Bergman Cyclization of Enediyne-
Based Polymers in Solution and the Solid
State

Dissertation

zur Erlangung des
Doktorgrades der Naturwissenschaften (Dr. rer. nat.)

der

Naturwissenschaftlichen Fakultat I1
Chemie, Physik und Mathematik

der Martin-Luther-Universitat
Halle-Wittenberg

vorgelegt

von Frau Yue Cai

Gutachter:
Prof. Dr. Wolfgang H. Binder (Martin Luther University Halle-Wittenberg)
Prof. Dr. Felix H. Schacher (University of Jena)

Defense date: 02.07.2025



Acknowledgment

First and foremost, I would like to express my deepest gratitude to Prof. Dr. Wolfgang H.
Binder for offering me the opportunity to pursue my PhD and for providing such an interesting
research topic. His scientific support, personal guidance, and encouragement have been

instrumental throughout my doctoral journey.

I would also like to extend my sincere thanks to Ms. Anke Hassi for her attentive and
considerate support in both my work and life since my first day arriving in Germany. Her
assistance made my time in Halle much more convenient and warmer. I also deeply appreciate
our technical assistants, Mrs. Julia Groflert and Mrs. Susanne Tanner, for their meticulous
support in my laboratory work. Their efficiency in providing laboratory supplies and sample
testing has been invaluable. [ would also like to thank my fellow group members, especially Dr.
Anja Stojanovic-Marinow and those who shared the office and lab with me. Their

companionship and engaging discussions have greatly enriched my PhD experience.

I am grateful to Prof. Dr. Edgar Peiter and Dr. Jie He for their significant guidance in my
first project on DNA cleavage experiments, which helped solidify my commitment to this
direction of research. Additionally, I want to thank Prof. Dr. Dariush Hinderberger and his
group for their support with EPR experiments, which were crucial to my entire PhD project. I

am also thankful to Dr. Dieder Strohl and his team for their assistance with NMR experiments.

I would like to express my heartfelt gratitude to my family and friends. Without their
unwavering support, [ would not have made it this far. Without their warm companionship, it

would have been difficult to get through the winters in Germany.

Lastly, [ would also like to thank myself. Although the journey has been slow, it has largely
been going in the right direction and aligning with my heart's desires. Embracing everything,
growing personally, and looking forward to the future.



Abstract

The Bergman cyclization (BC) is a pericyclic reaction involving enediynes (EDY),
characterized by two triple bonds conjugated to one centered double bond. Since the discovery
of the efficient antibiotic activity of EDY and the diradical intermediates formed during
cyclization, BC has garnered significant research interest. Key areas of study include factors
influencing cyclization and the development of novel, site-selective EDY-based antibiotics.
While previous research has largely focused on small molecules, in-depth explorations and

expansions revealing the potential of EDY-based polymers have not yet been conducted.

This cumulative thesis presents the design and synthesis of three different EDY-based
polymers. The first polymer is a main-chain EDY polyimine, synthesized through
polycondensation of diamino-EDY ((Z)-octa-4-en-2,6-diyne-1,8-diamine) with different
dialdehydes. These main-chain EDY polymers exhibit a chain-length dependent DNA cleavage
activity under physiological conditions, which can be further tuned by modulating the
stereoelectronic environment by modifying substitution patterns. Photochemical activation
generates long-lived free radicals as verified by electron paramagnetic resonance (EPR)
spectroscopy, with rates of radical formation corresponding to those observed in DNA cleavage
experiments. In the second part, diamino-EDY was incorporated as a main-chain structural
element in isophorone-based polyurethanes to create an EDY-based polyurethane elastomer.
Upon heating, compression, or stretching, strain-induced hardening of this elastomer can be
induced via BC. This cyclization serves as a crosslinking strategy triggered by heat or
mechanical force in elastomeric materials. The third approach describes an initiator-free
synthesis of semi-interpenetrating polymer networks (semi-IPNs) via BC. The precursor, (Z)-
oct-4-ene-2,6-diyne-1,8-diol (diol-EDY)), was swollen into a pre-existing polyurethane network,
followed by radical polymerization via an initiated BC. The so resulting semi-IPN exhibited

enhanced mechanical properties and thermal stability when compared to the initial network.

In conclusion, three distinct EDY-based polymers were developed, showcasing novel
functionalities driven by BC. These applications range from inducing enhanced DNA cleavage
activity in solution to serving as efficient crosslinking strategies in solid films. The findings
highlight the potential of molecule EDY to be embedded in polymer science with precise

functional control.
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Kurzdarstellung

Die Bergman-Cyclisierung (BC) ist eine pericyclische Reaktion, an der Enediyne (EDY)
beteiligt sind, die durch zwei Dreifachbindungen gekennzeichnet sind, die mit einer zentralen
Doppelbindung konjugiert sind. Seit der Entdeckung der effizienten antibiotischen Aktivitat
von EDY und der wihrend der Cyclisierung gebildeten Diradikal-Zwischenprodukte hat die
BC erhebliches Forschungsinteresse geweckt. Wichtige Forschungsbereiche umfassen
Faktoren, die die Cyclisierung beeinflussen, sowie die Entwicklung neuartiger, selektiv
wirkender EDY-basierter Antibiotika. Wahrend sich die bisherige Forschung weitgehend auf
kleine Molekiile konzentrierte, wurden eingehende Untersuchungen und Erweiterungen, die das
Potenzial von EDY-basierten Polymeren aufzeigen, bisher noch nicht durchgefiihrt.

Diese kumulative Dissertation beschreibt das Design und die Synthese von drei
verschiedenen EDY-basierten Polymeren. Das erste Polymer ist ein Hauptketten-EDY-
Polyimin, das durch Polykondensation von Diamino-EDY ((Z)-octa-4-en-2,6-diyne-1,8-diamin)
mit verschiedenen Dialdehyden synthetisiert wurde. Diese Hauptketten-EDY-Polymere zeigen
eine kettenlangenabhingige DNA-Spaltungsaktivitét unter physiologischen Bedingungen, die
durch Modifikation des Substitutionsmusters und Beeinflussung der stereolektronischen
Umgebung weiter angepasst werden kann. Photochemische Aktivierung erzeugt langlebige
freie Radikale, die durch Elektronen-Paramagnetresonanz-Spektroskopie (EPR) nachgewiesen
wurde, wobei die Raten der Radikalbildung denen der DNA-Spaltungsexperimenten
entsprechen. Im zweiten Teil wurde Diamino-EDY als Strukturelement in Isophoron-basierten
Polyurethanen eingebaut, um ein EDY-basiertes Polyurethan-Elastomer zu erzeugen. Durch
Erhitzen, Kompression oder Dehnung kann eine durch Spannung induzierte Aushértung dieses
Elastomers tiber die BC induziert werden. Diese Cyclisierung dient als Vernetzungsstrategie,
die durch Warme oder mechanische Kraft in elastomeren Materialien ausgeldst wird. Der dritte
Ansatz  beschreibt eine initiatorfreie =~ Synthese = von  semi-interpenetrierenden
Polymernetzwerken (semi-IPNs) iiber BC. Der Vorldufer (Z)-oct-4-en-2,6-diyne-1,8-diol
(Di0l-EDY) wurde in ein vorhandenes Polyurethan-Netzwerk eingebracht, gefolgt von einer
Radikalpolymerisation durch initiierte BC. Das resultierende semi-IPN zeigte verbesserte

mechanische Eigenschaften und thermische Stabilitdt im Vergleich zum Ausgangsnetzwerk.

AbschlieBend wurden drei verschiedene EDY -basierte Polymere entwickelt die neuartige
Funktionen durch BC aufzeigen. Diese Anwendungen reichen von der Verstarkung der DNA-
Spaltungsaktivitit in Losung bis hin zur effizienten Verwendung als Vernetzungsstrategie in
Feststofffilmen. Die Ergebnisse verdeutlichen das Potenzial von EDY-molekiilen mit praziser
Funktionskontrolle in die Polymerwissenschaft eingebunden zu werden.
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1. Introduction

1.1. Enediynes and the Bergman cyclization: from concepts to approaches

1.1.1. Overview of enediynes and the Bergman cyclization

In organic chemistry, pericyclic reactions represent a significant class of reactions
characterized by a coordinated system surrounding a cyclic array of atoms during bond
formation.! In their transition states (TS), the involved bond orbitals overlap continuously and
concertedly in a closed loop. Owing to the continuous flow of electrons through n-bonds and
the reorganization of electron pairs in the cyclic TS, bond-breaking and bond-forming processes
occur simultaneously.” Therefore, they exhibit highly efficient reactivity and are recognized as
an important tool in modern synthetic organic chemistry. Starting with the well-known Diels-
Alder reaction first reported in 1928 as the leading example of a pericyclic reaction,’ the
identification and formal categorization of pericyclic reactions have evolved over time through
the observation and interpretation of various organic reactions. Four principle classes of
pericyclic reactions have been termed as cycloadditions,* electrocyclizations,” sigmatropic

rearrangements,® and ene reactions.’

A X Solvent X Y
= .
| ﬁ \_  Solvent © hydrocarbon H H
A
g : cal, c_|c
H Y
CH,OH H | CH,OH

« carbon radical

Figure 1. Bergman cyclization and its different products under various solvents.

The Bergman cyclization (BC) is one of the classical electrocyclizations, featuring a
concerted cyclization by transforming one n-bond to a bond-forming c-bond.? It has a profound
research background dating back to 1966 when Mayer and Sondheimer first reported the
rearrangement of an enediyne that resulted in a cyclized product.”!® Subsequently, in 1971, the
Masamune group observed the formation of a benzenoid system during a similar conversion of
the cyclic 1,5-enediyne (EDY).!! In 1972, Jones and Bergman selected 3-ene-1,5-diynes as
model compounds and designed a series of experiments that clearly illustrated the existence of
1,4-benzenoid diradicals during cycloaromatization as shown in Figure 1.2 They also proposed
that this reaction followed a mechanism similar to the cyclization previously reported by
Sondheimer and Masamune. Since then, this cycloaromatization reaction of 3-ene-1,5-diynes
has become widely known as Bergman cyclization. Specifically, (Z)-hex-3-ene-1,5-diyne was
observed to undergo an exothermic rearrangement, leading to cyclization and the formation of
aromatic rings. As a symmetry-allowed pericyclic reaction, BC is driven by aromaticity and

characterized by the formation of a labile diradical intermediate,'* which is consistent with the
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decisive role of the solvent used in the reaction in determining the specific substitutions attached
to the formed aromatic products as depicted in Figure 1. This typical behavior of a free-radical
reaction can be explained by the presence of a symmetric 1,4-didehydrobenzene (p-benzyne)
diradical intermediate, generated by the thermolysis of EDY. The diversity of cyclized products

is largely due to the trapping of this diradical intermediate by external reagents.

However, despite the significance of BC, it received little attention in the decade following
its discovery. It was only in the late 1980s, when a new class of naturally occurring antibiotics
based on enediyne structures was identified, that BC and its proposed mechanism garnered
significant interest from chemists and pharmacists.'* Calicheamicin (see Figure 2), the first
representative EDY antibiotic, was initially isolated from chalky soil, or "caliche pits" in
Kerrville.!> After collection and analysis by scientists from the Lederle Labs, it was accurately
classified as a product of the actinomycete Micromonospora echinospora.'® In 1993, K. C.
Nicolaou and his coworkers published the first laboratory synthesis of calicheamicin yi', which

further inspired extensive research into bioactive small molecules containing the EDY-unit.!”

20,21

Around the same time, dynemicin A,'®! kedarcidin chromophore, and neocarzinostatin

22,23

chromophore, structurally distinct but biochemically similar, were also discovered and

grouped within EDY antibiotics.
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Calicheamicin y4'

Figure 2. The first representative natural EDY anticancer antibiotic, calicheamicin y;'.

The central part of the natural molecules contains the EDY unit, which accounts for their
similarities in cleaving DNA in a site-specific and double-stranded manner, thereby
highlighting the vital role of BC involving diradical structures. As illustrated in Figure 3,
treatment with EDY-containing active compounds can transform original DNA by chain
scission from its supercoiled Form I into different forms, specifically circular Form II (resulting
from single-strand scissions), linear Form III (resulting from double-strand scissions), and small

fragments.
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Figure 3. Schematic representation of DNA cleavage induced by EDY derivatives.

Since revealing the critical bioactivities of EDY extensive investigations have been
conducted to explore BC in various fields.?*?® In chemistry, particular emphasis has been
placed on factors that influence the cyclization process, such as molecular structures,
substituents, and cyclic/acyclic geometries.?’>> These studies aim to better understand the
parameters that affect the rate of cyclization and to develop more effective EDY substrates and
catalytic approaches to facilitate BC.>%>! Clinical applications of EDY antibiotics have also
seen continuous improvement. For instance, in 2000, a derivative of the highly toxic
calicheamicins, specifically a CD33 antigen-targeted immunoconjugate known as N-acetyl
dimethyl hydrazide, was successfully marketed as a targeted therapy for acute myeloid
leukemia (AML), a non-solid tumor cancer.’>>* In practical developments related to BC, the
involvement of EDY in polymer chemistry has gained attention due to the formation of
diradicals and the subsequent free radical polymerization that can be triggered.’>>® As a result,
EDY and BC have become important due to their robust theoretical foundation, potent

biological properties, and versatile applications in polymer science.

1.1.2. Basic parameters and rate studies of the Bergman cyclization

The discovery of EDY antibiotics and their site-specific DNA cleavage abilities initiated
significant efforts by pharmacists and chemists to develop enediyne moieties from both
naturally occurring and synthetic compounds. Due to the crucial role of the carbon diradical
intermediate, the rate of double-stranded DNA cleavage is directly dependent on the rate of BC,
which, in turn, affects the efficiency of related pharmaceutical activities. Therefore,
understanding the kinetics of BC is fundamentally important and has always been a major focus
of enediyne-centered research. The key factors influencing this process, involving species
ranging from rearranged EDYs to intermediate biradicals, can be categorized into three
dominant effects: (i) proximity effects;’’® (ii) molecular-strain differences;’ and (iii)

electronic effects.?’

The proximity effects in tuning the reactivity of BC as a typical pericyclic reaction were

first introduced by the Nicolaou group in 1988.%

Specifically, this proximity is defined as the
critical distance (d) between two carbon atoms (C1-C6) that form a new bond (see Figure 4).
Supported by quantum chemical calculations and experimental observations, it was found that

spontaneous BC can occur at body temperature if the distance ranges between 3.31 A and
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3.20 A. From the perspective of natural bond orbital analysis, in a typical cycloaromatization
reaction such as BC, a new c-bond is typically formed at the expense of two m-orbitals. When
the distance is below 3.20 A, the two-electron stabilization interactions on the in-plane enediyne

n-orbitals increase, thereby facilitating bond formation.

Figure 4. Distance (d) between two carbon atoms (C1-C6) that form a new bond.

Dynemicin A,'®°! an enediyne-core antibiotic isolated from Micromonospora chersina
sp.nov.N956-1, serves as an example. In its inactive state, it remains dormant, activating BC
only after reduction by NADPH (an electron-donating coenzyme) and the opening of the
epoxide ring to release the alcohol form (quinone methide intermediate) (see Figure 5). Density
functional theory (DFT) calculations illustrate that the untriggered epoxide-form locks the 10-
membered enediyne ring in a conformation with a critical distance of 3.54 A. After the ring
opens, this critical distance decreases to 3.17 A, and the energy barrier for BC thus is reduced

from 52 to 17.9 kcal/mol, enabling dynemicin A to gain its bioactivity.

OH OH OH

OH O OH

Dynemicin A Quinone methide intermediate

Hydrogen
abstraction
—_—

Dynemicin H

Figure 5. The process of dynemicin A evoked to undergo BC.

In addition to proximity effects the differences in strain energies for the ground and
transition state of EDY are also emphasized as driving forces for BC. A characteristic example
from the Magnus group is illustrated in Figure 6.°%* The [7.3.1] bridgehead ketone, with d =
3.39 A, undergoes BC more easily with an activation energy of 25.4 kcal/mol, while the [7.2.1]
bridgehead ketone, despite displaying a slightly shorter distance of 3.36 A, requires a higher

4



activation energy of 31.2 kcal/mol. This unexpected difference in reactivity arises from their
respective transition states. The six-membered ring of [7.3.1] bridgehead ketone can adopt a
chair conformation in its transition state, starting from an initial boat conformation, thereby
reducing its strain energy by approximately 6 kcal/mol. This conversion does not occur in the
five-membered ring of the [7.2.1] bridgehead ketone. As concluded by the Alabugin group

based on extensive strain analysis of complex EDYs,%¢4

a strained ring incorporated into the
ene part decreases cyclization activity, while strain induced at the terminal alkyne position

promotes cyclization.

OTPS OTPS
\ =
— —
critical distance: d = 3.39 A critical distance: d = 3.36 A
Ea = 25.4 kcal/mol Ea = 31.2 kcal/mol

Figure 6. Comparison of [7.3.1] bridgehead ketone-EDY and [7.2.1] bridgehead ketone-EDY.

Besides the critical distances and strain influences, electronic effects play a profound role
in tuning the activity of BC. Several factors contribute to electronic influence,’!-3940:65-67
including the terminal effect, vinyl effect, benzoannelation, and ortho effect. Specifically, when
the terminal position is substituted with n-donating groups such as -F, -Cl, -OH, and NH3", the
electron density between carbon atoms Cl and C6 increases in the z-HOMO, thereby
facilitating new bond formation. Besides, o-withdrawing groups attached to the terminal
position are expected to decrease the electron density in the -HOMO, in turn weakening the
C1-C6 antibonding interaction and stabilizing the transition state. Regarding the vinyl effect,
Jones and co-workers proposed that geometry and hybridization work synergistically to
determine the repulsion between electrons in adjacent orbitals, thus modulating reactivity.*’ For
example, when a halogen atom is substituted at the vinyl position, the rehybridization from a
pr-orbital to an sp2-orbital extends into space, inducing strong overlap with the in-plane lone
pair orbital, which opposes cyclization. A particular form of the vinyl effect, where a benzene
ring is incorporated into the double bond of enediyne, is also noteworthy.%® Benzo-fusion at the
ene position favors cyclization by reducing the C1-C6 distance by more than 0.3 A and
stabilizing the diradical intermediate due to the conjugated system in the benzoannelated

enediyne.

1.1.3. Catalytically induced Bergman cyclization

Since the first report by Jones and Bergman in 1972, BC has been primarily associated
with thermal initiation. Compared to other stimuli, heat is the most straightforward method for

initiating cyclization. According to the initial report, deuterated cis-1,5-hexadiyn-3-ene could



undergo the rearrangement at 200 °C as shown in Figure 7A. One example of an acyclic
enediyne (EDY) is the N-substituted EDY with a bulky substituent at the alkyne terminus,
developed by Rawat and Zaleski, which requires heating to 186 °C to undergo BC. Asymmetric
deprotection of these bulky substituents can lower the required temperature to 139 °C.%°
Subsequently, Jeric and co-workers designed and synthesized a series of EDY-amino acid
conjugates.’®’! One of these conjugates could undergo BC at relatively low temperatures
(50 °C), likely due to hydrogen bonding between the terminal groups. However, the presence
of a tert-butyloxycarbonyl (Boc) protecting group attached to EDY-based dipeptides could
increase the required temperature back to 121°C. Besides thermal initiation, UV

45,47,50,72-74 434849 and acid induction” have been widely

radiation, organometallic catalysts,
utilized to trigger BC. Among these methods, acid induction is often observed in bioactive
enediyne and DNA-related experiments, where the efficiency of cleavage is significantly

enhanced when the pH < 7.7°
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Molecular Weight: 213.34

Figure 7. (A) Acyclic enediynes undergoing BC at different temperatures; (B) Photocycloaromatization of
3-benzo-1.5-diyne under a deuterated solvent yielding a deuterated naphthalene.

Inspired by the rich photoreactivity of double and triple bonds, significant effort has been
devoted to the photochemistry of EDY. The first intramolecular rearrangement of EDY initiated
by photochemistry, leading to a cyclized product, was reported accidentally in 1968.”
Irradiation of a benzene solution of o-bis-iodoethynylbenzene produced o-bisphenylethynyl
benzene as expected, whereas small quantities of substituted naphthalenes could also be
detected. This unexpected discovery laid the foundation for photocatalytic BC. In 1994, Turro
and Nicolaou reported a direct photocycloaromatization of 3-benzo-1.5-diyne to yield a
naphthalene as shown in Figure 7B.”® The photolysis was conducted in a deuterated solvent,
with monitoring of GC-MS. The mass of 213 as the major product was consistent with the

expected structure bearing deuterated hydrogen on the benzene ring. This result further



supported the formation of a dehydrocycloaromatic intermediate with a radical pair, followed

by hydrogen abstraction from IP-Od in the reaction process.

In addition to photochemistry, metal-based initiation of EDY molecules has become
pronounced. In the early stages, stoichiometric or excess amounts of metal complexes were
commonly utilized for this purpose. In 1995, the Buchwald group’® first confirmed that the
addition of stoichiometric palladium(II) chloride or platinum(II) chloride could greatly
accelerate the cyclization of 1,2-bis(diphenyl phosphinoethynyl)benzene. In contrast, the
addition of mercury(Il) chloride was found to inhibit cyclization reactivity. EDYs exhibit
specific cyclization reactivities that correlate with the distance between the alkyne termini when

different metal chlorides are added as shown in Figure 8A.

(A) Stoichiometric metal-complexes

Ph
_.-PPhy p 2 Ph,
Z \ X =no metal, d=4.1A, 243 °C P
I X — d! X X=PdCl,d=33A61°C — OO X
T \/ X=PtCl, d=3.3A,81°C p’
" PPh, A 5 X =HgCly, d = 3.4 A, no cyclization Ph,
Ph,

(B) Catalytic metal-complexes

PtCl, (5 mol%) o2

PtCl,
X PtCl,

Figure 8. (A) Metal-participated acceleration of the BC with stoichiometric amounts of metal additives; (B)
Catalytic cyclization by formation of metal-complexes intermediate.

Furthermore, catalytic amounts of metal additives have been thoroughly investigated.®
The Liu group®! reported that a catalytic dosage of PtCl, (5 mol%) effectively accelerated
cyclization through platinum-n-alkyne intermediates as illustrated in Figure 8B. Through
deuterium-labeling experiments, a platinum-stabilized benzene carbenoid was observed via C-
H bond insertion of tethered alkanes, followed by the subsequent aromatization to obtain the

cyclized product.

1.1.4. Synthetic approaches of enediynes

The synthesis of EDY relies on two strategies as shown in Figure 9. The first strategy
involves using cis-halogenated alkenes as the starting material and attaching the alkynyl groups
on both sides through Sonogashira coupling. During this process, it might become necessary to
protect the terminal positions of the alkynyl moiety, making a subsequent deprotection step
unavoidable. For example, a classical Pd-catalyzed Sonogashira coupling between N-Boc-prop-
2-ynyl amine and cis-1,2-dichloroethylene in the presence of Cul and BuNH: results in an N-

7



Boc enediyne precursor with a 68% yield. Subsequent acid treatment removes the fert-
butyloxycarbonyl group, generating the asymmetric amine EDY.* A similar approach is used
in the synthesis of (Z)-octa-4-en-2,6-diyne-1,8-diol. Coupling cis-1,2-dichloroethylene with
protected propyn-1-ol, followed by hydrolysis with Amberlyst 15H, yields the primary diol
EDY.

(A)
Rl-——R? o
L,Pd_ R JC /k
— N~ O g NH3
/R1)/ \(/R1 i Z H 1) HCl aq. EA ‘ 7
LPi—=R? LpPd /k — |l .
= "N o 2) NaOH aq.
X " H X N o ™ SN NH,
[C' Pd(PPhs)s, Cul 70( 7<
n
Cux [Cu — R2]n Cl BuNHjy, toluene J\J
[ 1) Amberlyst = OH
base HX J\ J = ) y Z2
H—= §2\~ /%‘ 0 o 15H
H X g2 Dase Z — 2) CH3OH, rt |
o= 3 , I
X_ o. 0o X_ _OH
Sonogashira Coupling T W
(B8)
R R R R
Hal W MH  MHal H Hal HHal —
R Mmx R
/ R 20/ N\ | “~ / \
s XH % o » 4 »
o _ LIHMDS _
,—=—H 1.BuLi, EtOCOCI T\ HMPA —
X — » X - Br —— X -
\—=_H 2.LAH, THF N =
3. PPhy:Br, Br

Figure 9. Two strategies for constructing EDY molecules. (A) Sonogashira coupling between alkynes and
halogenated alkenes; (B) Carbenoid coupling-elimination strategy to synthesize symmetric EDYs. LAH:
lithium aluminium hydride; THF: tetrahydrofuran.

The second method to construct EDY relies on a carbenoid coupling-elimination
strategy,®” an alternative to classical Pd-mediated cross-coupling reactions. As illustrated in
Figure 9B, optimized carbenoid coupling of lithiated propargylic halides provides efficient
access to both linear and cyclic enediynes. Additionally, this approach offers a unified route to
either Z or E enediynes, as the stereochemistry of the vinyl group can be adjusted by geometric

constraints prior to the elimination step.

1.1.5. Characterization of the Bergman cyclization

To characterize and quantify the occurrence of BC, several measurements can be utilized,
using the exothermic nature of BC, chemical structural transformations centered on EDY, and

the generated diradical intermediate.



First, differential scanning calorimetry (DSC) is a powerful tool to evaluate the heat
generated during the reaction, as BC is known as an exothermic reaction that releases heat
during the process.®* By subjecting samples to continuous heating under an inert gas flow, an
exothermic peak is expected to appear, along with measurements of the onset temperature, peak

temperature, and the enthalpy of the released heat.

Secondly, during the transformation of EDY to the final benzene derivatives, the most
noticeable changes occur in their chemical structures, as the initial triple bonds and double bond
exhibit characteristic absorption peaks in Fourier-transform infrared (FT-IR) spectroscopy.*
The strong stretching band of the alkyne (C=C) around 2340 cm™! is expected to disappear along
with the consumption of the alkynyl group during the cyclization process. Meanwhile, the
generated aromatic ring-bands at 800~900 cm™ can provide information about the hydrogen
atoms located on the rings. For example, starting from a monosubstituted EDY (substituted at
the C1 or C6 position), the generated polyphenylenes are expected to be 1,2,4-substituted.
Therefore, the bending vibrations of the lone C-H at the 3-position and the two adjacent

hydrogens at the 5- and 6-positions will induce specific bands in the 950-800 cm™ range.

Thirdly, the most direct evidence of the occurrence of BC comes from the detection of the
generated radical moieties.!> Electron paramagnetic resonance (EPR) spectroscopy, which
provides information on the structure and dynamics of systems with unpaired electrons, is a
well-established technique for this purpose. In addition to the direct detection of the generated
radicals, radical trapping agents such as 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) are also

employed to monitor the growth of free radicals.®

1.2. Applications of the Bergman cyclization: from single molecules to polymers

1.2.1. Biological actions induced by the generated radicals via the Bergman cyclization

Biological activity induced by the EDY via BC occurs through DNA cleavage, via the
transient, reactive 1,4-benzenoid diradical, that acts as a nucleophile, tending to attack
electrophiles to achieve a more stable form. Much research has been conducted to identify the
specific mode of DNA damage induced by this diradical. In general, the diradical itself can only
perform nonspecific hydrogen abstraction, leading to chemical changes at the corresponding
positions. However, due to structural differences among the four types of DNA bases (adenine
(A), cytosine (C), guanine (G), and thymine (T)) the mode of DNA damage varies depending
on the abstraction of a hydrogen atom in different chemical environments. It is estimated that
at least 80% of DNA cleavage occurs at the 5'-aldehyde of A and T moieties.!*3¢ As illustrated
in Figure 10, the hydrogen atom from the C(5') of deoxyribose is abstracted by the radical,

followed by reaction with oxygen to form a peroxyl radical. This peroxyl radical causes strand



scission, resulting in the formation of an aldehyde and the corresponding phosphoric acid,
thereby realizing DNA cleavage. Additionally, strand breaks at the C(1') and C(4') positions

account for less than 20% of the total cleavage events.?’-%°
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Figure 10. DNA cleavage induced by EDY at different positions of the ribose (C5, C1, C4).

Electrophoresis using agarose or polyacrylamide gels is widely used to detect DNA
cleavage in double helices, as well as to analyze and identify DNA fragments.”! DNA fragment
mixtures are loaded into pre-cast wells in an agarose gel, followed by the application of an
electric field. The negatively charged phosphate backbone of DNA migrates toward the
positively charged anode. Because DNA has a uniform mass-to-charge ratio, the fragments can
be separated by size: smaller molecules pass through the gel pores more easily than larger ones.
Therefore, the ability of EDY to cleave DNA under irradiation can be investigated through gel
electrophoresis. As illustrated in Figure 3, DNA in the initial supercoiled Form I can be cleaved
by EDY and transformed into different forms, including circular Form II (single-strand
scissions), linear Form III (double-strand scissions), and even small fragments. In 2005, the
Alabugin group prepared a mixture of supercoiled plasmid and lysine-EDY conjugates and
conducted irradiation for different lengths of time (ranging from 2 min to 45 min).”> The

conversion of the supercoiled plasmid into its respective forms can be then quantified via
10



densitometric analysis of the gel electrophoresis. As the irradiation time increased, the ratio of
DNA in Form I gradually decreased, while the ratios of Form II and Form III increased, as

shown in Figure 11.
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Figure 11. Cleavage of supercoiled DNA by EDY with different lengths of time. The relative amounts of the
three forms are presented by diamonds (Form I), hollow circles (Form II), and squares (Form III). Figure
reprinted from reference®” with permission from the Royal Society of Chemistry. (Copyright 2005).

1.2.2. Diradical-initiated polymerization via the Bergman cyclization

Since the 1950s, diradical-initiated polymerization has been a subject of research.”® In
principle, the combination of two polymer chains with radical centers at both ends can occur
through two mechanisms: addition and disproportionation. In practical experiments, however,
the cage effect is a common challenge in diradical-initiated polymerization. This effect causes
the two radical centers to form a ring closure via intramolecular termination, resulting in
circular oligomeric products. Additionally, selecting a suitable diradical precursor is essential

for successful polymerization.

Given the ease of triggering EDY to form diradical moieties, diradical-initiated
polymerization via BC has attracted the interest of polymer specialists for decades.”**> A cyclic
enediyne, 3,4-benzocyclodec-3-ene-1,5-diyne, has been shown to successfully initiate radical
polymerization of several monomers under heat and neat conditions. Among these monomers,
methacrylates are more efficiently polymerized to high molecular weight compared to others.
Research by the Rule group has revealed that the resulting polymer primarily propagates as a
monoradical, highlighting that achieving high molecular weight in diradical-initiated reactions
depends on chain transfer to monomers, polymeric species, or suitable chain transfer agents.
Reversible addition-fragmentation chain-transfer (RAFT) polymerization, known for its rapid
addition to radical centers, has emerged as an effective strategy for achieving living
polymerization. In 2011, the Barner-Kowollik group published the first RAFT-mediated
polymerization of methyl methacrylate with the initiation of diradical moieties derived from
the EDY 3,4-benzocyclodec-3-ene-1,5-diyne via BC.*®* As shown in Figure 12,

cyanoisopropyldithiobenzoate was employed as the RAFT agent, and ESI-MS measurements
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gave solid evidence of the addition of the RAFT agent to both radical centers. Due to the rapid
equilibrium between the propagating radicals and the dormant thiocarbonyl polymeric species,
all chains could theoretically grow uniformly. This approach can effectively avoid
intramolecular termination and resulting circular oligomers. After optimizing reaction
conditions, including reaction time, temperature, and the concentration of EDY and RAFT
agent, high molecular weight polymer products (~400,000 Da) with relatively narrow
polydispersities (1.1 < PDI < 1.5) could be obtained.
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Figure 12. RAFT polymerization of methyl methacrylate initiated by cyclic EDY 3,4-benzocyclodec-3-ene-
1,5-diyne.
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PDI: 1.1~1.5
MW: near 400 kDa

1.2.3. Surface modification of carbon materials via the Bergman cyclization

Owing to the excellent thermal, mechanical, optical, electrical, and chemical properties,
carbon materials have been widely applied in various fields such as nanoelectronics, biomedical
delivery, and sensors.”” However, pure carbon materials tend to form bundled structures caused
by strong van der Waals forces and n-n stacking, making them insoluble in both organic and
inorganic solvents. This poor solubility hinders the study of their chemical and physical
properties and limits their potential applications. Therefore, surface modification is crucial in

98,99

some situations. Compared to noncovalent modification, covalent functionalization via

organic reactions is more efficient and direct. Various reactions have been developed for this

100-102 " e]ectrochemical modification,'®*'% fluorination,'*

purpose, including cycloaddition,
coupling reaction,'®” and radical addition'%*!'!°. The Smith group achieved the first example of
radical addition of a conjugated polymer to multilayer carbon material, where the conjugated
polymer was derived from an EDY monomer bis-o-vinyl arene (BODA) via BC-induced radical
polymerization.!'! In their previous research, BODA-derived naphthyl diradical species have
shown remarkable stabilities, thus allowing the possibility of reacting with other species to
propagate polymerization.'”> As shown in Figure 13, thermally initiated polymerization
centered on BODA monomers generates oligomers and complete polymer networks, which can
be attached to the surface of carbon materials via radical addition. Some functional groups, such
as fluorinated bridging group C(CF3)2, can be introduced first as substituents of BODA
monomers to impart the resulting products with functional versatility, such as improved
solubility. Through radical addition under heat, the obtained copolymers can be dissolved in

chloroform and N-methyl-2-pyrrolidone. Transmission electron microscopy (TEM) and gel
12



permeation chromatography (GPC) can be used to investigate the degree of modification of

carbon materials and the conversion ratio of BODA monomers.
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Figure 13. Radical addition of a conjugated polymer derived from the EDY monomer bis-o-vinyl arene to
multilayer carbon materials.

Furthermore, a similar strategy employing EDY and BC for the modification of carbon
materials has further been developed.!!?!'* An EDY-containing ester is designed and grafted
on the surface of multi-walled carbon nanotubes (MWNTs). After hydrolysis of the ester groups,
the resulting free hydroxy groups initiate the ring-opening polymerization of caprolactone or
lactide, enhancing the solubility of MWNTSs in common organic solvents and polymer solutions.
In another case, four enediyne-containing Fréchet-type dendrimers are synthesized and reacted
with MWNTs. The dendrimer-functionalized MWNTs also demonstrate improved solubility in
common solvents.!!® These methods provide a template for utilizing conjugated radical species

derived from specific EDY monomers to modify carbon materials.
1.2.4. Synthesis of linear conjugated polymers via the Bergman cyclization

Once initiated, the existence of 1,4-didehydrobenzene intermediate containing carbon
centers has been a central focus of research in both biochemistry and polymer science. The first
pioneering research regarding applying enediyne as the monomer to construct polyaromatic
compounds via radical coupling was reported by John and Tour in 1994.3* In this fundamental
study illustrated in Figure 14, a series of enediyne and dialkynylbenzenes with alkyl groups
embedded in benzene rings were synthesized and heated in neat conditions, undergoing BC
without the need for initiators or radical trapping agents. This process can result in 50-90%
yields of polymerized products, including poly(p-phenylene)s and polynaphthalenes. Infrared
analysis confirmed the formation of out-of-plane C-H bending associated with two adjacent

hydrogens attached to the aromatic ring.
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Figure 14. The first example regarding radical polymerization via BC to construct polyaromatic
compounds.®

Inspired by the pioneering work in constructing polyphenylenes and polynaphthalenes via
BC, a rich series of EDY's with various substituents have been developed to establish a linear
conjugated polymer library with multifunctional structures and properties. Most of the research
focuses on adjusting the substituents attached to the terminal alkyne positions of EDY to
introduce different properties to formed polymers. Considering that hydroxy groups are known
to initiate ring-opening polymerization (ROP), the hydroxy groups can be arranged at the
terminal positions of EDY's to obtain EDY-containing macromonomers after appropriate ROP.
Thus, ROP and BC polymerization can be combined to produce brush polymers with
polyphenylenes as the rigid backbones.!!” In a specific case, as shown in Figure 15, an ROP of
caprolactone, initiated by terminal hydroxy groups of EDYSs, resulted in macromonomers with
polycaprolactone (PCL) acting as a chain tail. After undergoing protection (protecting ending
OH-group on PCL) and deprotection (removal of trimethylsilyl group of enediyne unit), the
preparative macromonomers were treated under heat to initiate BC. The resulting brush
polymers exhibited excellent solubility in organic solvents. With similar strategies, various
EDY-containing monomers and macromonomers have been developed,''®!'” such as chiral
phthalimides-EDY for producing polynaphthalenes with pendant chiral groups,''® EDYs
terminated with naphthyl groups for obtaining one-dimensional polyphenylenes,''” and EDY's

attached to chiral amino ester groups for chiral polyphenylenes.'?°

In addition to the multifunctional polyphenylenes, the use of rigid conjugated frameworks
also has been explored. Ultrathin mesoporous carbon and ultrathin ordered porous carbon can
be derived from self-assembled monolayers of EDY on silica and Fe;O4 nanoparticles.!?!1??
Due to the rigid framework, the drug delivery system has also been realized by tailing

hydrophilic drugs with hydrophobic maleimide-based EDYs.”

In conclusion, by continuously modifying the functional groups attached to the EDY's
olefin and terminal alkyne positions, different functional linear conjugated polymers can be
achieved. This serves as a versatile template for structural modification, enabling the

customization of monomers to achieve the desired polymer functions.
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Figure 15. Representatives of constructing functional polymers with various designed EDYs.
1.2.5. Construction of polymeric nanoparticles via the Bergman cyclization

In addition to linear conjugated polyphenylenes, polymeric nanoparticles can also be
reached through BC. Nanoparticles are defined as particles with diameters ranging from 1 to

100 nanometers (nm). Over the past few decades, nanoparticles have been extensively studied

and applied in various fields, including drug delivery systems,!>+126 127,128

129,130

catalysis, energy

harvesting, , and more, due to their unique morphologies and functionalities derived from
their nanoscale sizes. The construction of nanoparticles typically relies on the intramolecular
collapse of single polymer chains, a process usually driven by crosslinking chemistry based on
pre-embedded reactive units. Various crosslinking strategies have been employed in this area,
including click reactions,'*! alkyne coupling,'* and self-condensation of monomers such as

134 and benzoxazines'*>. The development of slow

sulfonyl azides,'** benzocyclobutene,
addition techniques under ultradilute conditions has greatly facilitated the synthesis of single-
chain polymer nanoparticles (SCNPs).!*¢ Given this background, BC has been developed as a
crosslinking method, utilizing the diradical moieties generated during cyclization for radical

coupling. This approach has been applied to the construction of polymeric nanoparticles.!7-138

The key step in applying BC to the synthesis of SCNPs is embedding multiple enediyne
units into precursor polymer chains. When BC is initiated, the diradical units formed from
specific EDY's attached to the polymer chains randomly couple with each other, leading to the
intramolecular collapse of the chains. Two main strategies have been developed for embedding
EDYs into polymer chains, as shown in Figure 16. The first strategy involves copolymerization,
where methyl methacrylate (MMA) is used as one of the monomers and copolymerized with
enediyne-containing methacrylate via living radical polymerization. The second strategy
focuses on post-polymerization modification. In this approach, functional groups that can react

with each other are retained on both the small molecule EDY's and the pre-constructed polymer
15



chains. By adjusting the molar ratio of the two, the distribution of EDY's (whether compact or
loose) along the polymer chains can be controlled. For example, trimethylsilyl-protected EDY's
can be introduced as a side group into the polymer chains through either copolymerization or
post-modification. After deprotecting the trimethylsilyl group, the polymer precursor is
subjected to the appropriate initiation conditions to undergo BC. This process is followed by
intramolecular chain collapse, typically achieved under ultradilute conditions or using a

continuous addition technique, resulting in the formation of polymeric nanoparticles.

(A) Synthesis of EDY-containing copolymers
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Figure 16. Two strategies of embedding EDYs as a side chain-element into polymers before the
intramolecular collapse to obtain SCNPs.

1.3. Natural and synthetic enediynes in DNA cleavage

1.3.1. Natural enediyne anticancer antibiotics

In 1985, a touring scientist picked up a rock from the chalky soil in Waco, Texas. Out of
curiosity, he brought this rock back to the laboratory. After growing a bacterial culture based
on the rock, a compound named calicheamicin came to light, which was found extremely toxic
to all cells. Through further research and screening, calicheamicin became known for its potent

antibacterial properties and remarkable efficacy against solid tumors such as B16 melanoma
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and murine cancers like L1210 leukemia, with effective doses ranging from 0.15 to 5 ug/kg.'*’
Around the same time, dynemicin A was first isolated from Micromonospora chersina, a soil
microorganism collected in the Gujarat State of India in the mid-1980s,%! followed by the
isolation of kedarcidin chromophore from Actinomycete in 1992.'%° Although structurally
distinct, these compounds share similar biochemical properties. Table 1 lists these compounds,
along with their dates of first isolation from nature. Most of them are classified as secondary
metabolites and are primarily isolated from soil and marine microorganisms. Their structures
are presented in Figure 17.26 EDY units exist in these natural compounds with a way of
incorporating them into a 9/10-membered ring. In addition to the rings containing EDY,
naturally occurring EDY molecules also often have monosaccharide structures connected to the
EDY -containing ring via an ether bond, as well as oxazoline or aziridine three-membered rings.
Based on the natural enediynes' efficient and selective DNA cleavage activities, many
medicinal chemists have dedicated efforts to studying the specific roles that these structures

play in biological activities.

Table 1 Some representative natural enediynes

Compound Biological Origin ‘ First Discovery
9-membered ring

Neocarzinostatin Streptomycescarzinostaticus (terrestrial) 1985
C-1027 Streptomycesglobisporus (terrestrial) 1991
Maduropeptin Actinomaduramadurea (terrestrial) 1994
Kedarcidin ActinomyceteL585-6 (terrestrial) 1997
N1999A2 Streptomyces sp. AJ9493 (terrestrial) 1998
Sporolides Salinisporatropica (marine) 1985
Cyanosporasides Salinisporapacifica (marine) 1985
10-membered ring

Esperamicin Actinomaduraverrucosospora 1985
Calicheamicin Micromonospora  echinospora  ssp. 1985
Dynemycin Micromonosporachersina (terrestrial) 1985
Namenamicin Polysyncratonlithostrotum (marine) 1985
Shishijimicin Didemnumproliferum (marine) 1985
Uncialamycin Unknown (marine) 1985

Reprinted with permission from ref. [26], Copyright [2013], John Wiley and Sons

Pioneered by the first synthesis of calicheamicin yi''” and the first (bio)synthesis of (+)-
dynemicin A%*!*! (see Figure 17) in the 1990s, an in-depth understanding of the specific roles
played by various structural components of EDY molecules in site-specific, double-stranded
DNA cleavage has gradually emerged. For site-specific cleavage, calicheamicin yi, a natural
masterpiece, serves as an exemplary case here.!* It consists of two vital structural regions: one
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containing the critical EDY and the other an extended sugar residue. A hexasubstituted benzene
ring and four monosaccharide units are linked by an unusual combination of glycosidic,
thioester, and hydroxylamine groups. The carbohydrate segments play a crucial role in
recognizing and specifically targeting DNA, serving as a docking unit.!*"!% Strong
hydrophobic interactions and van der Waals forces between the aryloligosaccharide and the
DNA minor groove stabilize the complex. Localized conformational changes in the DNA
enable optimal complementarity. As a result, it binds tightly to the DNA minor groove, inducing

highly specific cleavage for sequences such as 5'-TCCT-3" and 5'-TTTT-3".!44145

In addition, nature equips these compounds with a triggering mechanism that ensures their
antibacterial action is only activated when they encounter targeted bacteria or microorganisms.
This triggering mechanism is crucial for activating the EDY warhead, leading to BC under
appropriate conditions, such as thiol activation or ultraviolet light exposure. In the case of
calicheamicin yi', the triggering unit is a trisulfide group, with the central sulfur atom poised to
react with a nucleophile, forming a thiolate or thiol once the molecule interacts with DNA. The
subsequent reactions lead to a released strain energy, which is known as facile BC. The resulting
diradical intermediate abstracts a hydrogen atom from the DNA backbone, creating a carbon
radical in the ribose sugar. This radical, in the presence of oxygen, initiates an oxidative process

that leads to single- or double-stranded scission, ultimately causing cell death.

Overall, the three components (the enediyne warhead, docking unit, and triggering part)
are combined to accomplish a naturally existing EDY antibiotic featured with site-specific
cleavage, as highlighted in Figure 17. This has also inspired many medicinal chemists to mimic
the structure of natural compounds when designing and synthesizing new EDY antibody drugs,

deliberately introducing groups that can trigger the selective release of activities.

(a) Nine-membered enediynes
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Figure 17. Naturally occurring EDY's with the warhead (red) and the triggering part (green). Reprinted with
permission from ref. [26], Copyright [2013], John Wiley and Sons.

1.3.2. Synthetic enediynes and enediyne-containing complexes

Inspired by the enediyne units found in naturally occurring antibiotics, synthetic efforts
have been invested in developing various EDY's and EDY-containing complexes. Meanwhile,
metal complexes used in pharmaceuticals have been shown to participate in DNA-targeted
processes. They are applied in medical tools such as radiation sensitization and contrast agents
for enhancing visibility in high-field NMR detection.!* Given the growing use of metal

elements in practical therapies, researchers have focused on developing not only carbon-based
19



EDYs but also metalloenediyne derivatives, with a focus on their radical-induced therapeutic
effects. Moreover, while acyclic EDYss are generally inert in BC,'¥’ cyclic ones, where the alkyl
termini are connected to form a complete EDY-containing ring, are flexible in their size and
steric patterns. The reactivities of cyclic EDY's can be fine-tuned by adjusting the inter-alkynyl
distance and the degree of strain at the terminal alkyl position. As a result, metal-involved cyclic
EDYs have recently garnered significant attention from chemists and pharmaceutical

researchers.

Researchers such as Zaleski and coworkers have kept developing bioactive EDY
compounds and their metal complexes, as illustrated in Figure 18.41:43°517283.148-171 1y 5020,
they designed and synthesized a range of metallated enediyne complexes based on the
combination  of  (Z)-N,N’-bis[l-pyridin-2-yl-meth-(E)-ylidene]oct-4-ene-2,6-diyne-1,8-
diamine (PyED) with various metal salts (Cu, Fe, and Zn) in solution.!”! The resulting
complexes, including FeClo-PyED, FeSO4-PyED, CuCl-PyED, CuSO4-PyED, ZnCL-PyED,
and ZnSO4-PyED, were tested on two different human cell lines: cultured U-1 melanoma cells
and MDA-231 breast cancer cells, to assess their cytotoxicities. The study also included
comparisons across different concentrations of the EDY-metal complexes and varying culture
temperatures. Their findings confirmed that cytotoxicity was highly dependent on these factors,
suggesting the potential for a practical therapeutic strategy involving localized heating in

anticancer treatments.
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Figure 18. Metal complexes derived from EDYs.
1.4. Enediynes and the Bergman cyclization in stress-induced chemistry

1.4.1. Structural investigation of stress-sensitive units

Stress-sensitive units are distinct molecules that undergo controllable and predictable
chemical transformations in response to external mechanical stress.!”? The efficient energy
dispersion and mass transport triggered by mechanical forces have garnered significant interest

from chemists. From a macromolecular perspective, polymer chains incorporating these stress-
20



sensitive units tend to exhibit this practical trait. Due to the chain-like structure, the transient
transfer or accumulation of mechanical energy along the polymer backbone facilitates

responsive effects,!’>180 177

such as inducing color/fluorescence changes, '’ or generating
catalysts.'®! Given the wide range of polymer applications in fields like packaging, medical
devices, and coatings, the development of mechanically responsive polymers has recently
attracted increased attention. From the perspective of novel structure and convenient synthesis,
stress-sensitive units have been a central focus of fundamental research, with significant
progress made in recent years. Depending on their specific structures, these units can undergo
various reactions, including bond cleavage or rearrangement, isomerization, and ring-opening

reactions, as shown in Figure 19.
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Figure 19. Examples of embedding and initiating stress-sensitive units into polymer chains to induce
functionalities.

Successful design of the stress-sensitive units based on identifying key structural elements
that enable mechanically initiated reactions. Most stress-sensitive units incorporate relatively
weak bonds that are prone to dissociation or isomerization upon the application of mechanical
force. Whether bond dissociation or scission occurs, a low bond dissociation energy (BDE) is
essential. As shown in Figure 20, regarding the experimentally validated mechanophores,
“weak bonds” ready to undergo chemical transformation are highlighted in red. Homolytic
bonds, a class of bonds with relatively low dissociation energy, include examples such as the
peroxide O-O bond (BDE: ~35 kcal mol ") first reported by the Encina group in 1980,'%? and
the diazo group (BDE:~27 kcal mol ') developed by the Moore group in 2005'® for selective

scission under mechanochemical activation. For heterolytic cleavage, bonds like the C-S bond
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located in arylsulfonium salt (BDE: ca. 65 kcal mol!) are commonly used.!3* Additionally,

185188 guch as the

coordinated bonds have found mature applications in stress-sensitive units,
palladium-phosphorus and ruthenium-carbene coordinative bond. For the bonds that possess
relatively high BDE, such as C-O, C-C, and C-N bonds, a common strategy to reduce BDE is

189,190 174,176 often

incorporating the bonds into cyclic moieties. Three-, and four-membered rings,
featuring oxacyclic rings or halogenated substituents, have attracted attention since 2009 and
have been developed into several classical stress-sensitive units. Additionally, fused, bridged,
and spiro rings have been extensively studied by the Moore, Craig, Sijbesma, and Boydston
groups.'”? These ring systems reduce strain on the bonds, effectively lowering their high BDEs

and making them more prone to mechanical activation.
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Figure 20. Developed mechanophores with their specific BDEs.

Incorporating stress-sensitive bonds into polymer chains to generate detectable responses
under external forces has been widely studied.'”! The development of such sensitive units,
focusing on efficient triggering mechanisms and ease of synthesis, remains a key area of interest

for chemists.
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1.4.2. Exploitation of enediynes as stress-sensitive units

EDY, a small molecule prone to undergoing pericyclic reactions, has demonstrated
adjustable reactivities and promising applications. Among the numerous studies focused on it,
the structural factors influencing its cyclization activity have been emphasized. In addition to

59192193 and electronic effects from substituents,’! the proximity

the molecular-strain difference
effect, 285719 corresponding to the distance between the acetylenic carbon atoms, has been
shown to play a key role in the cyclization. Consequently, the potential for enediynes to function
as mechanophores was first considered in the 1990s, as noted by Moore and coworkers in a
2015 review.!”? Their initial attempt, published in 2008, explored the possibility of using
specific forces induced by swelling of EDY-crosslinked networks to trigger BC.!*> Three EDY
molecules with different substituents were designed and synthesized. Their thermal cyclization
was investigated using DSC, and the observed thermal activities were found to align with the
known effects of the substituents. These EDY triggers were then embedded into a polymer
matrix as crosslinks in poly(methyl methacrylate), and the material was swollen with methyl
methacrylate monomer. The swelling was expected to apply stress to the enediyne crosslinks,
promoting cyclization. However, no definitive mechanical activation was detected, and

insufficient force was considered the reason for the difficulty in using enediyne as mechanical

triggers.

Although a computational prediction of the status of molecular stretching deformations,
CoGEF, together with the convective proximity effect, theoretically supported the possibilities
of force-induced cyclization, the practical results were not satisfactory. Therefore, compared to

47.50.74.196 and metal catalysis,*®* force-

well-established triggers such as heat,' photochemistry,
induced acceleration of BC has been rarely studied and has not yet been successfully achieved

on an experimental scale, even though some efforts have been reported.’*!%

1.5. Semi-interpenetrating polymer networks

1.5.1. Interpenetrating and semi-interpenetrating polymer networks

Interpenetrated polymer networks (IPNs) are a sort of polymer consisting of two or more
networks that are interpenetrated on a polymer scale but not covalently bonded to each
other.!””!% These networks cannot be separated unless the interlaced chemical bonds are
broken. In such systems, at least one network is synthesized and crosslinked in the presence of
the other. The Aylsworth group first created a notable version of IPNs in 1914 by combining
phenol-formaldehyde resin with vulcanized natural rubber. Theoretical discussion on IPNs
followed in 1960 by the Millar group.!®® Since then, IPNs have occupied a significant role in
macromolecular topologies.’” Extensive research has been dedicated to the synthesis,
physical/chemical properties, morphologies, and applications of ingeniously designed IPNs.2°!-
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203 Their unique swelling capacities and mechanical strengths have enabled their successful use

205 biomedical devices,?%0-20

213-216

in engineering plastics,’® automotive parts,
210212

damping

compounds, and more. Represented by hydrogels, a sort of classical IPNs derived

from hydrophilic and bio-friendly raw materials, IPNs have been particularly applied in

217-220 221-224

pharmaceutical devices and stimuli-responsive sensors recently.

Depending on the synthesis routes, particularly the sequence of the network formation and
monomer addition, IPNs can be classified as either sequential or simultaneous IPNs. Sequential
IPNs are created by swelling the monomer of the second polymer into a pre-formed network,
followed by its polymerization. The second polymer is so formed in a sequential mode after the
first network is already in place.’* In contrast, simultaneous IPNs are formed by mixing the
monomers, crosslinkers, and initiators of both networks together, followed by simultaneous
polymerizations that proceed in a noninterfering manner.”?® Additionally, based on the
combined patterns of the two coexisting polymers, IPNs can be classified into semi-
interpenetrating polymer networks (semi-IPNs), pseudo-interpenetrating polymer networks,
and fully interpenetrating polymer networks, each exhibiting distinct topologies and
combinations.'®’??” As illustrated in Figure 21, semi-IPNs are a type of sequential IPNs in

which only one of the coexisting polymers is crosslinked while the other remains linear.?28-23°

Ll

Network A Network B
(B)
—
Network A Linear chain B Semi-IPN (A+B)

Figure 21. Definition of (A) full interpenetrating polymer network (IPN) and (B) semi-IPN structures.
Reprinted with permission from ref. [229], Copyright [2018], American Chemical Society.

1.5.2. Chemical approaches of semi-interpenetrating polymer networks

Semi-IPNs combine the properties of both component polymers, offering enhanced
mechanical strength, stability, and responsiveness compared to single-network systems.?}!-233
Several strategies have been developed to construct semi-IPNs, utilizing a variety of monomers
and polymerization techniques. One common approach is sequential polymerization, where the

first polymer network is synthesized and then swelled with a monomer that polymerizes to form
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the second polymer, as shown in Figure 22. This method allows for tunability in the polymer's

properties depending on the choice of monomers and conditions.

Polymerization

Crosslinked network Swollen in monomer solution Semi-interpenetrating polymer network

M Monomer 7 The 2" polymer

Figure 22. Schematic illustration of the preparative process of constructing semi-IPNs.

2 235

Common monomers, such as styrene,?** acrylates, acrylamide,**® are frequently utilized to
form the second polymer in constructing semi-IPNs. For example, poly(methyl methacrylate)
was polymerized within the polyurethane matrix to create a semi-IPN with improved thermal

stability and mechanical properties.>*¢>3% As

for the first network matrix, epoxy resins are also
commonly employed in semi-IPNs due to their robust thermal and mechanical characteristics.
As example, an epoxy-based semi-IPN was reinforced with elastomers, enhancing toughness
while maintaining strength.?*® Radical polymerization is particularly common in the
construction of semi-IPNs, allowing the rapid formation of the second polymer network, as
seen in the synthesis of semi-IPNs consisting of polystyrene and poly(vinyl acetate).>*! These
versatile methods and materials enable the customization of properties for various applications,

including coatings, adhesives, and biomedical devices.
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2. Aim of the Thesis

The aim of this cumulative thesis is to employ small molecule EDY's and their associated
BC reaction as main-chain elements in polymers to construct EDY-based polymers, thereby
expanding their potential, particularly as functional materials. As illustrated in Figure 23, the
specific objectives of this thesis are to broaden the applications of EDY and BC in functional

polymers:

1) Develop main-chain EDY polymers and investigate whether their DNA cleavage ability
in solution can be enhanced due to the repeated embedding of EDY structures. Current EDY-
related modifications in polymer chemistry mainly have linked single EDY unit as a functional
side group onto a polymer backbone. However, embedding EDYs into polymer chains as
repeating units has not yet been explored. A strategy to realize main-chain EDY polymers has

been established in this thesis.

2) Trigger crosslinking of main-chain EDY polymers in the solid state using multiple
stimuli, such as heat, compression, and mechanical stress, to construct novel multi-stimuli-

responsive materials. EDY was considered a mechanophore in the 1990s,'7?

expected to induce
BC by swelling EDY-crosslinked poly(methyl methacrylate).'> Building on earlier work, we

have modified the polymer matrix by directly embedding the EDY into the polymer chains.

3) Establish semi-interpenetrating polymer networks (semi-IPNs) by first swelling small
molecule EDY s into preformed network polymers, followed by the appropriate initiation of BC.
Considering the ability of small-molecule EDY to diffuse into and swell within a preformed
network, this thesis is expected to propose a general framework for utilizing EDY in the post-

modification of polymers beyond the specific scientific examples presented.

I. Main-chain EDY polymer for enhanced DNA cleavage Main-chain EDY polymer
II. Triggered crosslinking of main-chain EDY polymer 7 N\ 7\ 7/ \

g N 7 /AN

& Carbon radical

’
lll. Initiator-free synthesis of semi-interpenetrating polymer networks

Figure 23. Aims of this thesis based on different roles of EDY in functional polymers via BC.
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3. Scientific Approach

Whereas EDY and BC have been extensively exploited in polymers, with most
modifications linking single EDY molecules as functional side groups onto a polymer
backbone,?*? strategies that utilize EDYs as repeating units in main-chain polymers, along with
their activation when embedded directly within the chain, have not yet been reported. In this
thesis, the synthetic approaches to construct main-chain EDY polymers start by screening
appropriate EDY's and polymerization methods. For the conceptualization of main-chain EDY
polymers, a bifunctional EDY and a polycondensation are selected to form the desired products.
Specifically, (Z2)-octa-4-en-2,6-diyne-1,8-diamine, which was designed and synthesized by the
Zaleski group in 2000,% sparked interest due to its primary amine groups, exhibiting reduced
steric hindrance and inducing intramolecular hydrogen bonding, which contributes to its high

cyclization activity 33166169

Previous work: Individual enediyne in core skeleton

2o = Bergman Cyclization 5
' | H g I@
Ry - 5

> A e

This work: Main-chain enediyne polymer

P NH, — — _— Bergman
| ~ , OHC_ _CHO _ 7\ 7\ # N\ Cyolization R R R
=N,

(2)-octa-4-en-2,6-

diyne-1,8-diamine * Carbon radical 0D —N=E|:—

OHC.__CHO
F, F
0]
O, seloo  oeld{yea oo
OHC CHO F F
. . . D:23,56- '
A 4,4'-oxydibenzaldehyde B: terephthalaldehyde C: [1,1"-biphenyl]-4,4'-dicarbaldehyde tetrafluoroterephthalaldehyde |

Figure 24. Main-chain EDY polymers derived from the diamino EDY and various dialdehydes. Reprinted
from ref. [243].

The first part of this thesis has been published as “Bergman Cyclization of Main-Chain
Enediyne Polymers for Enhanced DNA Cleavage, Yue Cai, Florian Lehmann, Edgar Peiter,
Senbin Chen, Jintao Zhu, Dariush Hinderberger, and Wolfgang H. Binder*, Polym. Chem.,
2022, 13, 3412.7** This series of main-chain EDY polymers is derived from acyclic diamino
enediynes and dialdehydes as illustrated in Figure 24. The active diamino enediynes are
incorporated via polycondensation, resulting in polyimines with controllable stability for a BC
at room temperature. The presence of the enediyne units in the main-chain polymers is

confirmed through FT-IR spectroscopy and two cycles of DSC analysis. The chain-length-
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dependent DNA cleavage activity under physiological conditions is investigated in solution via
gel electrophoresis alongside the stereoelectronic effects induced by the substituent patterns of
the dialdehydes. EPR spectroscopy is used to observe thermal and photochemical radical
formation, which is further correlated with the DNA cleavage activity of the polymers and

indicates long-term stability of the formed radicals in the solid state.

The second part of this thesis has been published as “Triggered Crosslinking of Main-
Chain Enediyne Polyurethanes via Bergman Cyclization, Yue Cai and Wolfgang H. Binder*,
Macromol. Rapid Commun. 2023, 44, 2300440.”>* Based on the potential of EDY as reactive
units sensitive to mechanical force, it is of vital importance to embed EDY into a suitable
polymer matrix that can effectively disperse internal energy from an applied stress.
Polyurethane (PU) is selected due to its versatile properties, ranging from elastomeric to rigid
polymers, and its ease of synthesis. Inspired by its unique characteristics and our previous
experience, (Z)-octa-4-en-2,6-diyne-1,8-diamine is chosen to construct the second series of
EDY-based polymers, as shown in Figure 25. The diamino EDY acts as a bifunctional
monomer in the polycondensation with isocyanate-terminated polytetrahydrofuran, resulting in
the first elastomeric main-chain EDY polymer. To explore the possibility of initiating
crosslinking via BC, multiple stimuli (heating, compression, and stretching) are applied to the
solid sample to induce hardening of the elastomer. Since BC is an exothermic reaction, DSC is
used to monitor the exothermic values. Additionally, IR spectroscopy is employed to detect the
characteristic peaks of the benzene moieties formed during BC. The mechanical properties are
based on tensile tests, which can also afford controllable stretching stress during the tests.

PIE [PTHF-IPDI-EDY] { ]

ag sy T ~5) Ly B

Figure 25. Schematic illustration of the designed EDY-based PU and the triggered crosslinking via BC.
Reprinted with permission from ref. [244], Copyright [2023], John Wiley and Sons.
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The third part of this thesis has been published as “Initiator-Free Synthesis of Semi-
Interpenetrating Polymer Networks via Bergman Cyclization, Yue Cai, Florian Lehmann,
Justus F. Thiimmler, Dariush Hinderberger, and Wolfgang H. Binder*, Macromol. Chem. Phys.
2024, 2400177.”**° Therein, the EDY has been applied in the formation of semi-IPNs. Semi-
IPNs are practically prepared via sequential synthesis methods.?*! The semi-IPN via EDY and
BC, begins with the synthesis of an appropriate EDY and a preformed crosslinked network.
(£)-oct-4-ene-2,6-diyne-1,8-diol is chosen as the precursor of the second polymer and swollen
into a pre-synthesized polyurethane network, as illustrated in Figure 26. The formation of the
semi-IPN is monitored via EPR spectroscopy, FT-IR spectroscopy, and thermal methods (DSC),
confirming the activation of the EDY-moiety and its subsequent polymerization to form the
second polymer. Stress-strain characterization and cyclic stress-strain investigations, together
with thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTG),
demonstrate improved mechanical properties and thermal stability of the formed semi-IPN
compared to the initial network. Atomic force microscopy (AFM) analysis in the phase contrast
mode and scanning electron microscopy (SEM) are performed to investigate the surface

morphologies.

Bergman
cyclization

Radical
polymerization

Crosslinked polyurethane Swaollen in enediyne solution Semi-interpenetrating polymer network
oH
£ j_n JOL Mﬂém N NS OH
N A N ¥ N "

Figure 26. Schematic illustration of the construction of semi-IPNs via BC. Reprinted with permission from
ref. [245], Copyright [2024], John Wiley and Sons.
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4. List of Publications

The results of this thesis are published in the following three publications. All of the three

first-author publications [P1] - [P3] are reprinted as part of this cumulative thesis with

permissions from the Royal Society of Chemistry,?** and John Wiley and Sons.?#4243

[P1] Bergman Cyclization of Main-Chain Enediyne Polymers for Enhanced DNA

Cleavage

Yue Cai, Florian Lehmann, Edgar Peiter, Senbin Chen, Jintao Zhu, Dariush Hinderberger,
and Wolfgang H. Binder*

Polym. Chem., 2022, 13,3412. DOI: 10.1039/D2PY00259K. Lit [243]

Conceptualization, Y.C. and W.H.B.; methodology, Y.C., F.L.; investigation, Y.C., F.L.;
writing—original draft preparation, Y.C. and W.H.B.; writing—review and editing, Y.C., F.L.,
E.P., S.C, J.Z., D.H. and W.H.B.; supervision, W.H.B.; project administration, W.H.B.;
funding acquisition, W.H.B. All authors have read and agreed to the published version of the

manuscript.

[P2] Triggered Crosslinking of Main-Chain Enediyne Polyurethanes via Bergman
Cyclization

Yue Cai and Wolfgang H. Binder*

Macromol. Rapid Commun. 2023, 44, 2300440. DOI: 10.1002/marc.202300440. Lit [244]

Y.C. and W.H.B.: Conceptualization, methodology, investigation, and writing; W.H.B.:
Supervision, project administration, and funding acquisition. Both authors have read and agreed

to the published version of the manuscript.

[P3] Initiator-Free Synthesis of Semi-Interpenetrating Polymer Networks via

Bergman Cyclization

Yue Cai, Florian Lehmann, Justus F. Thiimmler, Dariush Hinderberger, and Wolfgang H.
Binder*

Macromol. Chem. Phys. 2024, 2400177. DOI: 10.1002/macp.202400177. Lit [245]
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Since the discovery of the role of enediynes in natural antibiotics (such as calicheamicines) via in situ dira-
dical-induced DNA strand cleavage, Bergman cyclization has attracted fervent attention for decades.
Thus, Bergman cyclization is widely used in pharmaceutics, synthesis, and polymer chemistry as a trigger
for the generation of diradicals. Whereas applications of the Bergman cyclization in polymers mostly rely
on side-chain linked enediynes, strategies to embed enediynes as the main repeating units into polymers
are not reported yet. Here, the synthesis of main-chain enediyne polymers was accomplished, allowing to
embed and control the reactivity of the diamino enediynes via polycondensation into polyimines. Such
main-chain enediyne polymers in solution exert a chain-length dependent DNA cleavage activity under
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physiological conditions, additionally tunable by modulating the stereoelectronic environment via their
substitution patterns. Photochemical activation generates long-lived free radicals as verified via electron
paramagnetic resonance (EPR) spectroscopy, with rates of their formation comparable to those in DNA

Published on 17 May 2022. Downloaded by Martin-Luther-Universitit Halle-Wittenberg on 8/19/2024 11:44:34 AM.

rsc.li/polymers cleavage experiments.

Introduction

Bergman cyclization," an intramolecular cyclization of the ene-
diyne® (EDY) motif, was first discovered in the early 1970s on
cis-l,5-hexadiyn-3-ene, revealing an exclusive thermal
rearrangement to afford the labile 1,4-didehy-drobenzene dira-
dical. Since the discovery of the crucial role of enediynes in
natural antibiotics (such as calicheamicin,? esperamicin,® and
dynemicin A"®), wherein in situ-generated diradicals induce
DNA strand cleavage, enediynes and the Bergman cyclization
have attracted fervent attention for many years.®® In low mole-
cular weight compounds the mechanism involved in the cycli-
zation can be well tuned by molecular design, thus leading to
a tremendous synthetic efforts to build up various enediyne-
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containing frameworks. Together with the critical distance
between the acetylenic carbon atoms,” " especially the mole-
cular geometry’>™* and substituent-induced electronic
effects®” are closely related to their cyclization activity. In
addition to the thermally triggered cyclization® UV
radiation,””*® the induction by acids'® and organometallic
catalysts®*>* have been utilized widely in enediyne chemistry
to access novel organic compounds, biological agents, poly-
mers and materials. In polymers modifications mostly rely on
linking single enediynes as functional side chain onto a poly-
meric backbone, further being responsible for the properties
of the resulting polymers.>* Being a source of reactive diradi-
cals, enediyne-containing precursor polymers can be further
applied to construct linear conjugated polycyclic networks,>”
brush polymers*® and single-chain polymer nanoparticles.?”
However, strategies to utilize enediynes as repeating com-
ponents in main-chain polymers, together with their activation
as repeating enediynes directly embedded into the chain, have
not been reported up to now (Scheme 1). Considering the
adjustable stability of EDY in view of modifying substituents
and strain geometry, we envisioned that repeating enediynes
embedded in the main polymer-chain would allow a tuning of
their cyclization activities, further affecting DNA cleavage
activities and the long-term stabilities of the generated
radicals. We hypothesize that both, chain length of the
polymers, the number of repeating enediyne-units together
with potential strain imposed from the polymer chains can
influence activation of Bergman-cyclization, subsequent stabi-

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Main-chain enediyne polymers: synthesis and Bergman cyclization.

lities of the formed radicals and thus influence the DNA clea-
vage abilities.

In this (2)-octa-4-en-2,6-diyne-1,8-diamine,>®
designed and synthesized by the Zaleski group in 2000, caught
our interests, as the primary amine groups, displaying reduced
steric hindrance and intramolecular hydrogen bonding, can
contribute to its active cyclization performance. Since its first
synthesis in 2000, the diamino enediyne has been only applied
scarcely”®>' and not in polymers yet, displaying an only
limited stability as such and thus being not useful for a direct
use in DNA cleavage.

We here report the synthesis of main-chain enediyne poly-
mers, derived from acyclic diamino enediyne and dialdehydes
(Scheme 1). The active diamino enediynes were successfully
embedded via polycondensation to afford the resulting poly-
imines with an excellent Bergman cyclization stability at room
temperature. We propose that both, the repetitively placed ene-
diyne components together with their increased steric hin-
drance via the imine bonds ultimately allow a tuning of their
cyclization activities. We here investigate the stoichiometric
ratio of the two starting materials for polycondensation to
control the degree of polymerization. We could verify the exist-
ence of enediynes in the main chain polymers via FT-IR and
two cycles of differential scanning calorimetry (DSC) analysis.
Furthermore, we study the chain-length dependent DNA clea-
vage activity under physiological conditions, additionally
modulated by the stereoelectronic environment of the substi-
tution pattern within the polymers. Electron paramagnetic
resonance (EPR) spectroscopy was used to observe
thermal and photochemical radical formation, which can be
correlated to the DNA cleavage activity of the polymers as well
as indicate a long term stability of the formed radical in the
solid state.

context

This journal is © The Royal Society of Chemistry 2022

Results and discussion

Synthesis of diamino and diimine enediynes as building
blocks for subsequent polycondensation

To firstly probe the desired polycondensation of EDY-II with
aldehydes, we focused on the model reaction shown in
Scheme 2 to precisely adjust the stoichiometric ratios as
required according to the Carother’s equation to reach adjusta-
ble chain lengths. We have used (Z)-octa-4-en-2,6-diyne-1,8-
diamine®® for which synthetic approaches are
2931 t0 embed the ene-diynes into the main chain of the
polymers. For initial protection, the tert-butyloxy carbonyl
(Boc) group was installed within the terminal alkyne via classi-
cal Sonogashira coupling reaction between (Z)-1,2-dichlor-
oethene and tert-butyl prop-2-yn-1-ylcarbamate, thus affording
EDY-IL. As during removal of the protective Boc group, the con-
centration of the solution of the desired diamino EDY-II was
found to play a significant role as a Bergman-cyclization was
already observed at room temperature, an appropriate dilution
is necessary to avoid a primordial Bergman-cyclization. By
adding the internal standard hexamethylbenzene, its precise
concentration could be calculated from nuclear magnetic reso-

=~ “NHBoc ' = NH )

I 1]
| — |l — |
X__NHBoc N NH,

EDY-I EDY-II

several
known

0
O

EDY-Ill

Y/2EA\\

Scheme 2 Synthesis of diamino EDY-Il and model reaction to obtain
diimine enediyne EDY-III. i: (HCl aq., EA, rt; then 1 M NaOH aq. ii: benz-
aldehyde, CHCl3, rt.
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nance (NMR) analysis for further polycondensation with the
dialdehydes (A, B, C, D) in a ratio of NH,/C=O0 equalling 1/1.
When using a concentration of 0.25 mol L™, small brown par-
ticles would appear in the solution and grow quickly and spon-
taneously, as shown in Fig. S4t together with the evidence of
radicals as confirmed by electron paramagnetic resonance
(EPR) spectroscopy, indicative of a primordial Berman cycliza-
tion. Therefore, its high activity to undergo Bergman cycliza-
tion even at room temperature was verified. However, the
stable di-imine compound EDY-III could be further generated
smoothly, relying on the condensation between EDY-II and a
suitable equivalent of benzaldehyde, thus representing a

(A) Synthesis of the main-chain enediyne polymer Poly EDY-A

View Article Online

Polymer Chemistry

stable and suitable form for incorporation into the polymer
chain.

Synthesis of the main-chain enediyne polymers

With the established method for in situ deprotection and
imine-formation in hand, we shifted the synthetic target to the
main-chain enediyne polymers by replacing benzaldehyde with
the dialdehydes (A, B, C, D). Initial attempts with a 1/1 molar
ratio of EDY-II and 4,4-oxydibenzaldehyde A were accom-
plished (Fig. 1A). The resulting Poly EDY-A was further charac-
terized with NMR (Fig. 1B) and MALDI-TOF (Fig. 1C), where
resonances in the "H NMR spectrum could be assigned to the
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Fig. 1 Synthesis and characterization of the main-chain enediyne polymer Poly EDY-A. (A) Synthetic route, starting from a 1/1-ratio of EDY-11/4,4'-
oxydibenzaldehyde (A). (B) *H NMR of poly EDY-A. (C) MALDI-TOF of the polymer. (D) Two-cycle DSC curves under heating conditions, N, atmo-
sphere, 5 K min™™: the first cycle (lower part) and the second cycle (upper part). The first cycle of Poly EDY-A shows an exothermic peak. After
250 °C and back to room temperature, only flat curves appear during the following second heating cycle. (E) FT-IR spectroscopy analysis of Poly
EDY-A: the sample before the DSC (lower part) and after the DSC (upper part). Transformation is seen by the decrease of the typical stretching band

of the C=C at 2340 cm™.
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corresponding positions in the structure proving a clean de-
protection and the imine-formation. The weight between the
peaks of one series in MALDI-TOF is also consistent with the
weight of the repeating unit, which provides evidence for
the formation of the polymers. Based on the fact that the ene-
diyne-containing compounds could be sensitive to experience
Bergman cyclization, the existence of enediynes in the main-
chain polymers requires verification. To probe thermal
Bergman cyclization,*® we utilized two cycles of differential
scanning calorimetry (DSC) analysis to probe its activity. As
shown in Fig. 1D, during the first cycle (lower part) exothermic
peaks appear at 200 °C for Poly EDY-A, which could be attribu-
ted to a thermally triggered Bergman cyclization of the ene-
diyne moiety. The calculated exothermic value (AH =
34.49 kecal mol™" EDY) is within expectations for the exother-
mic enediyne cyclization.’®> Under an atmosphere of N,, the
sample was heated until 250 °C and then cooled down to room
temperature, followed by the second test cycle. As shown in
the upper part, only flat curves appear in this second heating
process, which is explained by the complete cyclization of ene-
diynes in the first heating cycle. Thus, the two-cycle DSC
proves the existence of the enediynes in the main-chain
polymer, and the transformation of cis-1,5-hexadiyn-3-ene
motifs to aromatic rings after the first heating cycle via
Bergman cyclization. Moreover, Bergman cyclization basically
leads to changes in FT-IR spectra (Fig. 1E) of the sample
before DSC (lower part) and after DSC (upper part). The signifi-
cantly decreased stretching band of the ene (C=C) at
2340 cm™', which gives solid evidence about the
consumption of the alkynyl groups after heating, is also con-
sistent with the result of DSC, thus leading to the further veri-
fication of the existence of enediynes in the main chain of the
polymers.

Based on the synthesis and characterization of the main-
chain EDY polymers, the stoichiometric balance of the two
bifunctional monomers is further investigated in view of a
typical step-growth polymerization, with the stoichiometric
imbalance defined by the ratio r = Ngpy.11, o/Ndialdehyde, o- When
altering the proportion of dosage of EDY-II and the dialdehyde
A, the resulting polymer shows an adjustable degree of
polymerization (DP), which can be observed from the "H NMR
spectra comparing these reaction systems (Fig. 2). When r = 1,
the integral ratio of the protons of the ending aldehyde group
(6 = 9.96-9.94 ppm, blue rhombus) and the repeating imine
bond (§ = ~8.60 ppm, orange rhombus) is 0.03/1, corres-
ponding to a DP of about 33.3. Signals from the remaining dia-
ldehyde are not detected (green rhombus). With more dosage
of dialdehyde (r = 0.5), a lower degree of polycondensation was
reached (DP = 4.2), according to the integral ratio of the
protons of the ending aldehyde group (5 = 9.91-9.90 ppm, blue
rhombus) and the repeating imine bond (§ = ~8.58 ppm,
orange rhombus) (0.24/1), where almost 91% of the dialdehyde
A was consumed. Under an even more imbalanced stoichio-
metric condition (r = 0.3), only oligomers with very low average
molecular weight (M, = 664 g mol™") were observed. The influ-
ence induced by the stoichiometric balance on DP is consist-

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 'H NMR spectra of reactions (A, B, C) with different ratios of the
diamine EDY-Il and the dialdehyde A 4,4'-oxydibenzaldehyde. Green
rhombus: the protons on the aldehyde groups of the starting dialde-
hyde; blue rhombus: the protons on the ending aldehyde groups of the
generated polymers; orange rhombus: the protons on the repeating
imine bond.

ent with the polycondensation-equation as calculated
before.*® The corresponding details are illustrated in Table 1.

With the model synthesis in hand, besides the 4,4'-oxydi-
benzaldehyde A, segments with different stereoelectronic sur-
roundings were probed, including terephthalaldehyde B, [1,1"
biphenyl]-4,4-dicarbaldehyde C, and 2,3,5,6-tetrafluoroter-
ephthalaldehyde D. The structures of the resulting enediyne-
containing polymers are enumerated in Table 1, an overview of
the obtained oligomers and polymers is illustrated in Table 1,
reaching up to 50 incorporated, stable enediyne-units in the
main chain of the respectice polymers.

DNA cleavage activities of enediyne and main-chain enediyne
compounds

For molecules containing enediynes, it is attractive to explore
their ability of DNA cleavage.®® The diradicals generated in vivo
via Bergman cyclization enable DNA-scissoring ability by
abstracting hydrogen atoms from the sugar phosphate back-
bones of duplex DNA. Highly active enediynes even can cause
double-stranded (ds) DNA cleavage, leading to programmed
cell death in the absence of any further triggers or additives,

Polym. Chem., 2022,13, 3412-3421 | 3415
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Table 1 Overview of synthesized main-chain enediyne oligomers and polymers based on condensation of EDY-Il with various dialdehyde

/ \

O
Q

o
Poly EDY-A cHo

Vi - AN

0*—@—’)‘ N@—CHO

Poly EDY-B

/ \

R F R F
FO-O OO O%_QJN N"LQCHO
FF FF

Poly EDY-C

Poly EDY-D

Polymer Molar ratio (diamine/di-aldehyde)

Dialdehyde Conv.” (%)

Ratio (-CHO : -CH=N-) DP? M,® (NMR) [g mol™]

R = 4,4"-oxydibenzyl

Poly EDY-A 11 >99
Poly EDY-A" 1/2 91
Poly EDY-A> 1/3 38
R = terephthyl

Poly EDY-B 11 >99
R =[1,1"-biphenyl]-4,4"-dicarbyl

Poly EDY-C 11 >99
R = 2,3,5,6-tetrafluoroterephthyl

Poly EDY-D 1/1 >99

0.03/1 33.3 11038
0.24/1 4.2 1577
0.74/1 1.35 664
0.02/1 50.0 11749
0.04/1 25.0 7919
0.02/1 50.0 15419

“The average degree of polymerization (DP) is calculated according to the integral ratio of the protons (Fig. 2) of the ending aldehyde group (6 =
9.96-9.94 ppm for Poly EDY-A; 6 = 9.91-9.90 ppm for Poly EDY-A"; 5 = 9.88-9.87 ppm for Poly EDY-A%) and the repeating imine bond (5 =
8.62-8.60 ppm for Poly EDY-A; 6 = 8.61-8.56 ppm for Poly EDY-A"; 5 = 8.61-8.58 ppm for Poly EDY-A?). ? Conversion of the starting dialdehyde is
calculated according to the integral ratio of the signals (Fig. 2) from remaining dialdehyde (§ = 9.99 ppm for Poly EDY-A; § = 9.95 ppm for Poly

EDY-A"; 5 = 9.91 ppm for Poly EDY-A?) and generated ending aldehyde.

including light.***® As shown in Fig. 3A, under the condition
in which enediynes exist, DNA in the supercoiled Form I can
be transferred to other different forms, the circular Form II
(single-strand scissions) and the linear Form III (double-strand
scissions), and small fragments. To evaluate the performance,
supercoiled pART7 plasmid (1.8 pg pL™", 8 pL) was incubated
with monomeric EDY-II/III and the main-chain enediyne poly-
mers (200 mM, 12 pL DMSO) in TE buffer (pH 7.6, 100 pL)
under purely thermal conditions at 37 °C and then agarose gel
electrophoresis experiments were carried out as a function of
time to check the progress and to differentiate DNA in
different forms. Meanwhile, two negative control experiments,
Neg. 1 and Neg. 2, were set up with incubation of the sole
plasmid, with or without DMSO. As depicted in lane 1, EDY-II
showed the most active performance as even after only
15 minutes of incubation, the initial Form I disappeared
totally and was directly converted to Form II. Further cleaved
product Form III was found after 4 hours, following a gradually
decreased plasmid content, which was attributed to the possi-
bility of cleavage into smaller fragments. For EDY-III (lane 2),
only Form III was generated gradually and converted to low
molecular weight fragments. A more interesting finding is the
trend of the activity of the three different main-chain enediyne
polymers. From the 4™ hour to the 24™ hour, an obvious
sequence appeared among the generation of Form II. When
incubated with Poly EDY-A (DP = 33) (lane 5), plasmid pART7
was converted mostly to Form II within 8 hours and sub-
sequently experienced a complete transformation during the

3416 | Polym. Chem., 2022, 13, 3412-3421

time between the 8™ hour and the 24™ hour. This similar but
obviously slower cleavage happened in the plasmid incubated
with Poly EDY-A" (DP = 4.2) (lane 4). For Poly EDY-A®, nearly
half of the supercoiled Form I could be found even until the
24" hour, with the transformation finished after the 48 hours
(lane 3). A trend is observed intuitively from Fig. 3C after quan-
tifying it via electrophoresis and comparing light intensity that
Poly EDY-A is the most efficient polymer to cleave DNA, fol-
lowed by Poly EDY-A' and Poly EDY-A>, which matches well
with the amounts of the enediynes within the main chain poly-
mers. With more enediyne structures inside the main chain,
more activity in DNA cleavage is observed, which is consistent
with previous findings about the concentration-dependence of
DNA cleavage.?® In addition to the formation of a complex gen-
erated between the negatively charged DNA and the amino-
groups on the polymer, also hydrogen bonds between the
nucleotide on DNA and the imine in the polymer chains could
contribute to this result.

When comparing the small, monomeric molecule EDY-III
(one “enediyne-unit’) and Poly EDY-B (DP = 50 units), both
containing a similar stereoelectronic environment, a clearly
different cleavage ability could be found with the same con-
centration of existing enediyne segment (200 mM). As shown
in Fig. 3D the plasmid incubated with Poly EDY-B has been
fragmented over 10 hours, whereas this happens only after
48 hours with EDY-III. After quantificaiton via electrophoresis
under comparable light intensities, the results could be
directly visualized as shown in Fig. 3E.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (A) Schematic representation of DNA cleavage induced by the enediyne derivatives. (B) Agarose gel electrophoretic images of the DNA clea-
vage assays. Lane 1 to Lane 5: pART7 (1.8 ug L% 8 pl) incubated with EDY-II/IIl and Poly EDY-A/A'/A? (200 mM, 12 pL DMSO) (lane 1-5); lane 6
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2-log DNA ladder (10 pL). In all the mixture we maintained a total volume of 120 pL in and was incubated at 37 °C. (C) After quantifying via electro-
phoresis and comparing their intensity, the percentage of conversion at different times of Form Il cleaved from Form | of pART7 incubated with
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introduced by EDY-1Il and Poly EDY-B, [EDY segment] = 200 mM are shown. Remaining DNA refers to the percentage of intact DNA remaining in the
solution. (F) Agarose gel electrophoretic images of DNA cleavage with Poly EDY-A/B/C/D, [EDY segment] = 200 mM, under the above-mentioned
conditions. (G) After quantifying via electrophoresis and comparing light intensity, quantified DNA cleavages introduced by Poly EDY-A/B/C/D, [EDY
segment] = 200 m. Remaining DNA refers to the percentage of intact DNA remaining in the solution.

When equipped with various stereoelectronic environment
via the substitution patterns, Poly EDY-A/B/C/D were compared
respectively regarding their DNA cleavage abilities. Under iden-
tical incubation conditions and concentrations of the enediyne
segments (200 mM), a clear stereoelectronic influence on DNA
cleavage was observed. As illustrated in Fig. 3F, Poly EDY-D
containing tetrafluoro-segments and Poly EDY-C possessing
biphenyl structures, caused a fast cleavage, followed by Poly

This journal is © The Royal Society of Chemistry 2022

EDY-B substituted with terephthyl-groups and Poly EDY-A
derived from 4,4"-oxydibenzaldehyde. After densiometric ana-
lysis of the stained electrophoretic images, the results could be
directly compared as shown in Fig. 3G. The order of DNA-cleav-
ing activity can be explained via the stereoelectronic influence
of substituents at the terminal alkyne positions, known to
affect the activity of the Bergman cyclization. Electron-with-
drawing substituents decrease electron density in the o-
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Scheme 3 Possible DNA cleavage mechanism by enediyne polymers. P = phosphodiester bond. A carbon-centered radical abstracts a hydrogen
from the phosphate backbone of DNA, followed by attack of dioxygen to form a peroxyl radical, resulting in DNA cleavage.

HOMO-orbital, which leads to a stabilization of the transition
state and in turn to a decreased barrier for the Bergman cycli-
zation."’® Even remote substituents at the alkyne terminus can
have a significant effect.”' Poly EDY-A, derived from 4,4"-oxydi-
benzaldehyde, was the least efficient in DNA splitting due to
conjugation between the phenyl-groups and the oxygen-atoms.
Similar observations could be found in EPR experiments to
observe the radical lifetime, as reported in the next section. As
illustrated in Scheme 3, a possible DNA cleavage mechanism
by enediyne polymers is proposed via a carbon-centered
radical abstracting a hydrogen from the phosphate backbone
of DNA, followed by attack of dioxygen to form a peroxyl
radical, resulting in DNA cleavage.

EPR studies on the radicals generated via Bergman cyclization

In order to compare the ability to generate radicals of the
main-chain enediyne polymers further and obtain a deeper
insight into the radical properties of the Bergman cyclization,
electron paramagnetic resonance (EPR) spectroscopy was
utilized.

Conducting EPR-measurements under the same conditions
of the DNA cleavage experiments at 37 °C in the dark (main-
chain enediyne polymers in DMSO and plasmid in TE buffer
alone), did not allow the recording of the generated radical
signals. We then used 4-hydroxy-2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPOL) as a radical acceptor known in EPR, able to
abstract the generated radicals and give a decaying signal of its
initially existing radical. Before irradiation under LED light
with a peak wavelength of 419.8 nm and a FWHM of 14.74 nm
for 20 min, we added TE buffer (pH 7.6, 100 pL) with 60 uM
TEMPOL as a radical quencher solution to each Poly EDY-A/B/
C/D (200 mM, 12 puL DMSO). The volume of each sample had
to be adjusted to 120 pL with a TE buffer to mirror the exact
polymer concentration from DNA cleavage experiments.

As depicted in Fig. 4B-E, the integral (DI) calculated from
the EPR spectra revealed that the signals from TEMPOL experi-
enced various degrees of decrease in the presence of the irra-
diated main-chain enediyne polymers, indicative of the
amount of the formed radicals over time. Similar to the results
in DNA cleavage experiments, an influence of the steroelectro-
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Fig. 4 (A) DI(t) calculated from EPR spectra shown in (B), (C), (D) and
(E). (B—E) EPR spectra recorded during irradiation of 20 mM Poly
EDY-A/B/C/D solutions with 50 pM TEMPOL in TE buffer with 6.6 vol%
DMSO.

nic surroundings was observed for Poly EDY-A/B/C/D in view of
its efficiency to generate radicals. The values of decreasing
signals of TEMPOL were collected and analyzed in Fig. 4A.
Poly EDY-A, derived from 4,4-oxydibenzaldehyde, still occupies
the position of the least efficient radical producer, whereas
Poly EDY-D, containing the tetrafluoro-segments, is the most
efficient, in line with expectations of the reduced steric repul-
sion of the incoming m-orbital in the cyclization transition
state.

Inspired by the work of the first in situ EPR spectroscopy of
a solid sample of aromatic diyne cyclopolymerization in
2004,"* we evaporated the solvent of the solution of Poly EDY-A

This journal is © The Royal Society of Chemistry 2022
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to gain a solid polymer. The polymer was heated from 25 °C to
175 °C in steps of 25 °C with a setup time of 20 min before
measuring an EPR spectrum. After finishing the heating
process the temperature was again set to 25 °C to observe the
long-term stability of the formed radicals. Raw EPR spectra of
the temperature series are shown in Fig. 5A. The observed
signal derived from carbon centered radicals shown in Fig. 5B
displays the double integral (DI(¢)) of the measured EPR
spectra, which is proportional to the amount of radicals in the
sample. A spark of radical formation can be noticed even at
75 °C or 50 °C. However, the most intense formation of rad-
icals starts above 100 °C with a peak radical concentration at
125 °C. At 150 °C and 175 °C the radical concentration
decreases, which is perfectly in line with the displayed mecha-
nism in Fig. 5C. Mechanistically, as soon as the thermally trig-
gered Bergman cyclization starts, a fusion of the in-plane
acetylene bonds and a subsequent ring closure takes place
from every enediyne unit in P1 to the 1,4-diyl in TS, forming
the aromatic benzene rings P2 (Fig. 5C)."*> Based on previous
CCSD(T) calculations,”® TS does not possess a significant bi-
radical character. Considering the different activation barrier
between the hydrogen abstraction of p-benzyne-typed diradi-
cals and benzyne-typed radicals,** especially starting from
ortho-substituted enediynes possessing polar and steric contri-
butions,*” it is reasonable that during TS transforming to P2
and P3, both, p-benzyne and biphenyl diradicals, are generated
and exist concomitantly, in line with EPR results reported in
previous work.*> During the following heating process, trans-
formation from p-benzyne diradicals P2 to biphenyl- P3 and
even polyphenyl-diradicals P4 via radical combination contrib-

This journal is © The Royal Society of Chemistry 2022

utes to a decrease of the radical intensity in total. This
matches well with an early growth of the radical intensity,
whereupon a decrease took place. Nearby radicals recombine
to C-C-bonds leaving some individual radicals (Fig. 5B ¢ >
250 min) highly stabilized by the obtained conjugated back-
bones. This observation is similar to the result of the first
in situ EPR spectroscopy of aromatic diyne cyclopolymerization
in 2004*> where an overall trend including the radical-growth
under heating, followed by a slight decrease and the formation
of finally long-lived radicals at room temperature was
observed. With the well-delocalized spin density over the poly-
phenyl-like moieties,”® radicals in P4 exhibit excellent
stabilities.

Conclusions

We here have realized the synthesis of main-chain enediyne
polymers, derived from an acyclic diamino enediyne and
various dialdehydes and demonstrated their DNA-cleaving pro-
perties. The active diamino enediynes were successfully con-
trolled and embedded via polycondensation to afford the
resulting polyimines as stable form of the enediynes, able to
be activated wvie thermal/photochemical  triggering.
Investigation on the stoichiometric ratio of the two starting
materials for polycondensation revealed its influence on the
control of the degree of polymerization from ~3-50 units. The
existence of enediynes in the main-chain polymers was verified
via FT-IR and two cycles of DSC analysis. The main-chain ene-
diyne polymers in solution show a chain-length dependent

Polym. Chem., 2022,13, 3412-3421 | 3419
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DNA cleavage activity under physiological condition, addition-
ally tunable by modulating the stereoelectronic environment
via their substitution patterns. Thus the embedded element
between the enediyne-segments influences DNA-cleavage in
the order: both Poly EDY-D (tetrafluoro-segment) and Poly
EDY-C (biphenyl-segment) caused a fast cleavage, followed by
Poly EDY-B (terephthyl-segment) and Poly EDY-A (4,4"-oxydi-
benzaldehyde-segment), enabling a finetuning of kinetics of
DNA cleavage. Based on EPR-measurements we propose that
reactive radicals are formed initially by purely thermal acti-
vation, which then rearrange to more stable radicals persistent
over longer times. We can also demonstrate that an additional
photochemical activation generates free radicals under these
conditions. These radicals deactivate TEMPOL with rates com-
parable to those in the DNA cleavage experiments.
Furthermore, quite stable radicals could be detected in the
solid state after evaporation of the solvent, which are poten-
tially utilized in magnetic materials and conducting polymers.
The here reported polymers are highly versatile in view of their
substituent-patterns, and will be further optimized for super-
molecule recognition, followed by site-selective radical-
induced cleavage. We presume this as a first step to design
more, radical-generating polymers for controllable polymeriz-
ation and selective DNA cleavage, in future potentially mimick-
ing more selective cleavage methodologies.
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Triggered Crosslinking of Main-Chain Enediyne

Polyurethanes via Bergman Cyclization

Yue Cai and Wolfgang H. Binder*

Crosslinking chemistries occupy an important position in polymer
modification with a particular importance when triggered in response to
external stimuli. Enediyne (EDY) moieties are used as functional entities in
this work, known to undergo a pericyclic Bergman cyclization (BC) to induce a
triggered crosslinking of polyurethanes (PU) via the intermediately formed
diradicals. Diamino-EDYs, where the distance between the enyne-moieties is
known to be critical to induce a BC, are placed repetitively as main-chain
structural elements in isophorone-based PUs to induce reinforcement upon
heating, compression, or stretching. A 7-day compression under room
temperature results in a £69% activation of the BC, together with the
observation of an increase in tensile strength by 62% after 25 stretching
cycles. The occurrence of BC is further proven by the decreased exothermic
values in differential scanning calorimetry, together with characteristic peaks
of the formed benzene moieties via IR spectroscopy. Purely heat-induced
crosslinking contributes to 191% of the maximum tensile strength in

the 1930s, tremendous efforts have been
accomplished in developing specific
mechanophores,[®!% wherein an applied
strain is correlated to an effective geometry,
chemistry, or location of a bond. Major
factors to tune the efficiency of force on a
chemical reaction are the position of the ap-
plied force on the specific bond'! in view
of its regiochemistry,'13] the position,'*
type,[*>1%1 and length!'”] of attached poly-
mer chains, and also the material mor-
phology such as in semicrystallinel!®]
polymers or microphase-segregated block
copolymers.['l The use of such chemistries
allows to induce chemical reactions, such
as crosslinking, to form permanent net-
works in materials at positions where
either stress or heat has been applied.

comparison to the virgin PU. The BC herein forms an excellent crosslinking

strategy, triggered by heat or force in PU materials.

1. Introduction

Activation of chemical bonds to induce crosslinking in polymers
is a common strategy to modify and obtain polymer networks.
Similar to conventional thermal, photo, and redo-x methodolo-
gies, activating chemical bonds by strain is attractive."?! Thus
chemical bonds and bonding entities termed mechanophores
can be activated by molecular forces, representing a promis-
ing technique for responsivity in materials by directing specific
strain-dependent reaction pathways.[>”] Since the first observa-
tion of mechanically-induced bond-rupture by Staudinger®! in
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Pericyclic reactions have been investi-
gated intensely as potential mechanophores
as the geometry of bonding arrangements
and the resulting molecular strain can
be well predicted therein.3?*?1 To this
end, cyclo-reversion-chemistries, such as
in 1,2,3-triazoles,[3%31] cyclobutanes,[32-34] dimeric
anthracenes,®) anthracene-maleimide adduct,***”! coumarin
dimer,®®  methanone-tethered cinnamate dimer,® or di-
halocyclopropanes, ! can be induced mechanically, addressing
even forbidden reaction pathways not accessible via purely ther-
mal or photochemical reactions.[*”! The activation in solution
via ultrasound, in embedded materials, such as thermoplastic
polymers or networks, and of single molecules (via single-force
molecules spectroscopy, SFMS) have been accomplished.

In our search for stress-induced crosslinking chemistries
in solid polymers we came across novel pericyclic reaction
chemistries, such as the Bergman cyclization (BC), as a potential
target. In Bergman cyclization, enediynes (EDYs) undergo a cy-
cloaromatization to generate a 1,4-phenyl-diradicall*!] mainly in-
fluenced by proximity effects,[*>-*4] namely the distance between
the acetylenic carbon atoms (d) (Scheme 1). Additionally, the elec-
tronic effects brought by substituents!*] and molecular-strain
differences!***8] allow an excellent tuning of the EDY’s reactiv-
ity on a molecular basis.[**} Conventionally, the BC is induced
thermally,[*!] by photochemistry,>*3! or by metal catalysis.[>*3°]
Inspired by these unique properties, we herein report on the
crosslinking of a polyurethane (PU) polymer embedded with
EDYs as the active element embedded therein. We highlight the
function of EDYs as the resource of diradicals via Bergman cy-
clization, which undergoes coupling partially to induce covalent

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Scheme 1. Schematic illustration of the designed enediyne (EDY)-embedded

polyurethane (PU) and the triggered crosslinking via Bergman cyclization.

Table 1. Overview of the composition of PUs containing enediynes (EDY) (samples PIE, PME) and the PU without EDYs (PIC).

Sample Compositions M, cpc [kDa]
Prepolymer 1 equiv. Diisocyanate 2 equiv. Diamine1 equiv.
PIE PTHF OGN NCO // NH, 10.6
HOW H |
!
IPDI S,
PME MDI 4 NH, 253
'
OCN NCO X NH,
PIC H,oN 8.6
OCN NCO N NN,
IPDI

crosslinking, in turn leading to an efficient hardening of the PU
material. The activation used here varied from conventional heat
to force observing hardening phenomenona which leads to novel
types of responsive materials.

2. Results and Discussion

We recently reported the BC of EDYs embedded into the main
chain of polyimines in solution to tune a chain-length dependent
Bergman cyclization with different structural elements.>®! The
potential of EDYs as latent crosslinking agents was first consid-
ered in the 1990s,[?! expected to activate upon swelling a network
equipped with embedded EDY’s by triggering a BC via chang-
ing the distance of the terminal acetylen-units.>’] Despite sig-
nificant experimental and theoretical efforts®”%8! this behavior
has not been proven in materials, neither by temperature nor
strain. Based on the known theoretical background®’ we de-
signed EDYs embedded into linear PUs, where we expected that
activation of a BC would lead to a subsequent crosslinking via
the intermediate biradicals. Due to the presence of hydrogen
bonds at the joiningurea groups, we expected facilitstion of the

Macromol. Rapid Commun. 2023, 44,2300440 2300440 (2 of 9)

BC, as BC is accelerated using metal-coordination close to the
EDY-moieties,™! and thus the chance to promote subsequent
crosslinking chemistries in the PUs. EDYs embedded directly
into the main chains of the linear PUs could display an enhanced
activation, in turn inducing measurable and observable evidence
of a BCin the formed PU network, although BC in acrylate-based
networks could not be observed previously.[*”]

Based on an amine-functional EDY, (Z)-octa-4-en-2,6-diyne-
1,8-diamine (Figure 1A),[®°) we were able to introduce EDY
into the main chain of a PU, resulting in the polymer PIE
containing ~3 EDY-groups per chain in average (Table 1).
We first generated an isocyanate-terminated polytetrahydrofu-
ran (PTHF, 2.9 kDa) with isophorone diisocyanate (IPDI, mo-
lar ratio PTHEF/IPDI = 1/2), followed by polyaddition with an
equimolar amount of the (Z)-octa-4-en-2,6-diyne-1,8-diamine.
The choice of IPDI was motivated by generating PUs of ap-
propriate hardness, able for subsequent testing via the available
rheology/stress—strain testing methods. Results from NMR spec-
troscopy (Figure 1B, assigning chemical shifts of the double bond
(6 =5.79 ppm, red dot) and the methylene group (6 = 4.14 ppm,
purple dot)), gel permeation chromatography (Figure 1C) and

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 1. Synthesis and characterization of the main chain enediyne elastomeric PU polymer PIE. A) Chemical structure and compositions of PIE. B)
Comparison of the "H NMR between the isocyanate-terminated PTHF and PIE. C) GPC of the initial PTHF, the isocyanate-terminated PTHF, and PIE. D)
FT-IR. E) Two-cycle DSC curves under heating condition, N, atmosphere, 5 K min~': the first cycle (lower solid line) and the second cycle (upper dashed
line). F) Arrhenius plot for the Bergman cyclization of PIE in neat conditions obtained by DSC measurements using ASTM E698 standard procedure.
Inset: DSC thermograms at four heating rates (HR) of 5, 10, 15, and 20 K min~!. G) The hydrogen bonds between the urea groups in the joint of the

enediyne moieties.

FT-IR spectroscopy (Figure 1D) gave evidence of the success-
ful synthesis of the targeted polymer PIE and the successful
incorporation of the EDY-moieties with a molecular weight of
~10.6 kDa. As depicted in Figure 1D, a full conversion of all
NCO groups after the second reaction step was proven by FT-IR
spectroscopy with the disappearance of the characteristic —=NCO
group at 2256 cm™! and the emergence of the —NH stretch-
ing band at 3343 cm™!. Increasing peaks (around ~1600 cm™!)
showed the appearance of the urea group (Figure S5, Supporting
Information). Similar to literature,®!! the bulky chain elements
between the EDYs impeded the detection of the alkynyl group in
IR-spectroscopy. In a similar procedure, we also prepared PME
(containing EDY, methylene diphenyl diisocyanate (MDI, instead
of IPDI)), and a sample devoid of EDY as control (PIC) (Table 1).

The so-formed PIE was then checked for a thermally induced
BC reaction: considering that BC is an exothermic reaction, the
existence of the EDYs was verified with two cycles of differential
scanning calorimetry (DSC) as shown in Figure 1E (and Figures

Macromol. Rapid Commun. 2023, 44,2300440 2300440 (3 of 9)

S6 and S7, Supporting Information). Under an atmosphere of
N,, PIE was heated to 250 °C, followed by cooling to 25 °C and a
second heating process. The exothermic peak (T, = 145.96 °C)
in the first cycle (solid line), which was attributed to the comple-
tion of a thermally triggered BC of the EDY moieties, did not ap-
pear in the second heating process (dashed line). The calculated
exothermic value (AH = 63.9 kcal mol~" EDY) is within expec-
tations for the exothermic EDY cyclization.l®?] With the method
of the ASTM E698 standard procedure,[®3! DSC thermograms of
neat PIE at four heating rates (HR) of 5, 10, 15, and 20 K min~!
yielded an Arrhenius plot for its BC with calculated activation en-
ergy as 20.1 kcal mol~! (Figure 1F and Table S2, Supporting Infor-
mation). According to the literature,[®! the ASTM E698 method
is reliable for comparing the reactivities of BC in structurally sim-
ilar compounds, leading to verified and justifiable amounts of BC
in our series of PU materials. Therefore this method was utilized
specifically to compare the reactivities of PIE and PME. For a per-
icyclic reaction like BC, the hydrogen bonds, present not only be-

© 2023 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 2. Changes in material properties induced by Bergman cyclization by comparing EDY-PU of PIE and the negative control PIC without EDY. A)
Tensile tests of PIE before and after heat. B) Tensile tests of PIC before and after heat. C) Swelling test of heated PIE in DMF. D) Dissolution of heated
PIC in DMF. E) Proposed mechanism of the generation of crosslinks induced by Bergman cyclization in the enediyne-embedded chains.

tween the PU chains but also between the urea groups in the joint
of the EDY moieties as shown in Figure 1G, assist to reach this
comparably low Ea value. Replacement of MDI by IPDI (PME) fa-
voring hydrogen bonding between the PU chains(®*! gave an even
lower Ea value of 14.1 kcal mol~! (Figures S12-S18, Supporting
Information), which was considered too low, also taking into ac-
count the possibility of an underestimation in solid polymers as
stated in literaturel®! (Figure S18, Supporting Information).

For comparison the polyurethane PIC (devoid of EDY-
moieties) was synthesized as a negative control, derived from
the polyaddition between the initially used isocyanate-terminated
PTHF and octane-1,8-diamine, which possesses the same length
of the carbon chain with EDY (M,, cpc = 8.6 kDa, Figures S19-
S22, Supporting Information). To verify the crosslinking poten-
tial brought by the embedded EDYs, conventional heat induction
with PIE (containing EDY) and PIC (devoid of EDY-unit) were
first attempted, followed by stress—strain tests to prove the for-
mation of additional covalent crosslinks during the dimerization
of the diradicals formed via BC. Freshly made PIE and PIC were
thus placed at 150 °C for 10 min, followed by tensile tests after
cooling. As shown in Figure 2A, for PIE before and after heating,
a significant improvement of the tensile strength was observed,
increasing to a maximum value of 26.4 MPa (191% of the maxi-

Macromol. Rapid Commun. 2023, 44, 2300440 2300440 (4 of 9)

mum tensile strength of the virgin sample), an effect which was
not observed for PIC (devoid of EDYs) (Figure 2B).

Subsequently, pieces of the two heated samples (PIE, PIC)
were soaked in DMF as shown in Figure 2C,D to probe the
crosslinking density. The PIE-sample immediately swelled in
the solvent, reaching 157% of swelling degree after swelling
for 72 h (equilibrium), indicative of permanent crosslinks with
a calculated density v, as 5.50 X 10~ mol cm~ according to
the Flory—Rehner equation,®®) Table S4, Supporting Informa-
tion. In comparison, PIC, which remained unchanged in its ten-
sile strength and appearance, completely dissolved in the sol-
vent. As illustrated in Figure 2E, triggered by heating, EDYs
embedded in the PU chains underwent Bergman cyclization
and were transformed into the diradical species which could re-
combine randomly resulting in covalent crosslinking to form a
permanent network. The resulting conjugated system of ben-
zene rings shifted the absorption to a longer wavelength in
line with previous observations in literaturel®’] made from BC-
cyclization and subsequent aromatization. Monitoring with UV-
vis under heated conditions (Figure S8, Supporting Information)
supported this assumption.

After using heat as an external trigger we then tested a
pressure-induced activation of the BC as a further trigger to in-
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Figure 3. Compression test applied to the elastomeric enediyne PU polymer PIE. A) Compression device and operations taken during the compression.
B) Monitoring with DSC during the 7-day compression of PIE. C) Comparison of AH calculated by DSC between PIE with or without compression for 7
days. D) Comparison of solubilities in DMF between PIE with or without compression.

duce crosslinking chemistry (Figure 3A).'%2] Thus a combina-

tion of compression tests of PIE and DSC was utilized to moni-
tor BC owing to its exothermal feature. With the transparent and
elastomeric PIE in hand, the compression test proceeded by cov-
ering the well-shaped sample with two PTFE films and placing
it in a press with a force of 10 tons ranging from 12 h to 7 days.
As it is expected that after BC activation the materials should dis-
play a lower heat-of-conversion in an thereafter conducted DSC
analysis, the decline in reaction heat can be correlated to the frac-
tion of BC achieved during the compression cycles. As shown
in Figure 3B, in neat samples that had experienced compres-
sion of various durations (up to 7 days), the exothermic values
of each sample decreased gradually with time. Compared to the
initial sample, 12 h of compression brought a ~48% decrease
in the exothermic value, which dropped by ~69% after 7 days.

Macromol. Rapid Commun. 2023, 44,2300440 2300440 (5 of 9)

In parallel samples without compression were studied under the
same conditions, but without compression and in the dark, to
avoid eventual photoactivation of the BC. With an activation en-
ergy of ~20.1 kcal mol™ Ea, PIE experienced a small decrease
in the exothermic (~38%), as shown in Figure 3C. The exother-
mic values of PIE without compression after 12 h and 3 days are
shown in Supporting Information (Figure S11, Supporting Infor-
mation).

To prove that BC had formed additional crosslinks during the
pressing cycles, we again conducted swelling experiments to ver-
ify the formation of a covalently linked network (Figure 3D). Two
samples of PIE (one compressed for 7 days, one uncompressed)
were placed in DMF. After 3 days, the uncompressed sample was
dissolved completely, whereas the compressed sample was just
swollen with a considerable volume expansion owing to a cova-
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Figure 4. A) Comparison of IR spectra of fresh sample PIE and the sample after 7-days compression with 10 tons. B) Enlargement of IR spectra (wavenum-
ber: 1600~1380 cm™~"). C) Enlargement of IR spectra (wavenumber: 1200-850 cm™'). D) Enlargement of IR spectra (wavenumber: 900-550 cm™').

lently linked network (swelling degree 693%). By employing the
equilibrium swelling method, the crosslink density (v.) was esti-
mated as 9.59 x 107> mol cm~3 using the equations, introduced
by Flory and Rhener!®! (Table S4, Supporting Information). This
result proves that covalent networks were formed during com-
pressing the EDY-containing sample, PIE.

To further prove that radical coupling after cyclization took
place in at least one of the primary reaction pathways, FT-IR
spectroscopy was used focusing especially on the fingerprint re-
gion. If the diradical benzene intermediates were coupled to-
gether partially, a multi-phenylene system consisting of 1,2,3,4-
substituted benzene moieties would be obtained. Correspond-
ingly some changes in the fingerprint region could be expected
and used to distinguish. As illustrated in Figure 4, the absorption
peaks around ~1500 cm™! (1491 and 1474 cm™) are important
characteristic peaks of the C=C stretching vibration of the conju-
gated benzene ring system. More importantly, the absorption at
996 and 803 cm ™! can be attributed to the CH bending. Compared
to the normal CH bending on the 1,2-substituted benzene, the
absorption at a relatively higher wavenumber (803 cm™') demon-
strated the existence of 1,2,3,4-substituted benzene moieties.

In addition to compression tensile stress was probed to probe
crosslinking of EDY-PU polymer. With the two elastomeric mate-
rials PIE and PIC in hand and the induced crosslinking brought
by heat or compression in mind, cyclic stress—strain investiga-
tions were applied to each sample under room temperature in
the dark to study the possible effect induced by external stretch-
ing. Cyclic loading and unloading from 0% strain to 300% strain,

Macromol. Rapid Commun. 2023, 44,2300440 2300440 (6 of 9)

far below the strain at break, were performed continuously with-
out rest. As depicted in Figure 5A, similar to Mullin’s effect,[%8-%]
a notable hysteresis, together with a softening and a decreased
maximum tensile stress value was detected for both samples
(PIE and PIC) during the first cycles.[*Y] However, continuously
enhanced toughness and growing maximum-tensile stress val-
ues (up to 4 MPa, 162.1% of the virgin maximum-tensile stress
value) were observed for PIE as shown in Figure 5B. On the
contrary, nonsignificant changes except a slight strain hardening
were found for PIC (111.2% of the virgin maximum-tensile stress
value), in line with effects known for other PU-polymers.[7%71]
Strain-hardening of PIE is, therefore, a clear consequence of and
at least partial crosslinking of the diradicals formed during the
strain induction (Figure 5C), thus proving its potential activation
Dby stress and its activity as a mechanophore.

3. Conclusion

We herein have accomplished a Bergman-cyclization-triggered
crosslinking of polyurethane with EDYs using heat and stress,
leading to an induced reinforcement in the mechanical strength
of the material by generating permanent covalent crosslinks. The
embedded EDY induced a Bergman cyclization as proven directly
by the decreased exothermic values in DSC and the characteris-
tic peaks of the generated benzene moieties via IR spectra, and
indirectly via an increase in tensile strength and swelling of the
formed network. Heat-induced crosslinking increased the ten-
sile strength by 191% in comparison to the virgin sample. 7-
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Figure 5. Stretch-induced Bergman cyclization in PIE. A) Cyclic stress—strain investigations of the enediyne PU chains PIE and the negative control PIC.
B) The maximum tensile stress values of PIE and PIC during each stretch cycle. C) Proposed mechanism behind the increased toughness of PIE.

day compression resulted in a decrease of ~69% in BC-induced
exothermic values, together with the formation of permanent (co-
valent) crosslinks with a density of 0.96 x 10~* mol cm3 as calcu-
lated via swelling experiments, which counts to about 25% of the
heat-induced crosslinks. Stretching (25 cycles) induced a signifi-
cant increase (62%) in the maximum tensile stress values of PIE.
The embedding of the EDY units as latent crosslinkers into the
PU polymers is simple and yields the chance to embed a sub-
sequent reinforcement. With the well-designed structures and
simple chemistry of main chain EDY PU polymers, this work
demonstrated the possibility of reviving the application of EDY
as a latent crosslinker, activated either thermally or via stress, to
inspire a novel type of responsive materials.

4. Experimental Section

A detailed Experimental Section can be found in the Supporting Infor-
mation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Initiator-Free Synthesis of Semi-Interpenetrating Polymer
Networks via Bergman Cyclization

Yue Cai, Florian Lehmann, Justus F. Thiimmler, Dariush Hinderberger,
and Wolfgang H. Binder*

iy . . 1. Introduction
Semi-interpenetrating polymer networks (semi-IPNs), composed of two or

more polymers, forming intertwined network-architectures, represent a
significant type of polymer combination in modern industry, especially in

Interpenetrating ~ polymer  networks
(IPNs) are defined as the combination
of two or more chemically independent

automotive and medical devices. Diverse synthesis techniques and plentiful
raw materials highlight semi-IPNs in providing facile modifications of
properties to meet specific needs. An initiator-free synthesis of
semi-interpenetrating polymer networks via Bergman cyclization (BC) is
reported here, acting as a trigger to embed a second polymer via its reactive
enediyne (EDY) moiety, then embedded into the first network.
(2)-oct-4-ene-2,6-diyne-1,8-diol (diol-EDY) is targeted as the precursor of the
second polymer, swollen into the first polyurethane network (PU), followed by
a radical polymerization induced by the radicals formed by the BC. The
formation of the semi-IPN is monitored via electron paramagnetic resonance
(EPR) spectroscopy, infrared-spectroscopy (FT-IR), and thermal methods
(DSC), proving the activation of the EDY-moiety and its subsequent
polymerization to form the second polymer. Stress—strain characterization
and cyclic stress—strain investigations, together with TGA and DTG analysis,
illustrate improved mechanical properties and thermal stability of the formed
semi-IPN compared to the initial PU-network. The method presented here is a
novel and broadly applicable approach to generate semi-IPNs, triggered by

polymers.['?2] Among the coexisting net-
works, at least one network is synthesized
and/or crosslinked in the presence of the
other. Since the profound combination
of phenol-formaldehyde resins with vul-
canized natural rubber by Aylsworth in
1914 and the discussion from Millarl®! in
1960, IPNs have occupied a significant
role in macromolecular topologies.l*! The
unique properties of swelling capacity and
mechanical strength of IPNs have enabled
them to be widely applied in automotive
parts,®] engineering plastics,l®) damping
compounds,”* biomedical devices,1%*]
or as structural concepts in molding ma-
terials. Depending on the synthetic routes
and the combined patterns of the two
polymers,[*] TPNs could be classified as
sequential, semi-, and simultaneous IPNs,
displaying various topologies and chemical
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bonding.['>1% Among them, semi inter-

penetrating networks (semi-IPNs) are built

from of two or more polymers, one of
which is crosslinked, the other embedded into the first one, ei-
ther with a linear or branched architecture, but in itself not
crosslinked.!?-22] Tremendous efforts have been focused on the
synthesis, morphology, physical/chemical properties, and ap-
plications of various ingeniously designed semi-IPNs. Repre-
sented by hydrogels,>-?°] which are derived from bio-friendly
and hydrophilic raw materials, recently semi-IPNs have been
particularly empowered in the field of stimuli-responsive sen-
sors and pharmaceutical devices. Via sequential synthesis meth-
ods, (semi-)IPNs are prepared by firstly polymerizing monomer
I with crosslinker I to produce the first network, followed by the
swelling of monomer IT and a subsequent polymerization to gen-
erate the second polymer.[2*?7] The first generated network thus
plays a fundamental role in the mechanical or thermal properties
of the finally formed (semi-)IPN products. Owing to its versatile
properties (elastomeric to rigid polymers) and facile synthesis,
polyurethanes (PU) are identified as one of the most privileged
network components.[?8-3% Among the corresponding IPNs con-
stituted from PU, various polymeric components such as epoxy
resins, !l vinyl ester resins,l’l unsaturated polyester resins, 2]
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Figure 1. Schematic illustration of the designed construction of semi-interpenetrating polymer networks via a Bergman cyclization (BC).

acrylates,!*¥ and styrenel3* have been extensively used as the pre-
cursors of existing networks. However, for many of those net-
works, residues from the initiators used for the often free rad-
ical initiation processes are difficult to avoid, often hampering
the broad use of those networks. Thus many reactive initiators
such as peroxides,3°] azo-initiators,3°! or phosphine oxides,*”]
together with the crosslinking agents or monomers®® as well as
their residues after activation and crosslinking have been widely
recognized as detrimental in the final IPNs which often prevents
application due to their inherent biological toxicity. Thus there
is a critical need to avoid residues of the used cross-linking (re)-
agents in the final IPNs.

We here report on a novel method to generate semi-IPNs, us-
ing an initiator-free approach for a radical-polymerization via a
thermally triggered Bergman-cyclization (BC). In our search for
initiator-free coupling chemistries, we came across a pericyclic
reaction such as the Bergman cyclization (BC) as a potential tar-
get, which was first reported in 1972.5% 3-Ene-1,5-diynes (EDYs)
can undergo exothermic cycloaromatization by thermal or photo-
chemical activation in the presence of suitable hydrogen donors
to generate benzene derivatives via a diradical intermediate, gen-
erated by a pericyclic reaction in a distance-dependent (1,6)-
reaction. The intermediately formed 2,5-diradicals can serve as a
source for a radical polymerization to form functional polymers,
such as conjugated polymers, polymeric nanoparticles, or carbon
nanomembranes via a direct coupling of the radicals to generate a
polymer.**#!] Inspired by the excellent properties of the BC and
our own previous work,/****] we herein report an initiator-free
construction of a novel interpenetrating polymer network con-
sisting of an elastic polyurethane and a rigid polyphenylene (see
Figure 1). We highlight the function of EDY as one of the precur-
sors to be swollen into the existing crosslinked polyurethane and
subsequently to be initiated thermally to obtain semi-IPN. The
diradicals formed via BC undergo radical-coupling to induce co-
valent coupling via radical polymerization, in turn leading to an
efficient hardening of the original PU material. Induced changes
in the physical and mechanical properties lead to a novel type of
construction of semi-IPN and a promising post-modification of
polyurethanes.
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2. Results and Discussion

As depicted in Scheme 1, we initiated our studies by syn-
thesizing a polyurethane (PU) network as the basis for the
first network, allowing to tune its rigidity and composition.
A mixture of polytetrahydrofuran (PTHF, 650 Da, 40 mmol),
isophorone diisocyanate (IPDI), and glycerol (Gly) (molar ratio
of PTHF/IPDI/Gly:1/2/0.67) was heated to obtain the crosslinked
PU with dimethyl formamide as solvent.*l Subsequently, the re-
action mixture was cast into a mold, followed by intensive drying
under vacuum and heat to remove all solvent residues. It is worth
emphasizing that the synthesic procedure herein of crosslinked
polyurethane is mature and the scalability is adjustable depend-
ing on practical requirements. In parallel, the precursor enediyne
(EDY) of the semi-interpenetrating network was prepared, rep-
resenting the basis for the second polymer. (Z)-oct-4-ene-2,6-
diyne-1,8-diol (diol-EDY),I**] up to now only scarcely used for BC
processes,[*1l was selected, and deemed useful due to its sta-
bility at ambient conditions, combined with its ease of prepa-
ration and the triggerable activation of the BC. For synthesis,
the trimethylsilyl (TMS) group was added as a protective moi-
ety on propargyl alcohol, followed by a classical Sonogashira cou-
pling reaction with (Z)—1,2-dichloroethene and subsequent acid-
catalyzed deprotection, in turn yielding the diol EDY (Figure S1,
Supporting Information, all data are inline with the data reported
from literature).l*’! It should be noted that similar to our re-
cent results focusing on diamine EDY ((Z)-octa-4-en-2,6-diyne-
1,8-diamine), the final diol-EDY, (Z)-oct-4-ene-2,6-diyne-1,8-diol,
is stable in solution with the required concentration owing to its
primary alcohol groups inducing intramolecular hydrogen bond-
ing, thus allowing its integration into the first PU-network with-
out primordial polymerized reactions.

With the original PU material and the precursor enediyne
(diol-EDY) of the second polymer in hand, the preparation of var-
ious samples was conducted as shown in Figure 2A. After cast-
ing and drying as described above, a transparent and colorless
film was obtained. To remove possibly unreacted monomers, the
film was immersed in tetrahydrofuran for 24 h, whereafter all
adsorbed initial components for the PU were removed as proven
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I. Synthesis of the 1st network polyurethane (PU):

N
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PTHF IPDI
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OH 80 °C PU
> end-OH
OH DME ( )

Glycerin (Gly)
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II. Synthesis of enediyne (EDY) and the 2" polymer polyphenylene (PP) via BC:
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(2)-oct-4-ene-2,6-diyne-1,8-diol
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Scheme 1. Synthesis of the first network polyurethane (PU), enediyne monomer (Z)-oct-4-ene-2,6-diyne-1,8-diol (diol-EDY), and the second polypheny-

lene (PP) via BC.

by NMR of the solvent. The so purified PU material was then
soaked in the solution of the diol-EDY with ethyl acetate as the
solvent (c = 50 mmol L™1). With a swelling time of 48 h, diol-EDY
was swollen into the network of PU as expected, together with
the solvent ethyl acetate without reaction with the PU-endgroups
(targeted as OH), thus allowing a homogeneous distribution of
the diol-EDY inside the PU-network. After probing different con-
centrations of the EDY-solution, the chosen concentration of
2.5 mmol mL~! was identified as the optimum to reach a success-
ful embedding of the EDY inside the PU. Higher concentrations

or the application of neat EDY lead to primordial BC, as probed
separately in solution.}] After swelling, the film was removed
from the solution and dried, the sample PU + EDY was collected
and ready for characterization. During the process of drying the
samples, a high vacuum with a pressure of 0.01 mbar was applied
for 24 h, and a continued monitoring of the mass was conducted
to ensure that the solvent, ethyl acetate, was completely removed.
The gained weight of PU + EDY compared with the original PU
sample was attributed to the embedded diol-EDY and showed its
content as 4 wt% through calculation. After a thermally-induced
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Figure 2. A) Digital photographs of the preparation of sample PU, PU + EDY, and semi-IPN (PU + PP). B) EPR spectra of PU + EDY after 20 min at each
temperature (legend). C) DSC curves of PU, PU + EDY, and semi-IPN (PU + PP) under heating conditions, N, atmosphere, 5 K min~!. D,E) Comparison
and enlargement of FT-IR spectra of the samples PU, PU + EDY, and the semi-IPN (PU + PP).
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Table 1. Overview of dissipated energy of sample PU and semi-IPN (PU + PP) at a maximum strain of 50%, 100%, 150%, and 200%, together with strain
at break, stress at break of each sample, and swelling degree of two samples in toluene.

Sample Dissipated energy [M] m~3] Fracture strain [%]  Fracture stress [MPa]  Swelling [%] (toluene)
Strain 50% Strain 100%  Strain 150%  Strain 200%

PU 16.3 35.0 55.7 80.0 679 (+ 58) 13.9 (+5.1) 131

Semi-IPN (PU + PP) 27.6 53.4 77.9 102.0 672 (+ 73) 15.0 (+ 4.4) 119

BC (150 °C for 5 min), the semi-IPN (PU + PP) was obtained,
wherein the formed 2,5-diradicals form the second polymer via
radical coupling. It is worth mentioning that the temperature
chosen for the thermal initiation was according to the detected
peak temperature of the reaction curve in DSC, referring to pre-
vious work on the polymerization of enediynes.!*?]

To prove the successful Bergman-cyclization-chemistry and
the formation of the second polymer, various analyses were con-
ducted. First, the verification of the presence of EDY in the net-
work was probed with electron paramagnetic resonance (EPR)
spectroscopy as illustrated in Figure 2B. Thermally-induced for-
mation of the radicals was proven by the increasing intensity of
the carbon-centered radical signals when gradually heating the
sample in situ from 25 to 175 °C in steps of 25 °C, revealing the
progressive initiation of BC and generation of radical moieties.
The double integral (DI) calculated from the EPR spectra at each
temperature (25, 75, 125, and 175 °C) is directly correlated to the
radical concentration in the sample. The DI was plotted against
the temperature, which is shown in the inset of Figure 2B, clearly
proving the formation of radicals inside the semi-IPN by thermal
initiation of the embedded EDYs.

As BC is an exothermic reaction, differential scanning
calorimetry (DSC) was measured with the samples PU,
PU + EDY, and the semi-IPN (PU + PP) to probe the progress
of the BC, indicated by a decreasing exothermic profile as the
reaction proceeded. All samples were heated to 250 °C, followed
by cooling to 25 °C under an atmosphere of N,. As shown
in Figure 2C, for the intermediate sample PU + EDY (black
line), the broad exothermic peak (140 °C) was attributed to a
thermally triggered BC of the enediyne moiety, which did not
appear for sample PU. For the formed interpenetrating sample
semi-IPN (PU + PP), the flat curve (red line) during heating fur-
ther proved the completion of BC of the gained enediyne inside
the network. Furthermore, BC was proven by IR-spectroscopy,
indicating the chemical changes occurring during BC, changing
from the EDY-moieties to the poly(aromatic) polymers formed
after BC (see Figure 2D/E). Comparison of the spectra of the
samples PU (blue line), PU + EDY (black line), and the semi-IPN
(PU + PP) (red line) showed that an increase stretching band
of the ene (C=C) at 2271 cm™! appeared first along with the
embedding of the enediyne monomers, followed by a decrease
at the same position during the formation of the semi-IPN,
providing solid evidence about the process of incorporation
first and consumption of the subsequently added enediyne
monomers in the preparation of semi-IPN sample. Besides, a
characteristic absorption at ~810 cm™! in the sample semi-IPN
could be attributed to the CH bending of the conjugated ben-
zene ring system. It is worth mentioning that, compared to
the CH bending on the 1,2-substituted benzene, the absorption
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presented here at a higher wavenumber (810 cm™!) revealed the
formation of the 1,2,3,4-substituted benzene moieties as a result
of free radical polymerization in the presence of diradical inter-
mediates, which was consistent with the previous work>}l on
the polymerization of enediynes published in 1994. In addition,
as shown in Table 1, swelling experiments proved the formation
of a second polymer by BC: the presence of the interpenetrating
composition decreased the swelling degree of the network, from
131% for PU to 119% semi-IPN (PU + PP). Therefore, the
presence of EDY swollen into the PU network, together with the
formed skeleton of semi-IPN (PU + PP) via BC, was verified.
With the semi-IPN (PU + PP) in hand, the difference in the
mechanical properties compared to the original PU was exam-
ined, as the formation of a second polymer inside the first PU-
network was expected to yield changes in the mechanical prop-
erties. To avoid eventual errors caused by the soaking process of
sample semi-IPN (PU + PP) in EDY/ethyl acetate solution, PU
used in this paper was treated precisely with the same soaking
process in a blank solvent (ethyl acetate) without EDY. Corre-
spondingly, rectangular specimens with a length of 40 mm, a
width of 4 mm, and a thickness between 0.2 and 0.4 mm were
prepared. Three specimens for each sample were measured on
average with a uniform stretching speed of 20 mm min~'. As
illustrated in Figure 3, the mechanical properties of both sam-
ples were studied by stress—strain characterization and cyclic
stress—strain investigations. Their determined strain at break,
stress at break, and dissipated energy values at each strain are
depicted in Table 1. For the two elastomer samples, an increase
of the tensile stress was observed from 13.9 MPa for PU to
15.0 MPa for semi-IPN (PU + PP), while the extensibility slightly
decreased from 679% to 672%. The slightly improved mechani-
cal properties could be attributed to the existence of the second
polymer polyphenylene, inducing structurally physical entangle-
ment, thus boosting its rigidity.**>*] In the research of IPNs,
higher tensile strength and lower elongation are common.*®) Be-
sides, cyclic stress—strain investigations of both samples were
performed at room temperature to study the energy dissipation
capacity related to the bonding interactions. Therefore, cyclic
loading and unloading at a maximum strain of 50%, 100%, 150%,
and 200%, far below the strain at break, were performed continu-
ously without rest. The area between the load and unload stress-
strain curves equals the dissipated energy. Compared to PU, the
integral area of the corresponding hysteresis loop of semi-IPN
(PU + PP) was increased ~48 times on average, indicating the
impact of the entanglement on the mechanical properties in its
semi-interpenetrating form. Furthermore, a similar native PU*
was synthesized by lowering mole ratio of the crosslinker glycerol
(Gly), and corresponding semi-IPNs (PU*+ PP) were obtained.
The cyclic stress—strain investigations also verified the improved
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Figure 3. A) Tensile curves of PU and semi-IPN (PU + PP). B) Cyclic stress-strain curves of sample PU and semi-IPN (PU + PP). Cyclic loading and
unloading were performed continuously without rest at 50%, 100%, 150%, and 200% strain. C) Dissipated energy values at each strain.

Table 2. Thermal properties of the PU and the semi-IPN (PU + PP).

Sample Tsuos/°C Trswioe/°C 1st decomposition 2nd decomposition Residue
(600 °C) /wt.%
Mass loss/ wt.% Tmax 1°C Mass loss/ wt.% Tmax!°C
PU 281 305 62.2 338 35.9 397 0.1
Semi-IPN (PU + PP) 286 309 61.9 338 329 398 33

mechanical strength (Figure S4 and Table S2, Supporting Infor-
mation). An enhancement of the mechanical properties was de-
tected in the study, underscoring the use of the Bergman cycliza-
tion to form the semi-IPN.

As illustrated in Figure 4, thermogravimetric analyses (TGA)
were applied further to probe the thermal stabilities of this
series of samples. Along with continuous heating conditions
up to 800 °C, the EDY moieties inside sample PU + EDY were
supposed to undergo Bergman cyclization (according to the DSC
curve in Figure 2C). Therefore, in terms of the thermal stabili-
ties, the original PU and the obtained semi-IPN (PU + PP) were
analyzed here. The determined temperature and mass loss at
different stages of the decomposition, together with the residue
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O 40t g
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percentages at 600 °C are depicted in Table 2. The decomposi-
tion processes of both samples were quite comparable. The 5%
decomposition of PU (Ts,,) happened at 281 °C, but for the
semi-IPN (PU + PP), the temperature required for the same 5%
decomposition was increased to 286 °C. Additionally, two stages
of degradation were recorded for both samples with similar
maximum degradation temperatures (for T,..: 338 °C, for
T, axa: 397 °C) as shown in the corresponding DTG curves (blue
line), but with respectively different proportions of mass loss in
each of the two stages. During the first stage (the peak shown
between 230 and380 °C in the blue line), both samples were ther-
mally degraded, which could be attributed to the decomposition
of the urethane bonds taking place through the dissociation to
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Figure 4. A) Thermal analysis of native PU (dashed line: TGA, blue line: DTG). B) Thermal analysis of semi-IPN (PU + PP) (dash line: TGA, blue line:

DTG).
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isocyanate and alcohol, leading to the loss of carbon dioxide from
the urethane bond.’”5#] In this stage, the semi-IPN displayed
a lower mass loss compared to the native PU. A more drastic
decrease in mass loss and a lower maximum weight loss rate for
the semi-IPN were detected during the second stage (decompo-
sition took place between 370 and 450 °C) involving the rupture
of ester linkages and fatty acid chains of the polyurethane soft
segments.l’%8] Therefore, TGA and the corresponding DTG
verified the improved thermo-stability owing to the presence of
the additional PP polymer. The residual components at 600 °C
for semi-IPN stemmed from the then carbonized polymers,
polyphenylene, formed thermally by radical crosslinking the
DEY moieties.

To investigate the surface morphologies, atomic force mi-
croscopy (AFM) analysis in the phase contrast mode was per-
formed on three thin films prepared throughout the synthetic
route: the original PU, the intermediate PU + EDY, and the fi-
nal semi-IPN (PU + PP). The respective height and 3D images,
together with analyzed roughness were shown in Figure 5. For
PU, the surface morphology exhibited a surface with some non-
negligible gullies. After analysis (Table S3, Supporting Informa-
tion); the surface possesses a roughness average of Ra = 2.3 nm,
which could be attributed to the incompatibility between both
rigid and flexible segments in PU. For sample PU + EDY, the
height image (Figure 5B) presented local accumulation with a
certain height and segregated domains, with the texture provid-
ing a height of 62 nm (Figure 5E). In the meantime, a de-
creased roughness average (1.0 nm) was found for the surface
of PU + EDY, which could be possibly attributed to the filling of
EDYs in the gaps between amorphous segments of PU.*) When
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it came to the final semi-IPN (PU + PP), the roughness was sig-
nificantly reduced to 0.3 nm, together with the disappearance
of the segregated domains. According to the structural changes
and reactions that happened inside, it was presumed that the
local clusters shown in PU + EDY were due to the introduc-
tion of EDY-OH, and the intermolecular forces of EDY-OH small
molecules caused molecular stacking in the PU network. With
thermal initiation, molecular diffusion in the network first oc-
curred for locally collective EDY-OHs. When the BC temperature
is reached, the EDY-OHs start to form diradical species, followed
by free radical polymerization to form linear polyphenylenes in-
line with the disappearance of the local clusters. As radical poly-
merization is normally associated with a decrease in volume due
to entropic effects, the roughness average is reduced to 0.3 nm
(Figure 5G). Scanning electron microscopy (SEM) was conducted
further to obtain the surface morphologies of the three samples
on a smaller scale (Figure S5, Supporting Information) yielding
results consistent with AFM.

3. Conclusion

We have accomplished a facile construction of a semi-
interpenetrating polymer network via Bergman cyclization (BC)
as an initiator-free process for the second polymer. The synthe-
sis started from a preformed, first polyurethane (PU) network
comprised of polytetrahydrofuran (650 Da), isophorone diiso-
cyanate, and glycerol with a molar ratio of 1/2/0.67. (Z)-oct-4-
ene-2,6-diyne-1,8-diol (diol-EDY) was targeted as the precursor
of the second polymer and swollen into PU to form the interme-
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Figure 5. A-C): AFM height images of PU, PU + EDY, and semi-IPN (PU + PP). D-F): AFM 3D surface topographic images of PU, PU + EDY, and

semi-IPN (PU + PP). G) Roughness analysis of three samples.
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diate PU + EDY. Followed by thermal initiation to undergo BC
and subsequent radical polymerization, a semi-interpenetrating
polymer semi-IPN (PU + PP) was established as planned. The
presence of EDY in the PU network was verified by the occur-
rence of carbon radicals in EPR spectroscopy during the heat-
initiated BC, the disappearance of absorption of the alkyne group
in FT-IR spectroscopy after the consumption of EDY, and the
characteristically exothermic peak in the DSC curve arising from
BC verified jointly the successful insertion of EDY. Compared
to the original single network PU, the obtained sample semi-
IPN (PU + PP) possesses improved mechanical properties as
proven by stress—strain characterization and cyclic stress—strain
measurements. Furthermore, TGA and DTG indicated an im-
proved thermal stability of the so-formed semi-IPN. The inter-
penetration and physical entanglement of the elastomeric PU
and rigid PP resulted in a performance-enhanced polymer. The
initial crosslinked polyurethane here can be replaced by any other
crosslinked network, highlighting the broad approach of the here
presented method to embed a second polymer into a preformed
first one, using an initiator-free monomer, further allowing a sim-
ple post-modification of crosslinked polymers via enediynes and
subsequent Bergman cyclization.

4. Experimental Section

A detailed Experimental Section can be found in the Supporting Informa-
tion.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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5. Summary and Qutlook

In the scope of this cumulative thesis the functions of enediyne (EDY)-based polymers
were expanded through three individual approaches. Each series of designed EDY-based
polymers demonstrated specific functions via Bergman cyclization (BC), including enhancing
DNA cleavage abilities through repeated EDY units in the polymer main chain, inducing
hardening in elastomers where BC acts as a crosslinking strategy, and constructing semi-
interpenetrating network polymers (semi-IPNs).
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Figure 27. BC of main-chain EDY polymers for enhanced DNA cleavage. (A) Chemical structures of EDY
derivatives. (B) Schematic formulation of DNA cleavage performance induced by EDY derivatives. (C) (D)
Agarose gel electrophoretic images and quantified analysis of DNA cleavage assay. Lane 1 to Lane 5: pART7
incubated with EDY-II/III and Poly EDY-A/A/A%; Lane 6 and Lane 7: negative control. Lane 8: Marker.
All the mixture maintained a total volume of 120 pLL and was incubated at 37 °C. (E) (F) Agarose gel
electrophoretic images and quantified analysis of DNA cleavage with EDY-III and Poly EDY-B. (G) (H)
Agarose gel electrophoretic images and quantified analysis of DNA cleavage with Poly EDY-A/B/C/D.

First, a series of main-chain EDY polyimines (Poly EDY-A/B/C/D) was designed and
synthesized via polycondensation of diamino-EDY ((Z)-octa-4-en-2,6-diyne-1,8-diamine) with
various dialdehydes, including 4,4'-oxydibenzaldehyde, terephthalaldehyde, [1,1'-biphenyl]-
4,4'-dicarbaldehyde, and 2,3,5,6-tetrafluoroterephthalaldehyde. Investigation of the

stoichiometric ratio of the two starting materials for polycondensation revealed its influence on
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controlling the average degree of polymerization (DP), yielding Poly EDY-A/A!/A? with
decreasing DP. The incorporation of EDY into the obtained polymer was verified through DSC
and FT-IR spectroscopy, based on the exothermic properties of BC and the consumption of the
alkynyl groups of EDY during BC. Additionally, the synthesized poly EDY was characterized
by NMR and MALDI-TOF. All poly EDY samples, along with the diamino-EDY and its
derived diimine-EDY (after condensation with aldehyde), were prepared in solution with a
unified concentration of EDY.

These main-chain EDY polymers exhibited a chain-length dependent DNA cleavage
activity under physiological conditions as shown in Figure 27C/D. With the highest DP, Poly
EDY-A showed the most efficiency in cleaving DNA. Besides, polymeric EDY chains (Poly
EDY-B) possessed increased activity compared to monomeric molecule EDY-III, both
containing a similar stereoelectronic environment as illustrated in Figure 27E/F. The cleavage
activities could be further tuned by modulating the stereoelectronic environment via different
substitution patterns. Poly EDY-D containing tetrafluoro-segments and Poly EDY-C
possessing biphenyl structures, caused a fast cleavage, followed by Poly EDY-B substituted
with terephthyl-groups and Poly EDY-A derived from 4,4'-oxydibenzaldehyde as shown in
Figure 27G/H. The order of DNA-cleaving activities of the different polymers can be explained
via the stereoelectronic influence of substituents at the terminal alkyne positions, known to
affect the activity of BC. Photochemical activation generates long-lived free radicals, as verified
by electron paramagnetic resonance spectroscopy, with rates of radical formation

corresponding to those observed in DNA cleavage experiments.

Secondly, a BC-triggered crosslinking of polyurethane with EDYs was accomplished
using heat and stress, leading to an induced reinforcement in the mechanical strength of the
material by generating permanent covalent crosslinks. An initial polymer matrix
polytetrahydrofuran (PTHF, 2.9 kDa) was chosen to react with isophorone diisocyanate (IPDI)
(mole ratio PTHF/IPDI:1/2) to generate isocyanate-terminated PTHF. Followed by
polyaddition with an equimolar amount of the (Z)-octa-4-en-2,6-diyne-1,8-diamine, the
elastomeric main-chain enediyne polymer (PIE) containing =3 EDY-groups per chain in
average could be obtained as shown in Figure 28A. Results from GPC showed an increase in
molecular weight (from 2.9 to 10.6 kDa), giving evidence of the successful accomplishment of
the step-growth reaction. The existence of EDY in the chains was verified through FT-IR
spectroscopy and DSC as illustrated in Figure 28D/E. With the method of the ASTM E698
standard procedure, DSC thermograms of neat PIE at four heating rates (HR) of 5, 10, 15, and
20 K min ! yielded an Arrhenius plot for its BC with calculated activation energy as 20.1 kcal
mol~!. The hydrogen bonds, not only between the PU chains but also between the urea groups
in the joint of the EDY moieties, assisted in reaching a low Ea value as shown in Figure 28G.

61



A) N
<H | (H)
Lo}
2 HJ.LH o o]
NH; B N Nv\é\ﬂiﬁc(_\/\/\ it L
|
H

(B)

—— PIE [PTHEPDIEDY]

PI[PTHF-IPDI]
515153

| —r
—— Pl [PTHF+IPDI

PE _* |

Fy <H"“‘
|
« H .
= Neaann -‘M | L

9590858075706560556045403530256201
 ippm)

-----
3343 cmt
T Tm we Be T W

Wavenumber (cm™)

(E)

—FIE-# a0
— =PIE-Z*un

DSC (ena

0, 1% 20 256 0002266 0002279 0002322  0.002365
Temp. G T

Time of compressian

Figure 28. Triggered crosslinking of main-chain EDY polyurethanes via BC. (A) Chemical structure and
compositions of PIE. (B) Comparison of the 'H NMR between the isocyanate-terminated PTHF and PIE.
(C) GPC of the initial PTHF, the isocyanate-terminated PTHF, and PIE. (D) FT-IR spectroscopy. (E) Two-
cycle DSC curves under heating condition, N> atmosphere, 5 K min™!: the first cycle (lower solid line) and
the second cycle (upper dashed line). (F) Arrhenius plot for the BC of PIE in neat conditions obtained by
DSC measurements using ASTM E698 standard procedure. Inset: DSC thermograms at four heating rates
(HR) of 5, 10, 15, and 20 K min™'. (G) The hydrogen bonds between the urea groups in the joint of the EDY
moieties. (H) Compression device and operations taken during the compression. (I) Monitoring with DSC
during the 7-day compression of PIE. (J) Comparison of AH calculated by DSC between PIE with or without
compression for 7 days. Reprinted with permission from ref. [244], Copyright [2023], John Wiley and Sons.

PIE was subjected to multiple stimuli, such as heat, compression, and mechanical stress.
Specifically, heat-induced crosslinking increased the tensile strength by 191% in comparison
to the virgin sample. A 7-day compression under room temperature results in ~69% activation
of the BC as shown in Figure 281/J, together with the observation of an increase in tensile
strength by 62% after 25 stretching cycles. The occurrence of BC is further proven by the
decreased exothermic values in DSC, together with characteristic peaks of the formed benzene
moieties via FT-IR spectroscopy. The BC herein forms an excellent crosslinking strategy,

triggered by heat or force in polyurethane materials.

Thirdly, semi-IPNs were constructed with an initiator-free method utilizing enediyne and
its BC reaction. A polyurethane (PU) network was synthesized through heating a mixture of
polytetrahydrofuran (PTHF, 650 Da), isophorone diisocyanate (IPDI), and glycerol (Gly) (mole
ratio of PTHF/IPDI/Gly:1/2/0.67). (Z)-Oct-4-ene-2,6-diyne-1,8-diol (diol-EDY) was
synthesized and prepared as a solution using chloroform as the solvent. As shown in Figure
29A, the PU film was soaked in the EDY solution for 48 hours, allowing the diol-EDY to swell
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into the network in a homogeneous manner. After drying and heating at 150 °C for 5 min, the
intermediate sample PU+EDY could be transformed into the final semi-IPN (PU+PP) product,
where polyphenylene (PP) was formed through radical polymerization via BC of EDY. The
preparative process was monitored using several techniques such as DSC, EPR, and FT-IR
spectroscopy. Surface morphologies of the three thin films throughout the synthetic route were
analyzed by AFM.
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Figure 29. Initiator-free synthesis of semi-IPNs via BC. (A) Digital photographs of the preparation of sample
PU, PU+EDY, and semi-IPN (PU+PP). (B) Cyclic stress-strain curves of sample PU and semi-IPN (PU+PP).
Cyclic loading and unloading were performed continuously without rest at 50%, 100%, 150%, and 200%
strain. (C) Dissipated energy values at each strain. (D) Thermal analysis of native PU (dashed line: TGA,
blue line: DTG). (E) Thermal analysis of semi-IPN (PU + PP) (dash line: TGA, blue line: DTG). (F) AFM
height images of PU, PU+EDY, and semi-IPN (PU+PP). Reprinted with permission from ref. [245],
Copyright [2024], John Wiley and Sons.

Comparisons of the mechanical properties between the initial PU and the obtained semi-
IPN (PU+PP) were first conducted through tensile tests. The tensile stress slightly increased
from PU to the semi-IPN (PU+PP), while the extensibility decreased. Additionally, cyclic
stress-strain investigations of both samples were performed at room temperature to study the
energy dissipation capacity. Compared to the native PU, the integral area of the corresponding
hysteresis loop for the semi-IPN (PU+PP) increased by approximately 48 times on average,
indicating the impact of entanglement on the mechanical properties in its semi-interpenetrating
form as shown in Figure 29B/C. TGA and the corresponding DTG analysis verified the
improved thermal stability due to the presence of the PP polymer as illustrated in Figure 29D/E.

This approach highlights a simple and convenient method to embed a second polymer into a
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preformed first one using an initiator-free monomer, allowing for straightforward post-

modification of crosslinked polymers via EDY and subsequent BC.

In conclusion, this thesis highlights the significant potential of EDY-based polymers for
diverse applications, including DNA cleavage, enhanced mechanical strength, and thermal
stability via BC. The successful design of main-chain EDY polymers, BC-triggered
crosslinking, and semi-interpenetrating networks (semi-IPNs) provides a strong foundation for

future developments.

Looking ahead, further exploration of stereoelectronic tuning and post-modification
strategies could lead to more advanced functional materials. Expanding the scope of BC-
induced crosslinking in different polymer matrices, along with scaling these methods for
industrial applications, will be crucial. Investigating biocompatibility and environmental impact
will also be essential for the adoption of EDY-based polymers in biomedical and sustainable

material technologies.

64



6. List of Abbreviations

TS

BC
EDY
DNA
AML
NADPH
DFT
HOMO
Boc

uv
GC-MS
PtCly
Cul
BuNH:>
DSC
FT-IR
TEMPO

RAFT
ESI-MS
PDI

Da
BODA
TEM
GPC
MWNT
ROP
PCL

nm

transition state

Bergman cyclization

enediyne

deoxyribonucleic acid

acute myeloid leukemia

nicotinamide adenine dinucleotide phosphate
density functional theory

highest occupied molecular orbital
butyloxycarbonyl

ultraviolet

gas chromatography—mass spectrometry
platinum(II) chloride

copper(]) iodide

n-butylamine

differential scanning calorimetry
Fourier-transform infrared
tetramethylpiperidinyloxyl

adenine

thymine

cytosine

guanine

reversible addition-fragmentation chain-transfer
electrospray ionization- mass spectrometry
polydispersities

dalton

bis-o-diynyl arene

transmission electron microscopy

gel permeation chromatography
multiwalled carbon nanotube
ring-opening polymerization
polycaprolactone

nanometer
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SCNP single-chain polymer nanoparticle

MMA methyl methacrylate

NMR nuclear magnetic resonance

FeCl, iron(II) chloride

FeSOq4 iron(I) sulfate

CuCl, copper(Il) chloride

CuSOq4 copper(Il) sulfate

ZnCl> zinc chloride

ZnSOq4 zinc sulfate

BDE bond dissociation energy

CoGEF constrained geometries simulate external force
IPN interpenetrated polymer network

PU polyurethane

TGA thermogravimetric analysis

DTG differential thermogravimetric analysis
AFM atomic force microscopy

SEM scanning electron microscopy

DP degree of polymerization
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1. Abbreviations

Bergman Cyclization (BC), Thin-layer Chromatography (TLC), Electrospray Ionization
Time-of-Flight Mass Spectroscopy (ESI-ToF MS), Differential scanning calorimetry (DSC),
Matrix-assisted Laser Desorption / Ionization Time-of-Flight Mass Spectrometry
(MALDI-ToF MS), Nuclear magnetic resonance (NMR), Attenuated total reflection (ATR),
Infrared (IR), Electrospray lonization Time-of-Flight Mass Spectrometry (ESI-TOF MS),
Fourier transformation (FT), Degree of Polymerization (DP), Tetrahydrofuran (THF),
Dichloromethane (DCM), Dimethyl sulfoxide (DMSO), fert-Butyloxycarbonyl (Boc),
Deoxyribonucleic  acid  (DNA), Electron = paramagnetic  resonance  (EPR),
Ethylenediaminetetraacetic acid (EDTA), Tris and EDTA (TE),
4-Hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL)

2. Experimental Part

2.1. Solvents and Materials

Chloroform from VWR, ethyl acetate from Overlack, methanol from Brenntag, and toluene
from Roth were purchased in technical grade and distilled at least once prior use. Deuterium
chloroform (CDCIl3-d) was used as NMR deuterium solvents.

Dry solvents were prepared as follows: tetrahydrofuran (THF), from Roth, was predried over
potassium hydroxide for several days and refluxed over sodium and benzophenone under inert
atmosphere and distilled freshly before use; n-hexane, from Roth, was refluxed over
concentrated sulfuric acid and oleum to remove olefins and subsequently distilled over
sodium and benzophenone under an inert gas atmosphere for several hours; dichloromethane
(DCM), from Overlack, was predried over calcium chloride for several days and then refluxed
over calcium hydride for several hours. Moisture was removed for the following solvents:
diethyl ether, from Overlack, was passed through a column filled with sodium sulfate;
dimethyl sulfoxide (DMSO), from Griissing, was stored over molecular sieves (pore
diameters 4A) for several days; N, N-dimethylformamide (DMF) from Griissing was stored
over calcium hydride for several days before use.

Prop-2-yn-1-amine, Tetrafluoroterephthalic aldehyde and 4-(4-Formylphenoxy)benzaldehyde
were purchased from abcr; 4,4'-Biphenyldicarboxaldehyde was purchased from TCI;
terephthalaldehyde was purchased from Fluka, cis-1,2-dichloroethylene, 4-Hydroxy-TEMPO
and Tetrakis(triphenylphosphine)-palladium(0) was purchased from Sigma-Aldrich; All
chemicals listed here were used without any purification unless otherwise stated.

2.2. Methods and Instrumentation

TLC was performed on “Merck silica gel 60” plates. Spots on TLC plate were visualized
using UV light (254 or 366 nm), oxidizing agent “blue stain”, or potassium permanganate
solution. “Blue stain” was prepared as follow: (NH4)sM07024-4H>0 (1 g) and Ce(SO4)2-4H>0
(1 g) were dissolved in a mixture of distilled water (90 mL) and concentrated sulfuric acid (6



mL). Potassium permanganate solution was prepared as follow: KMnO4(3 g) and K>CO3 (10
g) were dissolved in distilled water (300 ml).

ESI-ToF MS measurements were performed using a Bruker Daltonics microTOF. 0.1 mg of
samples were dissolved in HPLC grade methanol. All spectra were obtained by means of
direct injection with a flow rate of 180 puL h-1 in the negative mode with an acceleration
voltage of 4.5 kV.

DSC measurements were done on a Netzsch DSC 204 F1. Samples pieces with a mass of 5 —
10 mg were placed into aluminum crucibles and were heated under nitrogen atmosphere with
a heating rate of 5 K-min™! unless otherwise stated. Evaluation of the measured data was done
with Netzsch Proteus Analytic software.

MALDI-ToF MS was done on a Bruker Autoflex III system in the reflection mode. Formation
of ions was obtained by laser desorption (smart beam laser at 355, 532, 808, and 1064 + 6.5
nm; 3 ns pulse width; up to 2500 Hz repetition rate). lons were accelerated by a voltage of 20
kV, and detected as positive ions. 1,8-dihydroxy-9,10-dihydroanthracen-9-one (Dithranol, 20
mg'mL"! in THF) was used as matrix and sodium iodide (Nal, 20 mg'mL"' in THF) was used
as salts for ionizing polymers functionalized with Poly EDY-A (20 mg'mL"!' in THF) while
applying a volume ratio of 100:20:1.

NMR-spectra were measured on a Varian Gemini 400 spectrometer at 27°C. The 'H-NMR
spectra were recorded at 400 MHz or 500 MHz and for '*C-NMR spectroscopy 100 MHz
were used. The samples were dissolved in either CDCl3 or DMSO. The NMR spectra were
interpreted using MestReNova software (version 9.0.1-13254). Chemical shifts were given in
ppm and coupling constants were given in Hz.

ATR-FTIR-spectra were measured on a Bruker Tensor VERTEX 70 spectrometer equipped
with a Golden Gate Diamond ATR top-plate. For each measurement 32 background scans and
32 sample scans were averaged. The data were analyzed using Opus 6.5 software.

ESI-TOF-MS measurements were performed on a Bruker Daltonics microTOF via direct
injection at a flow rate of 180 pL h'! in positive mode with an acceleration voltage of 4.5 kV.
Samples were prepared by dissolving in LC-MS grade methanol with additional sodium
iodide salt in acetone. The software Data Analysis (version 4.0) was used for data evaluation

Gel electrophoresis were performed as below: after incubation for specific time, each mixture
(10 uL) of polymer containing enediyne and pART7 plasmid in TE buffer (pH = 7.6) was
mixed with a 6*loading buffer (2 puL) and subjected to 1% agarose gel electrophoresis at 90 V
for 45 min, stained by SYBR® Safe DNA Gel Stain and then the gel was photographed on
Intas Science Imaging instrument and analyzed by scanning densitometry.

CW EPR spectra were measured using the Miniscope MS 5000 (Magnettech GmbH, Berlin,
and Freiberg Instruments, Freiberg, Germany), the MS 5000 temperature controller
(Magnettech GmbH, Berlin, Germany) and Freiberg Instruments software.



Micropipettes (BLAUBRAND® intraMARK, Wertheim, Germany) were filled with about
10—15 pL of sample solution containing 50 mM TEMPOL and capped with capillary tube
sealant (CRITOSEAL® Leica) and placed into the spectrometer. The temperature was fixed at
25 °C or 37 °C with an accuracy of 0.2 °C. For all X-band measurements a magnetic field
sweep of 8 mT centered around 338 mT with a scan time of 60 s, modulation amplitude of
0.02 mT, modulation frequency of 100 kHz and a microwave power of 10 mW. Each
spectrum is an accumulation of 10 scans.

The samples were directly exposed to light inside the EPR spectrometer using a fiber coupled
multi wavelength LED light source (Prizmatix Ltd., Cholon, Israel). The LED 420Z emits
light with a peak wavelength of 419.8 nm and a FWHM of 14.74 nm. A 1 m polymer optical
fiber with a diameter of 1.5 mm and a NA of 0.5 was used to send the light with a maximum
power of 215 mW through the hole for the Mn-standard into the resonator.

2.3. Synthesis

(a) a’

c " "NHBoc = NH,
DCM Pd(PPha)4, Cul 1) HCl ag. EA, rt
NH, + BocO —— » NHB _—
z N > o s BuNFy, olene | N
2,
praskian \\ NHBoc 2) 1 M NaOH agq. R NH,
EDY-I EDY-II
(b)
TLC monitoring
) ®| . ) Add equivalent
( - 1M NaOH aq.
- k- - till neutral station MgSO,4
- _— — NMR
Sarting material resolved in Remove organic slovent Add CDCl3
minimun organic slovent mostly direct extraction

with 37% HCl aq.

Figure S1 (a) Synthetic route of di-fert-butyl octa-4-en-2,6-diyne-1,8-diyl(Z)-dicarbamate EDY-I and
(2)-octa-4-en-2,6-diyne-1,8-diamine EDY-II. (b) Designed procedure of handle with EDY-II solution

1) Synthesis of di-tert-butyl octa-4-en-2,6-diyne-1,8-diyl(Z)-dicarbamate (EDY-I) and

(Z)-octa-4-en-2,6-diyne-1,8-diamine EDY-11.
Di-tert-butyl dicarbonate (17.5 g, 80.0 mmol) was added dropwise at 0 °C to a solution of
prop-2-yn-1-amine (5.49 mL, 80.0 mmol) in DCM (150 mL). After 1 h of stirring, the solvent
was removed in vacuo and the resulting colorless oil was dried under high vacuum overnight
to yield a slightly yellow solid (12.4 g, quantitative yield), which was used as such without
further purification. The spectral data corresponds to that reported in the literature.

///\NHBOC

tert-Butyl prop-2-ynylcarbamate
'H NMR (500 MHz, CDCls, § in ppm) & 4.79 (brs, 1H), 3.90 (s, 2H), 2.20 (t, J = 2.5 Hz, 1H),



1.43 (s, 9H).

The synthesis of EDY-I was realized according to reference?. Alkyne (2.2 mol) was added to
a mixture of cis-1,2-dichloroethylene (1 mol), Pd(PPh3)s (0.06 mol), Cul (0.2 mol),
n-butylamine (5 mol) in toluene at 45 °C and stirring the mixture for 4 h at that temperature.
The crude product was purified by flash column chromatography (5% ethyl
acetate-dichloromethane). Yield: 60%.

NHB
= oc

% NHBoc

di-tert-butyl octa-4-en-2,6-diyne-1,8-diyl(£)-dicarbamate
"H NMR (400 MHz, CDCls, & in ppm) & 5.80 (s, 1H), 4.88 (br, 1H), 4.23-3.94 (m, 2H), 1.46
(s, 9H). ESI-ToF MS: [M+Na]" calculated for C1sH26N204, 357.18; found, 357.20.

For EDY-II, 37% hydrochloric acid solution (99.7 pL, 1.20 mmol) was added to a stirring
solution of EDY-I (20 mg, 0.06 mmol) in 0.5 mL ethyl acetate. The reaction mixture was
stirred for about 30 min at room temperature till complete (monitored by TLC, PE/EA=4/1,
the TLC result looks like the above graph). Following by removing the solvent via vacuum
directly, equivalent 1 mol/L NaOH aqueous solution (1.2 mL) was added to the “dry” reaction
mixture. The mixture was extracted with CHCl3 (5 mL x 3). The combined organic layers
were washed with brine, dried over Na;SO4, filtrated and concentrated via vacuo. The
concentration must not be over than 0.25 mol/L. EDY-II would stay safe and pure in this
solution. Add hexamethylbenzene as reference label to obtain the concentration of enediyne
for further reaction and DNA-cleavage test. Yield: 45%.

4 NH2
|

X _NH,

(£)-octa-4-en-2,6-diyne-1,8-diamine

"H-NMR (500 MHz, CDCls, § in ppm): '"H NMR (500 MHz, cdcls) § 5.79 (s, 1H, CH), 3.62 (s,
2H, NCH>), 1.50 (s, 2H, NH>). '3C NMR (126 MHz, CDCl3) § 118.98 (CH), 97.80 (Cquart),
79.83 (Cquart), 31.14 (NCH>). ESI-ToF MS: [M+H]" calculated for CsH;oN2, 135.09; found,
135.12.

2) Synthesis of (1E,1'E)-N,N'-((Z)-octa-4-en-2,6-diyne-1,8-diyl)bis(1-phenylmethanimine)

(EDY-ITI)

The EDY-III was synthesized according to reference’. (Z)-octa-4-en-2,6-diyne-1,8-diamine
EDY-II (0.2 mmol) in 2 ml dichloromethane was added to a stirring solution of benzaldehyde
(0.4 mmol) in 4 ml dichloromethane containing molecular sieves. After stirring under room
temperature for 3 hours and monitoring the total consumption of benzaldehyde, the mixture
was filtered through a celite bed and the solvent was removed under vacuum to obtain crude
product EDY-III. Further purification was performed by recrystallization in mixture of
hexane and ethyl acetate. Yield: 45%.
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(1E,1'E)-N,N'-((Z)-octa-4-en-2,6-diyne-1,8-diyl)bis(1-phenylmethanimine)

"H NMR (400 MHz, CDCls, § in ppm) & 8.63 (s, 1H, NCH), 7.81-7.63 (m, 2H), 7.46-7.33 (m,
3H), 5.97 (s, 1H, CH), 4.71 (s, 2H, NCH>). '3C NMR (126 MHz, CDCl3) § 162.33 (NCH),
135.88 (CH), 130.88 (CH), 129.71 (CH), 128.97 (CH), 128.58 (CH), 128.23 (CH), 119.44
(CH), 92.33 (Cquart), 85.07 (Cquart), 48.01 (NCH>). ESI-ToF MS: [M+H]" calculated for
C22HisN2, 311.15; found, 311.16. Tpeak for BC From DSC (heating rate: 5 K/min): 145.9 °C.

3) General Synthesis of main-chain enediyne polymers

Vi

= NH, Poly EDY-A: dialdehyde 4,4"-oxydibenzaldehyde = 1/1 (molar ratio)
+ main-chain Poly EDY-A": EDY-lll4 4 oxydibenzaldehyde = 1/2 melar ratis
‘ OHC‘R/CHO enediyne polymer Poly EDY-A2: EDY-ll/4 4'-oxydibenzaldehyde = 1/3 g 3
X _NH, Poly EDY-B: dialdehyde _ terephthalaldehyde
Poly EDY-C: dialdehyde - [1,1-biphenyl]-4,4dicarbaldehyde
EDY-II Dialdehyde Poly EDY-D: dialdehyde  2,3,5,6-tetrafluoroterephthalaldehyde
CHO

o CHO F F
OHC/©/ \©\CHO @ O OHC{%CHO
HO HO
A 4,4"-oxydibenzaldehyde B: terephthalaldehyde C: [1,1"-biphenyl]-4,4'-dicarbaldehyde  D: 2,3,5,6-tetrafluoroterephthalaldehyde

Figure S2 Synthetic route of main-chain enediyne polymers derived from different dialdehydes

To synthesize main-chain enediyne polymer, molar concentration of EDY-II in solution needs
to be obtained based on the previous description. In a closed system, a solution of EDY-II
(0.16 mmol) in 1.6 mL CHCl; was added to a stirring solution of dialdehyde (0.16 mmol) in
3.2 mL isopropanol. The reaction mixture was stirred at room temperature for 16 h (only for
Poly EDY-D: 4 h) in dark. Following by taking 0.5 mL of reaction mixture, filtration of
precipitated particles and removing the solvent via vacuum, NMR was carried out to check
the reaction station, together with adding hexamethylbenzene to obtain the concentration of
enediyne segment in the solution polymer for further DNA-cleavage tests and EPR
measurements.

& 2.

Poly EDY-A

'"H NMR (500 MHz, CDCl3) & 9.96-9.94 (m, 0.03H, CHO), 8.62-8.60 (m, 1H, NCH),
7.73-7.72 (m, 1H, CH), 7.63-7.61 (m, 1H, CH), 7.03-7.01 (m, 1H, CH), 6.89-6.88 (m, 1H,
CH), 6.00-5.98 (m, 1H, CH), 4.72-4.71 (m, 2H, NCH2>). Tpeak for BC From DSC (heating rate:
5 K/min): 199.5 °C.
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of Yo

& 2.

'"H NMR (400 MHz, CDCl3) § 9.91-9.90 (m, 0.24H, CHO), 8.61-8.56 (m, 1H, NCH),
7.75-7.73 (m, 1H, CH), 7.70-7.68 (m, 1H, CH), 7.08-7.03 (m, 1H, CH), 6.99-6.97 (m, 1H,
CH), 5.96-5.95 (m, 1H, CH), 4.69-4.67 (m, 2H, NCH2). Tpeax for BC From DSC (heating rate:
5 K/min): 197.1 °C.

7/ \
of Yo

O:{: i‘,HO
Poly EDY-A2

'"H NMR (500 MHz, CDCls) § 9.88-9.87 (m, 0.24H, CHO), 8.61-8.58 (m, 1H, NCH),
7.76-7.73 (m, 1H, CH), 7.71-7.68 (m, 1H, CH), 7.05-7.02 (m, 2H, CH), 5.95-5.94 (m, 1H,
CH), 4.70-4.67 (m, 2H, NCH2). Tpeak for BC From DSC (heating rate: 5 K/min): 172.8 °C.

/2N

/ M )—CHO
o% C

Poly EDY-B
'"H NMR (500 MHz, CDCls) § 10.06-10.02 (m, 0.02H, CHO), 8.63-8.51 (m, 1H, NCH),
7.87-7.45 (m, 2H, CH), 5.97-96 (m, 1H, CH), 4.74-4.68 (m, 2H, CH). Tpeak for BC From DSC
(heating rate: 5 K/min): 152.3 °C.

Poly EDY-C

'"H NMR (500 MHz, CDCls) § 10.07-10.04 (m, 0.04H, CHO), 8.72-8.58 (m, 1H, NCH),
7.82-7.30 (m, 4H, CH), 6.02-5.80 (m, 1H, CH), 4.77-4.74 (m, 2H, CH). Tpeak for BC From
DSC (heating rate: 5 K/min): 148.9 °C.

/ B AN
F F F F
7 \ CHO
o# >>:<< :
F

Poly EDY-D
'H NMR (500 MHz, CDCls) & 10.10-10.06 (m, 0.02H, CHO), 8.78-8.47 (m, 1H, NCH),

Poly EDY-A'



5.90-5.88 (m, 1H, CH), 4.77-4.64 (m, 2H, CH). Tpeak for BC From DSC (heating rate: 5
K/min): 176.9 °C.

2.4. DNA-cleavage related test

1) DNA-cleavage test

Freshly prepared EDY-containning compounds were dissolved in DMSO (12 pL) at
concentrations of 200 mM. The concentration of enediyne segment is calculated by adding
hexamethylbenzene as reference label. Each EDY solution was added to a solution of
supercoiled plasmid pART7 (1.8 pg pL-1, 8 uL) in TE buffer (pH 7.6, 100 pL). Negative
samples consisted of a solution of pART7 (1.8 png pL-1, 8 pL) in TE buffer (pH 7.6)
separately incubated with or without 12 pL. DMSO. All the systems maintained in 120 pL in
total volume and were incubated at 37 °C. After incubation for specific time, each mixture (10
pulL) was mixed with a 6*loading buffer (2 pL) and subjected to 1% agarose gel
electrophoresis at 90 V for 45 min, stained by ethidium bromide and then the gel was
photographed on a UV transilluminator (FR-200A) and analyzed by scanning densitometry

2) Hydrolysis experiment to verify the source of cleavage activity

Based on the condition of DNA-cleavage test, an equivalent volume of pure TE buffer except
the plasmid Part7 in TE buffer was added to the DMSO solution of EDY-containning
compounds. The mixture was incubated at 37 °C. After 8 h, from NMR, DP slightly decreased
but no obvious diamino EDY signals appeared, which gives the conclusion of that EDY in
polymer chain is responsible for DNA-cleavage performance, rather than small molecule
EDY dissociated after hydrolysis.

Initial "H NMR
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o e
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"H NMR after incubation with water at 37 C for 8 h
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Figure S3 NMR comparison between before and after hydrolysis experiment of main-chain enediyne polymers



2.5. Concentration control of EDY-II and EPR test

1) Concentration control of EDY-II

Under >0.25 mol/L concentration, brown solids spontaneously appear in solution of diamino
enediyne EDY-II in chloroform.

Figure S4 Brown solids spontaneously appear and grow up
2) EPR test of generated particles

Once generated, solid samples were placed in EPR tubes immediately (T=30 °C, air
atmosphere). Spinning concentration was recorded every 30 min. Without heating, the radical
species grew gradually and kept stable after reaching to peak.

0004%0,% e %% o
40+ ° 20. © %%e00eee® °,

0

I/ a.u.

Dl / a.u.

-20 —
334 336 338 340

B/mT

0 500 1000
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Figure S5 Records of spinning concentration of generated solid particles at room temperature



3. IR spectra of main-chain enediyne polymers
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Figure S6 IR spectra of Poly EDY-A/B/C/D



4. NMR Spectra of Model Compounds and Polymers
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Figure S7 'H NMR spectrum of fert-Butyl prop-2-ynylcarbamate

2.20
2.20
2.19
1.43

[2200
2000
(1800
(1600
[1400
(1200
1000
800

600

[400

[(o] o QM ©
N @ o v - A3
N (o] < < < -~
| | P | 2500
S NHBoc
| 2000
S NHBoo o
1500
1000
500
! |
|
) N LLA, 0
f = is f [
o ~ O <
= o ©o ™
-~ (an) Ql O
3 12 ™ 10 9 3 4 [} 5 4 z [V)
f1 (ppm)

Figure S8 'H NMR spectrum of EDY-I: di-fert-butyl octa-4-en-2,6-diyne-1,8-diyl(Z)-dicarbamate
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5. DSC Curves of Model Compound and Polymers
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Figure S18 DSC curves of EDY-III under heating rate as 5/10/15/20 K/min
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6. ESI-ToF MS Spectra of Model Compounds
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1. Abbreviations

Bergman Cyclization (BC), Enediyne (EDY), Differential scanning calorimetry (DSC), Nuclear
magnetic resonance (NMR), Infrared (IR), Fourier transformation (FT), Tetrahydrofuran (THF),
N, N-dimethylformamide (DMF), Chloroform (CHCI3), Deuterated chloroform (CDCIls),
Isophorone diisocyanate (IPDI), Methylene diphenyl diisocyanate (MDI), Polytetrahydrofuran
(PTHF), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), Polytetrafluoroethylene (PTFE)

2. Experimental Part

2.1. Solvents and Materials

Deuterium chloroform (CDCl3-d) was used as NMR deuterium solvents.

Dry solvents were prepared as follows: THF, purchased from Roth, was predried over potassium
hydroxide for several days and refluxed over sodium and benzophenone under inert atmosphere
and distilled freshly before use; DMF, purchased from Griissing was stored over calcium
hydride for several days before use.

Isophorone diisocyanate, octane-1,8-diamine, bis(hydroxyl)-telechelic Polytetrahydrofuran
(average Mn ~2,900 g/mol), 1,8-diazabicyclo[5.4.0]undec-7-ene were purchased from Sigma-
Aldrich, Methylene diphenyl diisocyanate was purchased from Alfa Aesar. All chemicals listed
here were used without any purification unless otherwise stated.

2.2. Methods and Instrumentation

DSC measurements were done on a Netzsch DSC 204 F1. Samples pieces with a mass of 5 —
10 mg were placed into aluminum crucibles and were heated under nitrogen atmosphere with a
heating rate of 5 K-min™' unless otherwise stated. Evaluation of the measured data was done
with Netzsch Proteus Analytic software.

NMR-spectra were measured on a Varian Gemini 400 spectrometer at 27°C. The 'H-NMR
spectra were recorded at 400 MHz or 500 MHz and for 3*C-NMR spectroscopy 100 MHz were
used. The samples were dissolved in CDCIl3. The NMR spectra were interpreted using
MestReNova software (version 9.0.1-13254). Chemical shifts were given in ppm and coupling
constants were given in Hz.

ATR-FTIR-spectra were measured on a Bruker Tensor VERTEX 70 spectrometer equipped with
a Golden Gate Diamond ATR top-plate. For each measurement 32 background scans and 32
sample scans were averaged. The data were analyzed using Opus 6.5 software.

Tensile tests were performed using a universal testing machine (Z010, Zwick/Roell) at room
temperature and a testing speed of 20 mm/min. Dog-bone shaped samples with a total length of
20 mm, a width of grip section of 6 mm, a thickness of 2 mm, a gage length of 12 mm and a



width of 2 mm. Each measurement was repeated at least 3 times. Engineering stress and strain
values were calculated based on force and displacement as well as initial specimen dimensions:

2.3. Overview of samples (PIE, PME, PIC)

Table S1 Overview of samples

Compositions Characterizations
Sample ~ —
Preplolymer Diisocyanate Diamine Ggpc | Eaof BC
1 equiv. 1 equiv. 1 equiv. keal/mol
PTHF IPDI oy NG e
PIE sg | 10.6 kDa 20.1
= NH,
HOf gt MDI =z N
PME A i NCD | - 25.3 kDa 14.1
IPDI . NcO
PIC 5@? HN A~~~ 8.6 kDa -

2.4. Synthesis and characterization of PIE
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Figure S1 Structure of PIE

2.4.1 Synthesis

Bis(hydroxyl)-telechelic poly(tetrahydrofurane) PTHF (0.58 g, 0.2 mmol, Mn = 2900 g/mol)
was weight into a 50 mL two-necked round bottom flask. Subsequently the flask was heated at
50 °C under vacuum for at least 1 hour. After drying, 0.5 mL dry, degassed THF was added to
dissolve PTHF. Isophorone diisocyanate (88.9 mg, 0.4 mmol) was weight directly into one
Schlenk tube, dissolved in 0.3 mL dry, degassed THF and added to the PTHF flask. Afterwards,
an additional portion of 1 mL dry, degassed THF was added by rinsing on the glass wall. The
reaction mixture would be stirring for 15 minutes at room temperature. Subsequently, two drops
1,8-diazabicyclo[5.4.0Jundec-7-ene was added and the reaction mixture was stirred for further
15 minutes at room temperature. Parallelly, 0.2 mmol of (Z)-octa-4-en-2,6-diyne-1,8-diamine!":
2l in CHCI5 (0.5 mL) was added 15 minutes after the DBU addition to the main reaction mixture.
The mixture was allowed to stir for another 15 minutes before pouring into PTFE mold.

2.4.2 Copies of '"H NMR, GPC, IR



<2} <+ N oM N—-Sd0WLMMM- o
N S ETITIMPEOOREO0Qanq
n < MmO mMmHdHAA—- -0 oo o240
e RRR———————
e I I
f =z W ¢ [ 220
\
o] 200
H H
X -l O| a g i L
N O(\/\/\ N N \‘b
d H b O" N H H | +180
-
H / 4/ L
H o] N H
oot ’nl N——N. 160
e N I H I
H 5 H o] 0] L
b 140
PIE a L
120
100
80
60
& ? [
G, C L40
|
f d [
+20
e
|
o
T T Py I L
o ™ - N O ®
=} L] o~ ~ e F-20
T T T T T T T T T T T B— oo T T 7
|4 13 12 11 10 9 8 7 6 5 4 3 1 0 -1 -2
1 (ppm)
Figure S2 'H NMR of PIE
> Refractive Index
-128,0—
-132,0~
=
£
3 -1360— " -
E’ l Conventional Calibration - Homopolymers : Results
7 [Peak RV - (ml) 7,013
; An - (Daltons) 10.566)
£ -140,0— w - (Daltons) 25.518
] 1z - (Daltons) 31.396)
= MMp - (Daltons) 3160
o 144.0] Nw/ Mn 2415
o Percent Above Mw: 0 100.000
Percent Below Mw: 0 0.00
Aw 10.0% Low 2.710)
1w 10.0% High 65.108)
-148,0+ Wi Fr (Peak) 1,000]
R1 Area - (mvml) 14.01
UV i@ 254nm Arca - (mvml) 0.0
-152,0
| | [ | | | | |
0,0 20 40 6,0 8,0 10,0 12,0 140 16,0

Retention Volume (ml)

Figure S3 GPC of PIE




BRUKER
. | (O
o
[3p)
I
N
o
S
= oot s
= T T 1 T T
3500 3000 2500 2000 1500 1000

Figure

Absorbance

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm)

Wavenumber cm-1

S4 IR spectra of PIE

B
4 Hm
l o}
\\ H H NJC')I—O g NJ('DI—N
H (\/\/\O)H-U—H H H
H
oot~ -
VVVV‘N—"—N o] H
H U H o] pthf: 2.8 kDa 0
PIE
D
—PI
—PIE
1 1
1 1
1 1
8 Lo
c 1 1
z o
= 1 1
8 1 1
2 1 11559 cm!
1635cm™1
1
™~ .
1 1
1 1
1 1
1 1
1

2000

1500
Wavenumber (cm™)

Figure S5 Comparison of IR spectra of PIE

2.4.3 Kinetic studies of PIE by DSC

Table S2 Data from DSC measurements of PIE (Run 1)

Heating Rate (K/min) Tpeak(°C)
5 145.96
10 158.86




15 165.36

20 171.84

DSC (endo up)

—— 5 k/min
—— 10 k/min
—— 15 k/min
—— 20 k/min

150 200 250
Temp. /°C

Figure S6 DSC thermograms of PIE at four heating rates (HR) of 5, 10, 15 and 20 K/min.
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Figure S7 Arrhenius plot for the Bergman cyclization of PIE in neat obtained by DSC measurements using
ASTM E698 standard procedure.

k = A- eEa/RT

Ink = Ea<1>+1 A
n = R T n

In(HR) = Ea(1)+1 A
n =-7\7 n
Ea ==slope-R, where slope is the value of slope derived from the Arrhenius plot

R-gas constant, 1.9858775(34) x 107 kcalxK'xmol!

Ea=1.9859 x 1073 x 10114.639 = 20.1 kcal/mol
2.4.4 UV-Vis monitoring of PIE under heating
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Figure S8 UV-Vis monitoring of PIE under heating
2.4.5 EPR studies of PIE by DSC
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Figure S9 EPR spectra of PIE at each temperature (25 °C, 50 °C, 75 °C, 100 °C, 125 °C, 150 °C, 175 °C)
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Figure S10 Double integral (DI) calculated from EPR spectra at each temperature (25 °C, 50 °C, 75 °C, 100 °C,
125 °C, 150 °C, 175 °C)

2.4.6 DSC monitoring of PIE without compression
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Figure S11 DSC curves of PIE without compression after 12 h, 3 d, 7 d.

2.5. Synthesis and characterization of PTHF-MDI-EDY (PME)
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Figure S12 Structure of PME

2.5.1 Synthesis

Bis(hydroxyl)-telechelic poly(tetrahydrofurane) PTHF (0.58 g, 0.2 mmol, Mn = 2900 g/mol)
was weight into a 50 mL two-necked round bottom flask. Subsequently the flask was heated at
50 °C under vacuum for at least 1 hour. After drying, 0.5 mL dry, degassed THF was added to
dissolve PTHF. Methylene diphenyl diisocyanate (100.1 mg, 0.4 mmol) was weight directly
into one Schlenk tube, dissolved in 0.3 mL dry, degassed THF and added to the PTHF flask.
Afterwards, an additional portion of 1 mL dry, degassed THF was added by rinsing on the glass
wall. The reaction mixture would be stirring for 15 minutes at room temperature. Subsequently,
two drops 1,8-diazabicyclo[5.4.0]Jundec-7-ene was added and the reaction mixture was stirred
for further 15 minutes at room temperature. Parallelly, 0.2 mmol of (Z)-octa-4-en-2,6-diyne-
1,8-diamine!"> 2l in CHCl3 (0.5 mL) was added 15 minutes after the DBU addition to the main
reaction mixture. The mixture was allowed to stir for another 15 minutes before pouring into
PTFE mold.

2.5.2 Copies of '"H NMR, GPC, IR
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2.5.3 Kinetic studies of PME by DSC
Table S3 Data from DSC measurements of PME (Run 1)

Heating Rate (K/min) Tpeak(°C)
5 127.53
10 142.62
15 150.06
20 162.63
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Figure S16 DSC thermograms of PME at four heating rates (HR) of 5, 10, 15 and 20 K min!
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Figure S17 Arrhenius plot for the Bergman cyclization of PME in neat obtained by DSC measurements using
ASTM E698 standard procedure.
k= A-e-Ea/RT

k=242 4 na
nk= -2 (7) +n

InCHR) = ——2 (%) + 1n4
n(HR) == (5) +1n
Ea =-slope-R, where slope is the value of slope derived from the Arrhenius plot

R-gas constant, 1.9858775(34) x 107 kcalxK-'xmol™!

Ea=1.9859 x 1073 x 7075.931 = 14.1 kcal/mol
2.5.4 DSC curves of PME samples with or without compression

PME (Ea = 14.1 kcal/mol)

—— Without compression-7d
— With compression-7d

DSC (endo up)

100 150 200 250
Temp. I°C

Figure S18 DSC curves of two PME samples with the treatment of compression for 7 days or without



2.6. Synthesis and characterization of PIC
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Figure S19 Structure of PIC

2.6.1 Synthesis

Bis(hydroxyl)-telechelic poly(tetrahydrofurane) PTHF (0.58 g, 0.2 mmol, Mn = 2900 g/mol)
was weight into a 50 mL two-necked round bottom flask. Subsequently the flask was heated at
50 °C under vacuum for at least 1 hour. After drying, 0.5 mL dry, degassed THF was added to
dissolve PTHF. Isophorone diisocyanate (88.9 mg, 0.4 mmol) was weight directly into one
Schlenk tube, dissolved in 0.3 mL dry, degassed THF and added to the PTHF flask. Afterwards,
an additional portion of 1 mL dry, degassed THF was added by rinsing on the glass wall. The
reaction mixture would be stirring for 15 minutes at room temperature. Subsequently, two drops
1,8-diazabicyclo[5.4.0Jundec-7-ene was added and the reaction mixture was stirred for further
15 minutes at room temperature. Parallelly, 0.2 mmol of octane-1,8-diamine in CHCI3 (0.5 mL)
was added 15 minutes after the DBU addition to the main reaction mixture. The mixture was
allowed to stir for another 15 minutes before pouring into PTFE mold.

2.6.2 Copies of '"H NMR, GPC, IR
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Figure S20 'H NMR of PIC
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Figure S22 IR spectra of PIC
2.7. Calculation of crosslink densities of PIE-heated and PIE-compressed

G =1+ (w/wy — 1) * (p2/p1)

Vom = 1/%7
V 2
X1 =034+ (6, — 65)

1
1 U,
M. = —V;) * (1723m - Tm) /[ln(l — Vom) + Vam + X1 * 1]22m]

V. = 1/MC

where ¢ 1s the volume swelling ratio of the elastomer, wo is the weight of the specimen before
swelling, while w is the weight of the specimen after swelling, p1 and p> are the densities of the
solvent and elastomer, V" is the molar volume of solvent, d, and Js are the solubility parameters
of the polymer and solvent, respectively, and p is the density of the elastomer, while crosslink



density (v¢) (mol cm™) and M. is the apparent average molecular weight.*]
Table S4 Swelling properties and crosslink densities of PIE-heated and PIE-compressed.

Sample Swelling degree M, (g/mol) ve x10™ (mol/cm?)
PIE-hecated 157.0% 1819 5.50
PIE-compressed 693.0% 10423 0.96

[1]Y. Cai, F. Lehmann, E. Peiter, S. Chen, J. Zhu, D. Hinderberger, W. H. Binder, Polymer

Chemistry 2022, 13, 3412.

[2] D. S. Rawat,

J. M. Zaleski, Chemical Communications 2000, 2493.
[3] P. J. Flory, The Journal of Chemical Physics 1950, 18, 108.
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1. Abbreviations

Bergman Cyclization (BC), Enediyne (EDY), Electrospray lonization Time-of-Flight
Mass  Spectroscopy (ESI-ToF MS), Differential scanning calorimetry (DSC),
Thermogravimetric analysis (TGA), Nuclear magnetic resonance (NMR), Atomic force
microscopy (AFM), Infrared (IR), Fourier transformation (FT), N, N-dimethylformamide
(DMF), Ethyl acetate (EA), Chloroform (CHCl3), Deuterated chloroform (CDCl3), Electron
paramagnetic resonance (EPR), Isophorone diisocyanate (IPDI), glycerol (Gly),
Polytetrahydrofuran (PTHF), Scanning electron microscope (SEM)

2. Experimental Part

2.1. Solvents and Materials

Deuterium chloroform (CDCls-d) was used as NMR deuterium solvents. Dry solvents
were prepared as follows: DMF and toluene were treated with solvent purification systems to
remove water and oxygen.

Propargyl alcohol and hexamethylbenzene were purchased from abcer; isophorone
diisocyanate, bis(hydroxyl)-telechelic Polytetrahydrofuran (average Mn ~650 g/mol), and
chlorotrimethylsilane, cis-1,2-dichloroethylene, tetrakis(triphenylphosphine)-palladium(0) was
purchased from Sigma-Aldrich; cuprous iodide and n-butylamine were purchased from Alfa

Aesar. All chemicals listed here were used without any purification unless otherwise stated.

2.2. Methods and Instrumentations

NMR-spectra were measured on a Varian Gemini 400 spectrometer at 27°C. The "H-NMR
spectra were recorded at 400 MHz or 500 MHz and for '*C-NMR spectroscopy 100 MHz were
used. The samples were dissolved in CDCls. The NMR spectra were interpreted using
MestReNova software (version 9.0.1-13254). Chemical shifts were given in ppm and coupling
constants were given in Hz.

ESI-ToF MS measurements were performed using a Bruker Daltonics microTOF. 0.1 mg
of samples were dissolved in HPLC grade methanol. All spectra were obtained by means of
direct injection with a flow rate of 180 uL h™! in the negative mode with an acceleration voltage
of 4.5 kV.

DSC measurements were done on a Netzsch DSC 204 F1. Samples pieces with a mass of
5 — 10 mg were placed into aluminum crucibles and were heated under nitrogen atmosphere
with a heating rate of 5 K-min™! unless otherwise stated. Evaluation of the measured data was
done with Netzsch Proteus Analytic software.

TGA was performed using a TG 209 F3 Tarus by Netzsch. Samples (10 mg) were weighed

in an aluminum oxide crucible and heated under nitrogen atmosphere at a heating rate of 10



K/min until a temperature of 600 °C was reached. For data analysis, the software Netzsch
Proteus for Thermal Analysis (Version 5.2.1, Netzsch, Selb, Germany) was used.

ATR-FTIR-spectra were measured on a Bruker Tensor VERTEX 70 spectrometer equipped
with a Golden Gate Diamond ATR top-plate. For each measurement 32 background scans and
32 sample scans were averaged. The data were analyzed using Opus 6.5 software.

CW EPR spectra were measured using the Miniscope MS 5000 (Magnettech GmbH,
Berlin, and Freiberg Instruments, Freiberg, Germany), the MS 5000 temperature controller
(Magnettech GmbH, Berlin, Germany) and Freiberg Instruments software. 31 mg of the sample
were placed inside the sample tube. The tube was capped with capillary tube sealant
(CRITOSEAL® Leica) and placed into the spectrometer. The temperature inside the
spectrometer was set to 25 °C (+/- 0.2 °C) and gradually increased to 175 °C in steps of 25 °C.
Before starting each measurement, the sample was equilibrated at each temperature for 20 min.
A magnetic field sweep of 8 mT centered around 338 mT with a scan time of 60 s, modulation
amplitude of 0.05 mT, modulation frequency of 100 kHz and a microwave power of 10 mW
were set. Each spectrum is an accumulation of 10 scans and consists of 60.000 data points.
The raw spectra were smoothened by applying a gaussian filter. The spectra were convolved
with a Gaussian kernel of radius r=500.

Tensile tests were performed using a universal testing machine (2010, Zwick/Roell) at
room temperature and a testing speed of 20 mm/min. Rectangular specimens with a total length
0f'40 mm, and a width of grip section of 4 mm. Each measurement was repeated at least 3 times.
Engineering stress and strain values were calculated based on force and displacement as well
as initial specimen dimensions. Cyclic loading and unloading were recorded at a maximum
strain of 50%, 100%, 150%, and 200%.

AFM measurements were performed using a Nanosurf CoreAFM (Nanosurf, Liestal,
Switzerland) with Tapl190AI-G Cantilevers in phase contrast mode. The samples (thin films)
were placed in the carrier and tested at room temperature. Data analysis was accomplished using
Gwyddion 2.61 (Czech Metrology Institute, Brno, Czech Republic). Roughness and waviness
were analysed along a 10 um cross section at y =35 pm, without including grains on the samples
surface.

SEM measurements were performed by Raith 150 system. For better SEM images, a 20-
nm gold coating was deposited with an electron-beam evaporator to make the surface more
conductive without affecting the morphology. After deposition, the coated samples were put in
Raith to take SEM pictures. The working voltage was 5kV and the aperture was 60uA. The

surface morphologies of the samples can be seen through the secondary electron signal.
2.3. Synthesis of (Z)-oct-4-ene-2,6-diyne-1,8-diol and crosslinked
polyurethanes

2.3.1 Synthesis procedure of (Z)-oct-4-ene-2,6-diyne-1,8-diol !!!
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Figure S1 Synthetic route of (£)-oct-4-ene-2,6-diyne-1,8-diol

O-(trimethylsilyl)- propargyl alcohol (1.0 g, 7.8 mmol), prepared from propargyl alcohol
and chlorotrimethylsilane, toluene (10 mL), tetrakis-(triphenylphosphine)palladium(0) (0.258g,
0.2 mmol), cuprous iodide (0.057 g, 0.3 mmol), and n-butylamine (1.1 mL, 11.1 mmol) were
mixed under argon in a 100 mL round-bottomed flask. (Z)-1,2-Dichloroethylene (0.25 mL, 3.6
mmol) was added to the mixture. After overnight stirring, the reaction mixture was diluted with
ether (50 mL) and filtered. The concentrated filtrate was dissolved then in MeOH (40 mL)
containing a few drops of AcOH. Concentration and purification of the product mixture by flash
chromatography on silica gel (25% EtOAc in hexanes) afforded (2)-oct-4-ene-2,6-diyne-1,8-
diol. (35%), which was kept in EtOAc: '"H-NMR (500 MHz, CDCls, § in ppm): 'H NMR (500
MHz, cdcls) 6 5.83 (s, 1H), 4.43 (s, 4H), 1.86 (bs, 2H). ESI-ToF MS: [M+Li]" calculated for
CsHsOsLi*, 143.068; found, 143.066. Copies of 'H NMR and '*C NMR are listed in the

individual file.

Intens. Cy-177-diol + LiCl - pos. Modus.d: +MS, 0.3+0.2min #2-30
x106
1+
143.0657
15 |
o |
0.5
| 1+
142.0646 1440680
0.0. N . . — : : : —
1415 142.0 142.5 143.0 143.5 144.0 144.5 m/z
Intens._ Cy-177-diol + LiCl - pos. Modus.d: CBHEO2Li, M, 1+, 143.0679
1+
143.0679
100 (
80- /
60-
40 /
20 1+ 1+
142.0670 144.0713
0 /
141.5 142.0 142.5 143.0 1435 144.0 144.5 m/z

Figure S2 ESI-ToF MS Spectra of (Z)-oct-4-ene-2,6-diyne-1,8-diol



2.3.2 Thermal treatment of (Z)-oct-4-ene-2,6-diyne-1,8-diol

For a visual presentation of the occurrence of BC, an experiment where a diol-EDY
solution (ethyl acetate as the solvent) was put in an oven at 150 °C for 5 min. Subsequently, the
EA solvent evaporated, and only brownish solids were inside. Fresh EA was added to the vial.
The solids could not be dissolved anymore.

P
— f‘ = ..al
. £
| 150 °C for 5 min

\\ OH Re-add EA solvent
o -

Diol-EDY solution

(EA as the solvent) Generated brownish solids are undissolved in EA

Figure S3 Thermal treatment of (Z£)-oct-4-ene-2,6-diyne-1,8-diol
2.3.3 Synthesis procedure of crosslinked polyurethanes

According to the literature,?! the synthesis of crosslinked PU is divided into two steps:
first step, transforming hydroxy terminated polytetrahydrofuran (PTHF) into isocyanate-
terminated PTHF with the help of isophorone diisocyanate (IPDI); second step, adding required
amount of glycerol (Gly) to form the final PU. In detail, the isocyanate end-caped PTHF was
prepared by reaction of the required amounts of polytetrahydrofuran (average Mn ~650 g/mol)
and IPDI, in a two-neck glass reactor equipped with a mechanical stirrer at 80 °C for 2 h. The
prepolymer was then crosslinked using the required amount of glycerol and small amount of
DMF as solvent at 80 °C for 2 h. The polyurethane resins were then cast onto clean
polytetrafluoroethylene molds and stored at 80 °C for 24 h to obtain flexible and transparent
films. The detailed mole ratio of the three compositions (PTHF, IPDI, and Gly) of PU and PU*
are listed below.

Table S1 Mole ratio of the three compositions (PTHF, IPDI, and Gly) of PU and PU*

PU PU*

PTHF (diol) 1 1.4
IPDI 2 2
Gly 0.67 0.4

2.4. Cyclic stress-strain curves of semi-IPN (PU*+x%PP)

With 48 h-immersion in diol-EDY solution and with different concentrations of diol-EDY
solution, PU* samples were treated and converted into a series of semi-IPN* samples. The

incorporated amount of diol-EDY did not get obvious improvement, with maximum arranging
around 4~5%.



PU*  +1%EDY +2%EDY +4%EDY +5%EDY

= I 230 L I PU
: PU*+1% PP
5‘ ' | PU*+2% PP
. 23 PU*+4% PP
1 B PU"+5% PP
4 ~

5 min
PU* +1%PP  +2%PP +4%PP  +5%PP /150"0

1]

Figure S4 Immersion treatment of PU* and cyclic stress-strain curves of semi-IPN (PU*+x%PP)
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2.5. Overview of dissipated energy of PU* and semi-IPN (PU*+x%PP)

Table S2 Overview of dissipated energy of PU* and semi-IPN (PU*+x%PP)

Sample Dissipated energy (MJ/m®)
Strain 50% | Strain 100% | Strain 150% | Strain 200%
PU* 3.2 7.2 11.1 17.5
Semi-IPN* (PU*+1% PP) 3.2 7.4 11.9 18.2
Semi-IPN* (PU*+2% PP) 3.5 7.6 12.4 18.6
Semi-IPN* (PU*+4% PP) 4.0 9.1 15.1 23.5
Semi-IPN* (PU*+5% PP) 4.7 10.9 18.8 29.3

2.6. SEM of samples PU, PU+EDY, semi-IPN (PU+PP)

PU+EDY Semi-IPN (PU+PP)

Figure S5 SEM graphs of samples PU, PU+EDY, semi-IPN (PU+PP)

2.7. Analysis of AFM

Table S3 Roughness average and root mean square roughness of three samples

PU PU+EDY PU+PP
Roughness average | R, 2.3 nm 1.0 nm 0.3 nm
Root mean square | R, 2.9 nm 1.3 nm 0.4 nm
roughness




[1] M. M. McPhee, S. M. Kerwin, J. Org. Chem. 1996, 61, 9385.
[2] S. Oprea, V.-O. Potolinca, V. Oprea, European Polymer Journal 2016, 83, 161.

2.8. NMR spectra

2.8.1 Trimethyl(prop-2-yn-1-yloxy) silane: "H, *C NMR
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2.8.2. (Z)-octa-4-en-2,6-diyne-1,8-diol: 'H, *C NMR
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