHb), 5.47 —5.20 (m, -OCH>CHCH?>), 4.60 (s, -OCH>CHCHb), 4.18 (s, -OCH>CHs),

2.90 — 1.16 (m, backbone, OCH>CH3,-OCH2C=CH).

SIP.NMR (400 MHz, MeOD, 300K): 6 (ppm) = 33.2.
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Figure $19: 'H-NMR (400 MHz, MeOD, 300K) of the polyvinyl phosphonates P5.
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Figure S20: *'P-NMR (203 MHz, CDCl, 300K) of polyvinyl phosphonate P5.
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Figure S21: DOSY-NMR of polyvinyl phosphonate PS.
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Figure S22: SEC-MALS of polyvinyl phosphonate PS.
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Modification of P4 with 3-azide-7-hydroxycoumarin S = P6

The polymer P6 was purified via dialysis against water before freeze-drying.

lI‘I-IQMI{ (400 MHZ, MCOD, SOOK) 0 (ppm) =8.47 (S, Hn'iazol), 7.79 —7.34 (m, Har. Coumarin), 7.03
— 6.62 (m, Har, Counarin), 6.00 (s, -OCH.CHCHb), 5.51 — 5.15 (m, -OCH2CHCH:), 4.58 (s,

CH>CHCH?2), 4.18 (s, -OCH2CH3), 2.91 — 1.15 (m, backbone, OCH>CHs,-OCH2C=CH).

31P_.NMR (400 MHz, MeOD, 300K): & (ppm) = 33.1.

|
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Figure S23: 'H-NMR (400 MHz, CDCls, 300K) of the polyvinyl phosphonates P6.
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Figure S24: 3'P-NMR (203 MHz, MeOD, 300K) of polyvinyl phosphonate P6.
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Figure S25: DOSY-NMR of polyvinyl phosphonate P6.
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Figure S26: SEC-MALS of polyvinyl phosphonate P6.
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Figure S27: DLS spectra of P6 (d = 97.8 = 0.50 nm, PDI =0.17).
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Modification of P9 with folic acid azide 8 = P10

The crude polymer P10 was dissolved in a NaOH solution (1 M) and purified by dialysis. In the
beginning, against NaOH solution (1 M), then against water. The functionalized substrate is

yielded through freeze-drying.

!H-NMR (400 MHz, DMSO-d6, 500K): J (ppm) = 8.47 — 6.48 (m, Hrolate), 7.61 (8, Huriazot), 4.01
(s, -OCH>CH3), 2.78 — 0.99 (m, backbone, OCH2CH3, Heholesterol), 0.99 — 0.71 (m, -CH33, cholesterol ).

3IP_NMR (400 MHz, DMSO-d6, 300K): & (ppm) = 32.9.
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Figure S28: '"H-NMR (400 MHz, DMSO-d6, 300K) of the polyvinyl phosphonates P10.
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Figure S29: 3'P-NMR (203 MHz, DMSO-d6, 300K) of polyvinyl phosphonate P10.
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Figure S30: DOSY-NMR of polyvinyl phosphonate P10.
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Figure S31: SEC-MALS of polyvinyl phosphonate P10.
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Figure S32: DLS spectra of P10 (d = 183 £ 8.70 nm, PDI = 0.433).
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FUNCTIONALIZATION OF DALVP VIA THIOL-EN CLICK REACTION

MODIFICATION OF P5S WITH CYSTEIN P7

NH
COOH 2
8—COOH
Bn HaN Bn
| S S r\,l
N\N SH \N
/ \ \ ‘ \ /]
> > N N,Bn HoN OH > > N N,Bn
2
O\/ O\/ 9/0/_(/\/’lj O O\ /O O\/ 90/_(/\'11
P=0 P=0 P-0 N7 P=0 P=0 PO N~
R R
n L 2 70 °C, over night n m =
P5 [THF/MeOH] P7

Polyvinyl phosphonate P5, L-cysteine (2.0 eq. per allyl group in the polymer), and 4,4'-azobis(4-
cyanopentanoic acid) (ACPA) (0.1 eq. per allyl group in the polymer) were dissolved in 25.0 mL
water. The mixture was degassed via repeated evacuation and filling with argon (20 iterations)
before heating at 70 °C for 15 hours. After purification by dialysis against water, the aqueous

solution was freeze-dried to yield the functionalized substrates P7.

H-NMR (400 MHz, MeOD, 300K): & (ppm) = 8.57 (8, Huriazot) 7.69 — 7.24 (m, Har, enzyi), 4.18 (s,
-OCH:2CH3), 2.90 — 1.16 (m, backbone, OCH>CHs,-OCH2C=CH).

31P-NMR (400 MHz, MeOD, 300K): 5 (ppm) = 33.2.
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Figure $33: '"H-NMR (400 MHz, MeOD, 300K) of the polyvinyl phosphonates P7.

—3313

T T T T T T r T T T T T T
400 350 300 250 200 150 100 50 0 -50 -100 -150 -200
&/ ppm

Figure S34: *'P-NMR (203 MHz, MeOD, 300K) of polyvinyl phosphonate P7.
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light scattering response
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Figure S35: SEC-MALS of polyvinyl phosphonate P7.
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MODIFICATION OF P3 WITH THIOCHOLESTEROL P8

Chol Ghol
\ $ S 1%
Si— Si—
/\ > // hv //
> _ 7 thiocholesterol >> i
g9 8% fo,——-8— 0, 0 80 fo,—~—-si—
P=0 P=0 P-0O DMPA P=0 P=0 P-0O
n m o [THF/MeOH] n m o
P3 P8

The polymer P3 was dissolved in a mixture of tetrahydrofuran and methanol (THF/MeOH = 5/1)
(15 mL solvent per 100 mg polymer). The thiocholesterol (0.9 eq. per allyl group in the polymer)
and 2,2-dimethoxy-2-phenylacetophenone (DMPA) (0.1 eq. per allyl group in the polymer) were
added. The mixture was degassed via repeated evacuation and filling with argon (20 iterations)
before irradiating (A =365 nm) for 18 hours at room temperature. After removing the solvent under
reduced pressure, the residue was dissolved in water and tetrahydrofuran (H.O/THF = 95/5) and
purified by dialysis against water. The aqueous solution was freeze-dried to yield the

functionalized substrates.

IH-NMR (400 MHz, CDCls, 500K): 6 (ppm) =  6.89— 6.70 (m, HurgmColiiin), 5.92
(s, -OCH:CHCH:), 5.50 — 5.06 (m, -OCH:CHCH:), 4.71 (s, -CH2C=CSi(CHs)s)), 4.54
(s, -OCH>CHCH>), 4.12 (s, -OCH>CH3), 2.79 — 0.98 (m, backbone, OCH>CH3, Hcholesterol), 0.99 —
0.81 (m, -CH33, cholesterol), 0.13 (s, -CH2C=CSi(CH3)3).

3IP_NMR (400 MHz, CDCls, 300K): & (ppm) = 33.2.
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Figure $36: '"H-NMR (400 MHz, CDCl;s, 300K) of the polyvinyl phosphonates PS8.
| —
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Figure $37: *'P-NMR (203 MHz, CDCls, 300K) of polyvinyl phosphonate P8.
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Figure S38: DOSY-NMR of polyvinyl phosphonate P8.
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11.4.4 Supporting Information Chapter 7

Material and Methods
General consideration

Polymerizations with moisture and air-sensitive reactants were carried out in a MBraun
LabMaster120 glovebox filled with argon 4.6 from Westfalen or using standard Schlenk
techniques. All glassware was heat-dried prior to use. All chemicals were purchased from
Sigma-Aldrich, ABCR, or TCI Europe and used without further purification unless otherwise
stated. Dichloromethane, tetrahydrofuran, toluene, and pentane were dried using a MBraun
SPS-800 solvent purification system and stored over 3 A molecular sieve. Diethyl
vinylphosphonate (DEVP) were synthesized according to literature procedures followed by
drying over CaH, for several days and distilled prior to use.'® LiCH,TMS, and

Cp2YCH,TMS(thf) prepared according to literature procedures. ' 180

Dynamic light scattering (DLS)

DLS experiments were conducted on Litesizer 500 in the measurement mode of particle size
series. The measurements were measured with an automatic angle and an equilibration time
of 10 s. Each measurement consisted of 3 acquisitions. The LCST was measured by a
temperature program that increased and decreased in the range from 25 to 50 °C in two-
degree steps, equilibrating for 5 min once the measurement temperature was achieved. The

samples were dissolved in water in a concentration of 2.5 mg/mL.

Lyophilization

The polymer samples subject to freeze-drying were dissolved in either ultrapure water or 1,4-
dioxane and frozen under constant rotation in liquid nitrogen. For lyophilisation, a VaCo 5-1I-D
from Zirbus Technology GmbH was used, the pressure was adjusted to 2 mbar with a

condenser temperature of —90 °C.

Nuclear magnetic resonance spectroscopy (NMR)

Nuclear magnetic resonance spectra were recorded on a Bruker AVIII 400 HD (400 MHz) or
an AVIII 500 cryo (500 MHz). Deuterated solvents were purchased (CDCls, benzene-d6) from
Sigma-Aldrich. Spectroscopic chemical shifts & are reported in ppm and calibrated to the

residual proton signals of the used solvents.

Size-exclusion chromatography multi-angle light scattering (SEC-MALS)

Molecular weights and polydispersity of the polymers (c = 2.5 mg/mL) were determined by

SEC-MALS using a Wyatt Dawn Heleos || MALS light scattering unit and a Wyatt Optilab rEX
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536 Rl unitin THF: H20 = 1:1 (with 9 g/L tetra-n-butyl-ammonium bromide and 272 mg/L 2,6-
di-tert-butyl-4-methylphenol added) as eluent at 40 °C on two Agilent PolarGel-M columns; for
absolute molecular weight (triple detection) determination of different polymers, the refractive

index increments dn/dc = 0.0922 mL/g was used.

Transmission electron microscopy (TEM)

TEM analysis of coacervate core micelle samples was performed on a JEOL JEM 1400 plus instrument
at an acceleration voltage of 120 kV. TEM grids were hydrophilized by glow discharge for 30 s before
sample preparation. Then 0.5 pL of the sample (c= 0.5 mg/mL in MilliPore water) was placed onto the
hydrophilized carbon-coated copper mesh grid and incubated for 30 s. Excess liquid was paper-blotted
afterward. The dried grid was then stained with an aqueous 2 wt% uranyl acetate solution for 30 s, and

the excess liquid was blotted again with filter paper before imaging.

Turbidity measurements

Turbidity measurements were performed on a Varian Cary 50 Scan UV visible
spectrophotometer in a QS 10x10 mm quartz glass cuvette from Hellma GmbH & Co. KG.
The cloud point of the aqueous polymer solution (¢ = 2.5 mg/mL) was determined by
spectrophotometric detection of the change in transmittance at A = 500 nm. The samples
were heated/cooled at a rate of 1.0 K/min in one-degree steps followed by a 5 min long
period of constant temperature to ensure equilibration. The cloud point was defined as the

temperature corresponding to a 10% decrease in optical transmittance.

Photoluminescence measurements

The photoluminescence measurements were performed on AVA-Spec 2048 from Avantes. For
the excitation of the samples, PS cuvettes were placed in a 90° cuvette holder consisting of a

Prizmatix current controller as a light source irradiated with light of a wavelength of 365 nm.
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Polymerization

For the C—H bond activation, a solution of sym-collidin (1.00 equiv.) in dry toluene (1.00 mL)
was added to a solution of Cp.Y(CH>TMS)(thf) (2.00 equiv.) in absolute toluene (1.00 mL).
After the quantitative conversion, the reaction mixture was diluted with 8.00 mL of dry toluene,
and the respective amount of DEVP was added in one portion. After 5 min, one aliquot was
taken (0.1 mL quenched with 0.4 mL of MeOD-d,), the conversion of PDEVP was determined
by 'H-NMR, and then DPrTMSVP was added to the solution in one portion. After stirring
overnight, another aliquot was taken (0.1 mL quenched with 0.4 mL of MeOD-d,), and the
conversion of DEVP was determined via 3'P-NMR. The polymer participated from pentane,
subject to centrifugation, and the supernatant was decanted. The residual polymer is dissolved
in 1,4-dioxane before being freeze-dried. The purified polymer is analyzed using 'H/3'P/DOSY-
NMR and SEC-MALS.

1H-NMR (400 MHz, CDCls, 300 K): & (ppm) = 6.91 — 6.71 (M, Harsymocolian), 4.84 (s, -
CH2C=CSi(CHs)s)), 4.13 (s, -OCH-CHs), 2.87 — 1.13 (M, Hboackbone, -OCH2CHs), 0.18 (s, -
CH2C=CSi(CHs)s).

31P.NMR (203 MHz, CDCls, 300K): & (ppm) = 33.2.
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Characterization of polymer micelles

Cell viability assay

The biocompatibility of polymers was evaluated with spontaneously immortalized human Miiller cell
line (MIO-M1). The polymers were prepared at a stock concentration of 1.5 mg/mL in distilled water
and vortex until dissolved before use. MIO-M1 (P41) was seeded in a transparent 96-well plate at the
density of 10,000 cells in pre-warmed high glucose (4.5 g/L) DMEM medium (Gibco; Thermo Fisher
Scientific, Taufkirchen, Germany) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin (Thermo Fisher Scientific, Karlsruhe, Germany). After 24 hours, the medium
was aspirated, and each well was treated with 100 pl of different concentrations of polymers (5, 15,
25, 50, 100, 150, 200, 250, and 500 pug/mL) prepared in the medium. Following 24 hours of treatment
at 37°C and 5% CO,, an MTS assay was carried out to evaluate the metabolic activity of the treated
cells by adding 20 pL of the CellTiter 96 ® Aqueous One Solution Reagent (Promega Corporation,
Madison, WI, USA) directly to each well and incubated at 37°C for 90 minutes. Subsequently, the
absorbance was measured at 490 nm with a reference wavelength set at 690 nm for background
correction using a Tecan Reader (NanoQuant infinite M200). All data is shown as mean + SD from five

replicates after normalizing to the untreated control wells representing 100% cell viability.

CMC determination

The CMC values of amphiphilic polymers were determined with the help of Nile red (NR). In
this regard, a stock solution of NR (c = 1.26 mg/mL) was prepared by dissolving the dye in
DMSO. Concentrated stock solutions of each polymer were prepared in Milli-Q water (c =
0.0015, 0.15 and 3.0 mg/mL) and combined with the dye solution (a volume of 2 uL of dye was
added to each polymer concentration). Afterward, 15 different concentrations ranging from
0.00001 to 2 mg/mL were prepared using further dilution with Milli-Q water. The solutions were
incubated at room temperature for 5 hours. Once the solutions had been transferred to black
bottom 96-well microplates (Thermo Scientific, Nunclon™, Germany), samples were allowed
to equilibrate for 30 minutes at 25 °C. Excitation/emission wavelengths for all fluorescence
measurements were 485/636 nm, respectively, and measured on a plate reader at 25 °C
(TECAN Spark, TECAN, Maennedorf, Switzerland). Based on the plot of fluorescence intensity
versus polymer concentration, two distinguished lines were created using the low initial
fluorescence before NR is taken up by the micelles and the first polymer concentrations of the
linear increase in fluorescence indicating micelle formation. The CMC value for each polymer

was derived from the intersection of these two lines.
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Loading and release experiments

To obtain fluorescein-loaded vehicles, firstly, fluorescein was dissolved in DMSO (c =
0.3 mg/mL). Under continuous stirring, the fluorescein solution was added dropwise to an ice-
cooled polymer solution (polymer/fluorescein = 12/1). The mixture was then stirred for 1 h on
ice and 90 min at ambient temperature. Subsequently, five dialysis membranes were filled with
600 uL each of this solution and were dialyzed against deionized water night. For the release
studies, the five dialysis tubes were placed in 90 mL water at different temperatures (T = room
temperature, 37 °C, 40 °C, and 42 °C). Samples (1.5 mL) were taken at regular intervals
(hourly during the first 7 hours, then after 24, 30, 48 and 72 hours) and the removed volume
was backfilled with 1.5 mL of the related medium. Each sample taken was later conducted to
photoluminescence spectroscopy. The amount of fluorescein was then determined from the
relative irradiance at each measuring point using calibration curves. The calibration curves
were generated via photoluminescence measurements using fluorescein solutions in water
and the citrate-buffer solutions with varying concentrations. With help of the reference sample

(vide infra, initial amount of fluorescein) the fraction of released fluorescein was calculated.
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11.4.5 Supporting Information Chapter 8

Material and Methods
General consideration

Polymerizations with moisture and air-sensitive reactants were carried out in a MBraun
LabMaster120 glovebox filled with argon 4.6 from Westfalen or using standard Schlenk
techniques. All glassware was heat-dried prior to use. All chemicals were purchased from
Sigma-Aldrich, ABCR, or TCI Europe and used without further purification unless otherwise
stated. Dichloromethane, tetrahydrofuran, toluene, and pentane were dried using a MBraun
SPS-800 solvent purification system and stored over 3 A molecular sieve. Diethyl
vinylphosphonate (DEVP) was synthesized according to literature procedures followed by
drying over CaH; for several days and distilled prior to use.'”® LICH,TMS, Cp.YCH,TMS(thf),
dichloro vinyl phosphonate and (3-(trimethylsilyl)propargyl alcohol were prepared according to

literature procedures.?” 179, 180, 182

Column chromatography

Silica gel (grain size: 60-200um) from Acros Organics was used for purification via column
chromatography, corresponding solvent ratios are given in the appropriate procedures.

Elemental Analysis

The elemental analysis was performed by the microanalytical laboratory at the Department of
Inorganic Chemistry at the Technical University of Munich on a Vario EL from Elementar.

Dialysis
Purification via dialysis were performed with a Spectra/Por 1 dialysis tube (regenerated
cellulose) with a molecular weight cut-off (MWCO) of 6000 8000 (Spectrumiabs). Before use

membranes are flushed with deionized water. Typical solvent for dialysis was water. However,

if specific solvents are used for dialysis, it will be given in the corresponding procedures.

Nuclear magnetic resonance spectroscopy (NMR)

Nuclear magnetic resonance spectra were recorded on a Bruker AVIII 400 HD (400 MHz) or
an AVIIl 500 cryo (500 MHz). Deuterated solvents were purchased from Sigma-Aldrich.
Spectroscopic chemical shifts & are reported in ppm and calibrated to the residual proton

signals of the used solvents.

Size-exclusion chromatography multi-angle light scattering (SEC-MALS)

Molecular weights and polydispersity of the polymers (c = 2.5 mg/mL) were determined by
SEC-MALS using a Wyatt Dawn Heleos || MALS light scattering unit and a Wyatt Optilab rEX
536 Rl unit in THF: H20 = 1:1 (with 9 g/L tetra-n-butyl-ammonium bromide and 272 mg/L 2,6-
di-tert-butyl-4-methylphenol added) as eluent at 40 °C on two Agilent PolarGel-M columns; for
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absolute molecular weight (triple detection) determination of different polymers, the refractive

index increments dn/dc = 0.0922 mL/g was used.

Thin-layer chromatography (TLC)

Thin-layer chromatography was performed on silica coated aluminum sheets (F254) from
Sigma-Aldrich. Compounds were detected by either UV-light (A = 254nm, A = 366 nm) or
KMNOg4-solution followed by heating to 200 °C-250 °C. The detection method used is specified

in the corresponding procedure.

UVvis spectroscopy (UV/vis)

UV/vis spectra were measured on a Varian Cary 50 Scan UV visible spectrophotometer from
200 nm to 800 nm at 25 °C. The samples were dissolved in methanol and analyzed in a QS
10x10 mm quartz glass cuvette from Hellma GmbH & Co. KG. A baseline correction with the

pure solvent was performed before sample measurements.
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Synthesis of nucleobase- derivates

9-(2-bromoethyl)-9H-purin-6-amine

3.50 g (25.9 mmol, 1.00 eq.) adenine and 10.74 g (77.7 mmol, 3.00 eq.) potassium carbonate
were dissolved in 180 ml DMF. Afterward, 10.0 ml (21.9 g, 117 mmol, 4.50 eq.) 1,2-
dibromoethane was added to the solution, which was stirred for 48 h at room temperature.
Subsequently, the solution was extracted three times with 250 ml chloroform. The combined
organic phases were washed with brine, followed by drying sodium sulfate, followed by
removing the volatiles. The crude product was purified via recrystallization in methanol, yielding
2.46 g (10.2 mmol, 39%) 9-(2-bromoethyl)-9H-purin-6-amine.

H-NMR (400 MHz, DMSO-ds, 300 K): & (ppm) = 8.17 (s, 1H, H-8), 8.15 (s, 1H, H-2), 7.25 (s,
2H, -NH2), 4.56 (t, 3Jun = 6.1 Hz, 2H, H-11), 3.94 (t, 3Jup = 6.1 Hz, 2H,H-12).

13C.NMR (101 MHz, DMSO-ds, 300 K): & (ppm) = 156.00 (C-6), 152.51 (C-2), 149.48 (C-4),
140.91 (C-8), 118.69 (C-5), 44.65 (C-11), 31.57 (C-11).

EA: calculated: C 34.73%, H 3.33%, N 28.93%, Br 28.93%.

found: C 34.91%, H 3.21%, N 28.60%, Br 31.80%.
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9-(2-azidoethyl)-9H-purin-6-amine

1.20 g (4.94 mmol, 1.00 eq.) 9-(2-bromoethyl)-9H-purin-6-amine was dissolved in 85.0 ml
DMSO. After addition of 964 mg sodium azide, the solution was stirred at 80°C for 24 h. The
reaction was quenched by adding water, and the resulting mixture was extracted with EtOAc.
The combined organic phases were washed with brine, and dried using sodium sulfate, and
the solvent was removed under vacuum. The crude product is washed with hexane to yield
488 mg (2.39 mmol, 49%) 9-(2-azidoethyl)-9H-purin-6-amine.

1H-NMR (400 MHz, DMSO-ds, 300 K): & (ppm) = 8.16 (s, 2H, H-2, H-8), 7.25 (s, 2H,-NH,), 4.34
(t, 3Jun = 5.7 Hz, 2H, H-11), 3.81 (t, 3Jun= 5.8 Hz, 2H, H-12).

13C-NMR (101 MHz, DMSO-ds, 300 K): 5 (ppm) = 155.99 (C-6), 152.54 (C-2), 149.62 (C-4),
140.89 (C-8), 118.71 (C-5), 49.71 (C-12), 42.45 (C-11).

EA: calculated: C 41.17%, H 3.95%, N 54.88%.

found: C 41.10%, H 3.85%, N 53.30%.
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3-benzoyl-5-methylpyrimidine-2,4(1H,3H)-dione

O O
6 | H%Om z 15
5.04 g (40.0 mmol, 1.00 eq.) thymine was dissolved in 24.0 ml pyridine and 16.0 ml acetonitrile
(MeCN). Afterward, 10.7 ml (12.9 g, 92.0 mmol, 2.30 eq.) benzoyl chlorid was added dropwise
at room temperature, and the resulting solution was stirred overnight at room temperature.
Subsequently, the solution was portioned between 200 ml DCM and 200 ml water. The
aqueous phase was extracted three times with 200 ml DCM, the combined organic phases
were dried over sodium sulfate, and the volatiles were removed. The resulting solid was
dissolved in 80.0 ml dioxane, followed by the addition of 3.00 g (21.7 mmol, 0.50 eq.)
potassium carbonate and 40.0 ml water. The solution was stirred for 2 h at room temperature.
Then, the pH of the solution was adjusted to pH = 5 with concentrated acetic acid, followed by
concentrating the solution. 160 ml of saturated sodium hydrogen carbonate solution was added
to the concentrated solution and stirred for 1 h at room temperature. The resulting suspension

was filtered, and the isolated solid was washed with ice-cold water. The solid was recrystallized

in acetone, yielding 5.50 g (23.9 mmol, 60%) 3-benzoyl-5-methylpyrimidine-2,4(1H,3H)-dione.

TH-NMR (400 MHz, DMSO-ds, 300 K): & (ppm) = 7.93 (d, 3Jun = 7.7 Hz, 2H, H-13,H-17), 7.77
(t, 3Jun = 7.4 Hz, 1H, H-15), 7.59 (t, 3Jun = 7.6 Hz, 2H, H-14, H-16), 7.53 (s, 1H, H-6), 1.81 (s,
3H, H-9).

13C-.NMR (101 MHz, DMSO-ds, 300 K): 5 (ppm) = 1170.25 (C-10), 163.59 (C-4), 150.13 (C-2),
139.20 (C-6), 135.30 (C-15), 131.45 (C-12), 130.20 (C-13, C-17), 129.46 (C-14, C-16), 107.74
(C-5), 11.71 (C-9).

EA: calculated: C62.61%, H4.38%, N 12.17%.

found: C 62.47%,H 4.27%, N 12.09%.
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3-benzoyl-1-(2-bromoethyl)-5-methylpyrimidine-2,4(1H,3H)-dione
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2.00 g (8.69 mmol, 1.00 eq.) 3-benzoyl-5-methylpyrimidine-2,4(1H,3H)-dione and 3.60 g (26.1
mmol, 3.00 eq.) potassium carbonate were dissolved in 90.0 ml DMF. Following this, 3.37 ml
(7.34 g, 39.1 mmol, 4.50 eq.) 1,2-dibromoethane was added and the solution was stirred for
48 h at room temperature. The solution was portioned between 150 ml chloroform, and the
organic phase was washed with brine, dried over sodium sulfate, and the solvent was removed
under vacuum. The crude product is purified via column chromatography (SiO2, hexane:
EtOAc; 2:8), isolating 149 g (442 mmol, 51%) 3-benzoyl-1-(2-bromoethyl)-5-
methylpyrimidine-2,4(1H,3H)-dione.

TLC: Rr= 0.65 (hexane:EtOAc; 2:8) SiO,, [UV].

1H-NMR (400 MHz, DMSO-ds, 300 K): & (ppm) = 7.94 (d, 3Jun = 7.1 Hz, 2H, H-13,H-17), 7.84
(s, 1H, H-6), 7.78 (t, %Jun = 7.5 Hz, 1H, H-15), 7.60 (t, 3Jun = 7.7 Hz, 2H, H-14, H-16), 4.12 (1,
3Jun = 6.4 Hz, 2H, H-18), 3.76 (t, 3Jun = 6.3 Hz, 2H, H-19), 1.85 (s, 3H, H-9).

13C.NMR (101 MHz, DMSO-ds, 300 K): & (ppm) = 169.52 (C-10), 162.80 (C-4), 149.38 (C-2),
142.38 (C-6), 135.51 (C-15), 131.10 (C-12), 130.25 (C-13, C-17), 129.52 (C-14, C-16), 108.43
(C-5), 48.89 (C-18), 30.38 (C-19), 11.86 (C-9).

EA: calculated: C 49.87%, H 3.89%, N 8.31%, Br 23.70%.

found: C 50.42%, H 3.85%, N 8.21%, Br 22.90%.
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1-(2-azidoethyl)-5-methylpyrimidine-2,4(1H,3H)-dione
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2.37 g (7.03 mmol, 1.00 eq.) 3-benzoyl-1-(2-bromoethyl)-5-methylpyrimidine-2,4(1H,3H)-dione
was dissolved in 130 mI DMSO, followed by the addition of 1.37 g (21.1 mmol, 3.00 eq.) sodium
azide. The resulting solution was stirred for 24 h at 80°C. Subsequently, the solution was
quenched with water and three times extracted with EtOAc. The combined organic phases
were washed with brine and dried over sodium sulfate. The volatiles were removed, and the
resulting crude product was purified via column chromatography (SiO., hexane: EtOAc; 2:8).
669 mg (3.28 mmol, 59%) 1-(2-azidoethyl)-5-methylpyrimidine-2,4(1H,3H)-dione could be
isolated.

TLC: Rr= 0.35 (hexane:EtOAc; 2:8) SiO,, [UV].

1H-NMR (400 MHz, DMSO-ds, 300 K): & (ppm) = 11.3 (s, 1H, -NH-), 7.53 (s, 1H, H-6), 3.82 (1,
SJun = 5.7 Hz, 2H, H-10), 3.58 (t, 3Jun = 5.7 Hz, 2H, H-11), 1.75 (s, 3H, H-9).

13C.NMR (101 MHz, DMSO-ds, 300 K): & (ppm) = 164.25 (C-4), 150.90 (C-2), 141.40 (C-6),
108.59 (C-5), 49.02 (C-11), 46.54 (C-10), 11.94 (C-9).

EA: calculated: C 43.08%, H 4.65%, N 8.31%, Br 35.88%.

found: C 42.89%, H 4.57%, N 8.21%, Br 31.99%.
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Appendix

Polymerization

A solution of sym-collidine (1.00 equiv.) in absolute toluene (5.00 mL) was added to a solution
of Cp2Y(CH2TMS)(thf) (1.00 equiv.) in absolute toluene (5.00 mL). After stirring for two hours,
the mixture was diluted with additional toluene (80.0 mL). A mixture of DEVP (90 eq.) and
DPrTMSVP (10 eq.) in absolute toluene (5.00 mL) was then added to the solution in one
portion. After four hours, the completion of the polymerization was detected by 3'P-NMR
spectroscopy. The reaction was quenched by the addition of MeOH, and the polymer was
precipitated in pentane. The supernatant solvent was decanted, and the residual polymer was

dissolved in water and freeze-dried to yield the pure polymer as a colorless solid.

1H-NMR (400 MHz, CDCls, 300 K): & (ppm) = 4.84 (s, -CH2C=CSi(CHa)s)), 4.12 (s, -
OCH:CHs), 2.95 — 0.95 (M, Hpackbone, -OCH2CHs), 0.17 (s, -Si(CHs)s).

31P-NMR (203 MHz, CDCls, 300K): & (ppm) = 33.2.

234



Appendix

TMS deprotection procedure of PDEVP from group-transfer polymerization

The alkyne functionalized PDEVP (1.0 eq.) was dissolved in methanol (5.00 mL solvent per
100 mg polymer). The calculated amount of K,COs (20 eq. per propargyl group) was
suspended in the solution, and the resulting suspension was stirred overnight. Following the
solvent removal, the mixture was dissolved in water and dialyzed for 24 h (MWCO 6-8 kDa).

The deprotected polymer P4 was obtained through lyophilization of the dialyzed solution.

1H-NMR (400 MHz, CDCls, 300 K): & (ppm) = 4.12 (s, -OCH2CHs), 2.97 — 0.89 (M, Hoackone, -
OCH.CHs).

31P.NMR (203 MHz, CDCls, 300K): & (ppm) = 33.2.
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Post-polymerization functionalization with nucleobases

Adenine functionalization of P(DEVP-co-DPrVP) via CuAAC

adenine
N//N\N///

—

\/\adenine
P
R

The polymer (1.0 eq.) was dissolved in water (5.0 mL solvent for 100 mg polymer), followed by
the addition of sodium ascorbate (5.0 eq). After degassing, CuSO4-5H,0 (5.0 eq.), and a
solution of 9-(2-azidoethyl)-9H-purin-6-amine (5.0 eq. in DMF) were added to the solution and
stirred at room temperature for 48 h. Afterward, the EDTA was added, and the solution was
stirred at room temperature for another 24 hours. The solution is dialyzed against water for 48

h providing water exchanges until the sample is colorless, followed by its lyophilization.
UV/vis (MeOH): Amax = 259 nm.

1H'NMR (400 MHZ, CDCI3, 300 K) 6 (ppm) = 828 (bS, CHtriazo|e, CHadenine), 412 (S,'
POCH.CHz), 2.81-0.91 (m, Hbackbone, -OCH2CH?3).

31P.NMR (203 MHz, CDCls, 300K): & (ppm) = 33.1.
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Adenine functionalization of P(DEVP-co-DPrVP) via Huisgen-AAC

adenine
_N
/ \N///

\/\adenine
PP
R

The polymer (1.0 eq.) is dissolved in a solvent (5.0 mL solvent for 100 mg polymer) and a
solution of 9-(2-azidoethyl)-9H-purin-6-amine in DMF was added. After stirring for 48 h, the

crude reaction solution was dialyzed for 48 h. Subsequently, the polymer was purified via
lyophilization.

Table 11.2: Post-polymerization functionalization of P(DEVP-co-DPrVP) with adenine via Huisgen-AAC

Entry Nucleobase solvent T
(eq.) [°C]
. H,O:DMSO 90
P13 adenine 7 (2:5)
P16 adenine 7 DMF 130
P17 adenine 7 DMACc 150

UV/vis (MeOH): Amax = 259 nm.

1H-NMR (400 MHz, CDCls, 300 K): & (ppm) = 8.28 (bs, CHuiazole, CHadenine), 4.12 (s,-
POCH,CHs), 2.81-0.91 (M, Hoackbone, -OCH2CHs).

31P-NMR (203 MHz, CDCls, 300K): & (ppm) = 33.1.
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Thymine functionalization of P(DEVP-co-DPrVP) via CuUAAC

thymine
N//N\N///

N~
S o
o o\
=0 P \/\thymine
g
R

n m

'U:O\/

The polymer (1.0 eq.) was dissolved in water (5.0 mL solvent for 100 mg polymer), followed by
the addition of sodium ascorbate (5.0 eq.). After degassing, CuSO4-5H,0 (5.0 eq.), and a
solution of 1-(2-azidoethyl)-5-methylpyrimidine-2,4(1H,3H)-dione (5.0 eq. in DMF) were added
to the solution and stirred at room temperature for 48 h. Afterward, the EDTA was added, and
the solution was stirred at room temperature for another 24 hours. The solution is dialyzed
against water for 48 h providing water exchanges until the sample is colorless, followed by its

lyophilization.
UV/ivis (MeOH): Amax = 268 nm.

'H-NMR (400 MHz, CDCls, 300 K): & (ppm) = 11.3 (bs, NHinymine), 8.21 (bS, CHuiazoe), 7.25 (bs,
Cchymine), 687 (bS, CHArY initiator)_ 462 (bS, CH2, Hethylene |inker), 403 (S, 'POCH2CH3), 383 (bS,
CHZ, Hethylene linker), 2.88-0.85 (m, Hbackbone, 'OCH2CH3)

31P-NMR (203 MHz, CDCls, 300K): & (ppm) = 32.9.

238



Appendix

Thymine functionalization of P(DEVP-co-DPrVP) via Huisgen-AAC

thymine
N//N\N///
N~
S o
o o\
=0 P ’ \/\thymine
S

n m

'U:O\/

The polymer (1.0 eq.) is dissolved in a solvent (5.0 mL solvent for 100 mg polymer) and a
solution of 1-(2-azidoethyl)-3-benzoyl-5-methylpyrimidine-2,4(1H,3H)-dione (5.0 eq., in DMF)
was added. After stirring for 48 h, the crude reaction solution was dialyzed for 48 h.

Subsequently, the polymer was purified via lyophilization.

UV/ivis (MeOH): Amax = 268 nm.

H-NMR (400 MHz, CDCls, 300 K): & (ppm) = 11.3 (bs, NHinymine), 8.21 (bS, CHuiazoe), 7.25 (bs,
Cchymine), 687 (bS, CHArY initiator)_ 462 (bS, CH2, Hethylene |inker), 403 (S, 'POCH2CH3), 383 (bS,
CHZ, Hethylene linker), 2.88-0.85 (m, Hbackbone, 'OCH2CH3)

31P-NMR (203 MHz, CDCls, 300K): & (ppm) = 32.9.
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