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Propositions
accompanying the dissertation with the title
Applications of Dynamic Covalent Bonds in Chemical Reaction Networks

by Benjamin Spitzbarth

The choice of solvent is one of the most important, yet underestimated, factors in the
kinetics of chemical reactions.
Chapters 3, 4, and 6 of this Thesis

Under- and misreported synthesis procedures cause massive time and resource losses
in research.
Chapters 4 and 6 of this Thesis

“To affirm or deny is to limit; to limit is to shut out the light of truth.” From ‘The Zen
Teaching of Huang Po’, John Blofeld Translator’s Introduction.
— Science, by affirming or denying, is inherently self-limiting.

Every knowingly unhealthful choice is an act of self-violence.

The modern carbohydrate-rich diet in conjunction with conventional farming
practices are destroying the health of our land and bodies.

The majority of medical interventions cause more disease burden than they alleviate,
due to lack of a holistic, individual-oriented approach.

“To know nothing about yourself'is to live. To know yourself badly is to think.” From
‘The Book of Disquiet’ by Fernando Pessoa, Chapter 39.
— The current mental health crisis indicates that we are not ready for dealing
with the information age in a sane way.

CO: emissions are an entirely insufficient measure of environmental burden.

The burden of changing the planet (e.g. the climate) must be on the system, not the
individual.

Being absolutely sure is the safest way to be wrong.

These propositions are regarded as opposable and defendable, and have been approved
as such by the promotor Dr. Rienk Eelkema and promotor Prof. dr. Jan H. van Esch.
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“Breathing in, I calm body and mind.
Breathing out, I smile.
Dwelling in the present moment,

1 know this is the only moment.”

— Thich Nhat Hanh, Being Peace
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Chapter 1

General Introduction

Historically, chemistry has evolved as a science of studying the conversion of a discrete
set of starting compounds to a discrete set of products.! In recent decades however, more
emphasis has been placed on the study of complexity in chemical reactions, as well as
networks of several reactions, and the resulting application possibilities.?® This trend has
mostly been inspired by nature, where complex behaviour emerges from simple, basic
building blocks.* These more complex systems are typically based on chemical reaction
networks (CRNs), which describe any set of reactions that influence each other, making
them intrinsically connected, such as chemical reaction cycles, sets of competing
reactions, or reaction cascades (Figure 1.1 a).>7 Apart from insights in fundamental
science, some examples of applications of such CRNs are sensors,>'® transient
materials,''"'* self-healing materials,'>"'7 triggered drug release systems,'®! and
chemical oscillators such as clock reactions.*%2

Dynamic Covalent Chemistry

One way to realise systems that show complex behaviour such as self-healing, triggered
degradability, malleability, and recyclability is Dynamic Covalent (DCv) chemistry. This
branch of chemistry has developed rapidly especially since the late 20" century and led
to many new developments, mainly in the fields of self-healing materials, as well as
dynamic combinatorial chemistry.!>!6232% DCv chemistry encompasses all reactions
where the bond formation process is reversible on a reasonable timescale under the
relevant conditions (Figure 1.1 b, ¢).2° For example, a reaction that is reversible at 200 °C
would not be considered to belong to the field of DCv chemistry, if the objective is to
make a material that can undergo exchange reactions (i.e. self-healing) at 50 °C. As such,
DCv chemistry offers an important bridge between relatively weak, intermolecular bonds
(with bond energies for example for standard H-bonds ranging from 4 to 40 kJ/mol),?
and stable, covalent bonds (with bond energies ranging from 151 kJ/mol for weak bonds
such as in Iz to 945 kJ/mol for strong bonds such as in N2),? as judged by the timescale
of their exchange processes (Figure 1.1 b).2® This allows researchers to utilise DCv
chemistry in areas where a compromise of stability and dynamicity is required, offering
a unique overlap between traditional organic chemistry, and highly dynamic
supramolecular chemistry.?

Some of the key systems developed in the field of DCv chemistry are based on
disulfides,?® vinylogous urethane®® and urea bonds,*! boronate esters,*? and Diels-Alder
adducts,* among others.!>¥3¢ Two further DCv groups of central importance to this
thesis are DCv ureas,’” as well as DCv Michael adducts.2%-3840

This wealth of new findings in the field of DCv chemistry and its applications in CRNs
offers many new leads to make fundamental progress and find new applications for this
emerging discipline of chemistry.



a) different Chemical Reaction Networks (CRNs)

reaction

k
cycle i B ————> C
2
\_/ competing reactions reaction cascade

b) exchange timescales in different bonding modes

k k

DCyv bonds non-DCv
bonds
H-bonding I
i
T 1 1 T )Illll-llll ‘
seconds hours days months indefinite

¢) general principle of Dynamic Covalent Chemistry (DCvC)

C ¢ =Co

Figure 1.1: a) three different types of CRNs.>7 b) timescale of bond exchange of three different
bond types under ambient conditions (i.e. 25 °C, 1 atm).?® ¢) general principle of DCvC: adducts
that are bound via covalent bonds can exchange.

Research Goals

The aim of this thesis is to showcase how DCv ureas and DCv Michael adducts can be
used in a new context. These chemistries have enjoyed much attention for their
applications in self-healing materials and dynamic combinatorial libraries. We want to
demonstrate that the chemical nature of the species involved in the equilibria of these
DCv molecules allows them to further expand their applications. Specifically, we
envisioned that

1. the amine present in the equilibrium of DCv ureas can be used as a latent reagent,
allowing for triggered catalysis.
ii. B'-substituted Michael acceptors (MAs) can be used as species to design a new

CRN that enables the efficient, controlled recovery of these MAs.

In this way, we aim to expand the knowledge about the reactivity and behaviour of these
two different DCv chemical species, as well as the extent of their area of applications.



Thesis Outline

Based on the research goals, this thesis is divided into two major parts: the first part
(chapters 2, 3, and 4) is about DCv ureas, whereas the second part (chapters 5 and 6)
discusses DCv f’-substituted MAs.

More specifically, in chapter 2, an introduction on the properties, and current state-of-
the-art of DCv ureas will be given in the form of a literature review.

In chapter 3, we show that besides their traditional applications in the field of self-healing
materials, DCv ureas can be used as heat-triggered catalytic species to trigger reaction
cascades, and as equimolar reagents to trigger, as well as influence the kinetics of the
formation of organogels.

In chapter 4, we build on the findings from the previous chapter, and integrate DCv ureas
together with DCv thiol-maleimide adducts into a synergistic dual self-healing covalent
adaptable networks (CAN). This allows the amine present in the DCv urea network to
catalyse the thiol-maleimide exchange reaction and effectively reduce the self-healing
temperature of these networks.

To introduce the second part of this thesis, in chapter 5, a literature review of the
properties and state-of-the-art of B’-substituted MAs is given, followed by a summary of
the applications of this chemistry.

Chapter 6 shows our findings on how f’-substituted MAs can be integrated into a CRN,
and how the choice of reagents can be utilised to gain control over the pathway, side
reactions, and kinetics that govern this CRN, both in a closed system, as well as under
flow conditions.

Finally, the implications of our findings are summarised and an outlook on potential
future developments is given.
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Chapter 2

Dynamic Covalent Ureas: Properties and
Applications

Abstract

Dynamic Covalent (DCv) ureas are a class of compounds undergoing exchange reactions
under conditions near room temperature. As such, they have been applied extensively
over the last decade in different fields and have become one of the key motifs in DCv
chemistry (DCvC). We provide here an overview over the historical development of DCv
ureas, their properties, both on a small molecule and material scale, limitations, and give
a guide for the reader on how to design DCv ureas of different stabilities. Further, we
summarise the key applications of DCv ureas in recent decades in material science,
reversible encapsulation of cargo, catalysis, and synthesis, and conclude by offering an
outlook on potential future directions that the research on and applications of DCv ureas
may take.

Availability and Contributions

This chapter is based on a review article by B. Spitzbarth and R. Eelkema currently in
preparation for submission.

B.S. conducted the literature search, designed the schemes and figures, and summarised
the findings into the paper draft. R.E. aided in figure design, corrected the manuscript
draft and secured funding.
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Introduction

Dynamic Covalent Chemistry (DCvC) has taken major strides over the last few decades.!
The key characteristic of DCv bonds is that they undergo exchange reactions under
relatively mild conditions, allowing covalent bonds, which are typically stable, to undergo
exchange reactions.>* This feature leads to interesting applications such as in malleable,
recyclable, and self-healing materials, dynamic combinatorial libraries, and more.!>”
Some of the bonds that are typically utilised in DCvC are Diels-Alder adducts,!” boronic
esters,!! or disulfides.!? Unlike some species such as Diels-Alder adducts, DCv ureas
(Scheme 2.1) exhibit self-healing under exceptionally mild conditions near room
temperature,'? offering a valuable addition to the toolkit of DCvC. Apart from exhibiting
self-healing near room temperature, the commercial availability of their starting
materials, their ease of synthesis, and chemical nature makes them stand out in the field
of DCvC, which is why they have received increased attention over the last 10 years,
starting with pioneering efforts from the group around J. Cheng."

The aim of this literature review is to offer a comprehensive guide to understand how
DCv ureas were developed, where their strengths and challenges lie and how they are
applied today. We will conclude by offering our view on how researchers can use DCv
ureas’ properties for future directions of research into this emerging field of DCvC.

Scheme 2.1: general equilibrium of a DCv urea species with its corresponding isocyanate and
primary or secondary amine. Where the equilibrium lies depends majorly on the nature of
substituents, solvent, and the conditions.

Historical context

The history of urea dates to the founding fathers of organic chemistry, Friedrich Woéhler
and Justus von Liebig. They had already discovered feasible, albeit harsh, routes of how
urea can degrade, under the influence of nitrous acid, in the early 19" century.'* In 1893,
it was found that aromatic ureas release their corresponding isocyanates upon heating
above their melting point.!> The first tangible findings however, which indicate that ureas
as well as thioureas are in equilibrium with their corresponding isocyanates (or
isothiocyanates, respectively) and amines upon heating were shown in 1922.'¢ This was
demonstrated by heating crude urea and aniline, yielding phenylurea at 160 °C. It was
concluded that this transformation is possible due to the reaction of aniline with isocyanic
acid present in urea’s dissociative equilibrium. Further studies revealed that these
transformations also take place in boiling water, yielding phenylurea and sym-
diphenylurea from urea and aniline hydrochloride while expelling ammonia from the
solution.!” Asymmetrically substituted N,N-alkyl-aryl ureas were found to dissociate



exclusively into isocyanic acid and secondary amines, and the presence of an excess of
amines did not yield tetrasubsituted ureas, corroborating the hypothesis that free
isocyanates are part of the transformation. Importantly, it was found that the product
formation can be controlled via the volatility of the released species. Heating diethylurea
with aniline will progressively yield N,N’-ethylphenylurea and sym-diphenylurea,
respectively.!” While N, N -ethylphenylurea can in principle dissociate via two pathways,
the exclusive formation of sym-diphenylurea was observed due to the higher volatility of
ethyl amine, escaping the solution (Scheme 2.2).

0 NH
. + 0]
e, J_ & (volatile) PR 2
~N N” =———= H.N P Et_ /”\ /Ph
H H ~ ™M NCO N N
- NH, H H
Ph~
0 .
)J\ * o2 (volatile) o
NN - HNTN T ooon
H H
exclusive product Ph/NHZ

Scheme 2.2: When sym-diethylurea is heated with aniline, sym-diphenylurea will form exclusively,
due to the dynamic nature of all species involved and the higher volatility of ethylamine.!?

Further studies to investigate the lability of ureas with varying substitution degree,
substituent properties, and solvent properties to elucidate the kinetics of the involved
dissociation processes were undertaken in the 1950s by T. Mukaiyama and coworkers. '8
23 While previous examples demonstrated the dissociation of non-hindered ureas under
harsh conditions, these studies began to show that hindered ureas dissociate into their
isocyanates and amines under relatively mild conditions, with a strong dependence on the
bulkiness of the substituents. Further studies in the 1970s corroborated these discoveries
with findings that ureas** and semicarbazides?® with hindered substituents dissociate
appreciably into isocyanates and the corresponding amines or hydrazines, respectively,
even at room temperature. Stowell and Padegimas generalised these findings in 1974 to
derive a method of estimating sterical hindrance of secondary amines by observing the
dissociation equilibria of the corresponding wureas formed with 2,6-
dimethylphenylisocyanate.?®

The first industrial applicability for ureas’ dissociation properties came with the advent
of “blocked isocyanates”. Isocyanates are extremely versatile reagents and are widely
used in academia and industry.?”-?® However, due to their high reactivity and long list of
health concerns,? it is generally desirable to work with reagents that can release
isocyanates on demand. While “blocked isocyanates” have been reviewed elsewhere in
depth,? ureas, which may in this context be referred to as “amine-blocked isocyanates”,
comprise a notable subclass of these compounds. The introduction of ureas as a further



group of compounds that are labile enough to release isocyanates, widened the accessible
conditions for polymerisation reactions involving “blocked isocyanates”. Among the first
examples of studies investigating the feasibility of DCv ureas for their application in
curing reactions of polyurethanes are the works by A. Sultan Nasar and coworkers in
1999 and the years thereafter (Scheme 2.3).3032

9

QN)OKN/QNJOKN/. 2 Fa o
‘ H H ‘ = OCN NCO

R
o o HO” “OH

Scheme 2.3: The use of blocked isocyanates as pioneered by A. Sultan Nasar and colleagues. A
DCv urea made from secondary aromatic amines and a bisfunctional aromatic isocyanate can
release the isocyanate upon heating, leading to a curing reaction with a diol, forming polyurethanes
without the direct need for isocyanates.*

More recently, the group of J. Cheng pioneered the detailed investigation of hindered
ureas in a different context, going beyond their usage as a synthetical or polymerisation
starting point and exploiting their reversibility for material/self-healing applications. '
This quest for the application of the desirable properties of DCv (hindered) ureas in a
material context has sparked the research into and development of a whole range of
interesting materials and other uses in recent years, which will be discussed in detail.

Properties of DCv ureas
Stability trends and reactivity

In general, amides and ureas are known to be highly stable functional groups and
degradation is usually achieved only under prolonged heating in strongly acidic or basic
conditions.?*3* However, both can be envisioned to dissociate into ketenes and amines or
isocyanates and amines respectively.!* These unfavourable reaction pathways require
structural manipulations to make them more feasible. One of the key factors leading to
the high stability of amides and ureas is the conjugation of the nitrogen lone pairs with
the carbonyl centres. Partly breaking this conjugation under loss of coplanarity and
endowing the carbonyl centre with more ketone-like properties enables a fast and efficient
degradation. For urea itself, such a dissociation requires harsh conditions,'* while for
tetrasubstituted ureas this dissociative pathway is not possible due to the absence of a
proton that can be transferred during the dissociation step. Alkyl-substituted species are
still highly stable species which require harsh conditions to dissociate, while aryl-
substituted ureas dissociate more easily into the resonance-stabilised isocyanates and
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amines.'>!” The species that dissociate most easily into isocyanates and amines are
trisubstituted ureas with sterically highly demanding substituents (Figure 2.1).

Guide to tune dynamicity of DCv ureas "Rules for high dynamicity:
| . = stabilising, bulky

| o
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Figure 2.1: stability of urea derivatives with different substitution patterns and general guidelines
to design a DCv urea with high lability (i.e. easy dissociation). With decreasing stability from left
to right in the table, the ease of the DCv urea’s dissociation and the basicity of the free base increase.
While for non-hindered ureas (first 2 entries, left to right), resonance stabilisation of the species
plays a big role, for hindered ureas the bulkiness and hence torsion of C-N bond play a more
important role.

For the first two non-hindered urea derivatives in Figure 1, resonance stabilization of the
fragments plays an important role. Aromatic amines and isocyanates are more stable and
hence the corresponding ureas dissociate more readily than aliphatic ones. For hindered
ureas, steric bulk is one of the key factors that influence urea stability. An especially
noteworthy observation is the large difference in stability between bis-secondary (e.g.
N,N-ethyl-iso-propyl) ureas and primary-tertiary (e.g. N,N-ethyl-tert-butyl) ureas.!*2
Introducing tertiary alkyl groups has a large impact on the stability of the hindered urea.
Furthermore, the basicity of the urea nitrogen atoms is important in estimating stability.
Generally, a more basic secondary amine, assuming similar steric hindrance, will form
less stable ureas, as the more basic nitrogen will facilitate the proton transfer required for
the dissociation process to take place. Similarly, the difference of basicity between the
two nitrogen atoms plays a role as well, as a less basic NH-moiety will further facilitate
proton transfer to a highly basic NRz-unit.?! The general rules, in order of decreasing
influence, to design a highly dynamic urea would hence be as follows:

1) Choose trisubstituted ureas over mono- and disubstituted species
(tetrasubstituted ureas are not dynamic),
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2) Use a highly basic, sterically demanding secondary amine with at least one
tertiary substituent,

3) Pick a resonance-stabilised, electron-deficient isocyanate (ideally hindered, e.g.
2,6-dimethylphenylisocyanate?®).

These general guidelines (Figure 2.1, top right) enable researchers to design urea
structures meeting a wide range of stability and dynamicity demands.

However, as basicity and steric hindrance of an amine do not always go hand in hand,
there are some exceptions to the generally expected stability trends. Padegimas and
Stowell used the Es values (steric substituent constants) of the Taft equation to define the
expected trends of urea stability. They found that, in line with Es values, amines with the
sterically more demanding 3-pentyl group form ureas with 2,6-dimethylphenylisocyanate
more slowly than amines with a cyclohexyl residue. On the contrary, their dissociation
follows the inverse trend, showing a slower dissociation for the 3-pentyl-substituted urea
than for the cyclohexyl-substituted urea.?

While most recent publications involve highly hindered DCv ureas due to their significant
dissociation under ambient or near-ambient conditions and the interesting properties that
come with this dynamicity, there are some notable examples of non-hindered DCv ureas.
Aromatically trisubstituted ureas have been extensively employed as amine-blocked
isocyanates for polymerisations.’®3! Typically, these DCv ureas can cure in
polymerization reactions with deblocking temperatures of roughly 120-150 °C.
Recently, the group of Hesheng Xia explored different ways of making non-hindered
ureas more dynamic. They found that disubstituted aliphatic ureas, which are highly
stable under ambient conditions, can undergo exchange reactions via a dissociative
pathway in the presence of zinc acetate at elevated temperatures (70-90 °C).3* The
formation of an O-bound zinc complex accelerates the dissociation of these urea species
by several orders of magnitude (Scheme 2.4 A). This is a significant finding as it widens
the scope of urea motifs that can be used for applications in which fast exchange kinetics
are required. In another recent work, the group discovered that NIR irradiation of urea-
based networks can enable self-healing of these polymers.® It is hypothesised that the
high, localised heat generation from the NIR radiation as well as entropy changes in the
polymer system favour the dissociation of the stable urea bonds, leading to a temporary
depolymerisation of the network.

On the contrary, Cheng and colleagues have recently introduced a strategy to “switch off”
the dynamic behaviour of DCv ureas carrying a tert-butyl group on one of the nitrogens.*®
By adding acid, the fert-butyl group of the dynamic urea can be removed, forming a non-
dynamic urea moiety (Scheme 2.4 B). This on demand off-switch for the dynamicity of
different DCv ureas could dramatically widen their applications by increasing the stability
of the material when needed.

Another interesting feature of DCv ureas is their reactivity towards hydrogen peroxide.
While perhydrolysis of the free isocyanate in the urea’s equilibrium leads to bond
fracture, oxidation of the amine can lead to formation of a urethane-like product which
does not show dynamic behaviour (Scheme 2.4 C).*” It was however not possible to
achieve control over which pathway dominates.
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Scheme 2.4: Reactivity of DCv urea units under different conditions. A) Despite not showing
dynamic behaviour under standard conditions, aliphatic ureas can undergo dissociative exchange
in the presence of zinc catalysts.>* B) Dynamic ureas carrying a tert-butyl group can be converted
into non-DCv ureas via de-tert-butylation in the presence of acid.>® C) DCv ureas show different

reactions in the presence of hydrogen peroxide, leading both to non-reversible fracture, as well as
permanent fixation of the bond.>’

The previous examples focused exclusively on the reactivity of DCv ureas in a
dissociative fashion, forming a free isocyanate and amine in the reaction. However, a far
less common associative pathway is also possible. In 1992 it was found that aryl-
substituted ureas undergo a second-order nucleophilic substitution at carbonyl centre of
the urea via attack of primary or secondary amines and subsequent displacement.*® This
method works especially well with monosubstituted ureas as the steric hindrance for the
nucleophilic attack is minimal and the released ammonia can easily be expelled from
solution due to its high volatility. While this work technically does not fall into the realm
of DCvC due to the non-reversibility of the process, it is worth mentioning as it provides
an easy synthetic route to substituted ureas and proceeds via an associative pathway which
will be discussed in more depth at a later point.
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Challenges and limitations

While DCv ureas are applicable under a wide range of conditions and in a wide range of
solvents, there are some factors that do need to be considered when working with these
compounds. One of the downsides is the use of isocyanates in the synthesis of DCv ureas.
They are highly toxic compounds, that can lead to many chronic health issues.?” While
their use during synthesis can be handled safely, the presence of free isocyanates in the
equilibrium of DCv ureas may limit their area of applications. The high reactivity of
isocyanates presents another more practical challenge. DCv ureas have been shown to be
labile towards solvolysis, for example in water or alcohols, due to the degradation of
isocyanates.’®*! This feature can however also be a desirable behaviour, leading to new
applications such as solvent-triggered release systems (see below). Another potential
limitation is the relatively high oxidative lability of the secondary amines present in the
DCv urea equilibrium. We have observed in our laboratory the discoloration of highly
dynamic ureas upon prolonged storage, due to degradation of both amine and isocyanate,
as observed in 'H-NMR spectroscopy.

DCyv urea network properties and requirements

The properties of DCv urea networks mostly reflect their molecular properties. As
previously indicated, the exchange mechanism of DCv urea is typically dissociative in
nature.'> There is however a limited number of examples of associative DCv urea
networks.*?* This expands the application scope of DCv ureas further, as it allows access
to dissociative as well as vitrimer networks (i.e. networks with a constant crosslinking
density throughout the whole self-healing process***%). Apart from the small number of
vitrimer-like DCv urea networks, typical requirements for dissociative DCv urea
networks with good stability, reprocessability, self-healing, and malleability are a large
equilibrium constant Keq, as well as fast kinetics of both the dissociation, as well as
association process.'> This means that the exchange process must be fast, and the
equilibrium of the dissociation process must be mostly on the side of the urea, and not
isocyanate and amine, to construct a useable material. As discussed above, the dynamicity
can be regulated relatively easily by changing the steric demand of the amine in the DCv
equilibrium.'3# It was found that sterically more demanding amines lead to a decrease in
flow temperature of the networks, as well lower degree of connectivity and hence
improved self-healing in the order of ethyl-, iso-propyl-, tert-butyl-, and
tetramethylpiperidinyl-based subtitutens.*® Another important factor that can influence
the properties of DCv urea networks is the concentration of DCv urea bonds in the
network. It was found that typically, > 50 % of DCv urea bonds (in urea-urethane
networks, i.e. as a fraction of urea bonds compared to all functional groups) are needed
to allow for good self-healing, whereas < 50 % DCv urea bonds lead to suboptimal
reprocessability.*’
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Applications
Materials

Due to their dynamic exchange reactions, the most widespread application of DCv ureas
is in self-healing materials. When a damage, such as a scratch, cut, or in general any
mechanical failure is inflicted upon the material, the DCv urea moieties near the interfaces
at the site of damage can exchange between those interfaces, leading to a healed material
(Figure 2.2).

General principle of self-healing DCv-urea-based materials
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Figure 2.2: General principle of self-healing materials based on DCv ureas. Exchange reaction
between interfaces lead to the material growing back together and recovering its initial mechanical
properties.

Since the introduction into this field in 2014 by the group of J. Cheng, many works
exploring the scope of these materials have been published. Typically, a large part of
recent research focuses on improving the mechanical characteristics such as malleability,
as well as the recyclability of these materials.*3° These findings have significantly
improved the diversity and properties of DCv urea materials and expand their
accessibility by exploring different, commercially available monomers. A common
example of where DCv urea materials can find applications is in self-healing clear coats.
In one example, a self-healing clear coat, containing DCv ureas and a polysiloxane was
fabricated.’! While the DCv urea moieties endowed the clear coat with its self-healing
properties, the polysiloxane offered self-cleaning properties such as repellence of water,
oil, as well as ink. In addition, the clear coat showed excellent optical and mechanical
properties. In other examples, DCv ureas were incorporated into polycarbonates and
polyurethanes to make clear coats with applications such as automotive coatings.’>>*
Further, in one instance, silver nanowires were incorporated into a self-healing DCv urea
network, which allowed for healable and stretchable electrodes.>* Upon cutting the
electrode in half, the team demonstrated that it can be reused within 30 minutes of healing
at 60 °C.
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In another work, hindered urea bonds were incorporated into shape memory thermosets,
based on poly(urea-urethane) polymers.>> Not only did this endow the original shape-
memory thermoset with self-healing properties, but it also endowed the material with
triple-shape-memory performance under very mild conditions without the need for
conventional curing in a mould.

Despite their degradability in aqueous conditions, advances were also made in applying
DCv urea polymers as self-healing tubes for flowing water.>® It was shown while flowing
water with a temperature of 37 °C, tubes that were scratched showed self-healing
behaviour upon wetting the scratched area. The group explained this behaviour with the
formation of free isocyanate units which can hydrolyse and react with further free
isocyanate to form non-DCv ureas, thereby using water to render the tubes self-
reinforcing.

Encapsulation and delivery of biological cargo

Besides these more material-focused works, further advances were made in the fields of
drug, as well as stem cell delivery. Here, the hydrolysis of the isocyanate from the DCv
urea’s equilibrium plays a crucial in controlling the degradation kinetics of the
encapsulation matrix. In one instance, a hindered urea-based polymer was pegylated on
both chain ends to form micelles which could incorporate the chemotherapy drug
paclitaxel.’” The group demonstrated the entry of these drug-loaded micelles into breast
cancer cells in mice and subsequent inhibition of tumour growth. The tuneable release
kinetics of these micelles by variation of the DCv urea structure provides another way to
achieve controlled drug release, with boronates and esters offering similar options.*®*° In
another example, crosslinked hydrogels containing hindered urea bonds were prepared
and loaded with stem cells. The networks were found to be biocompatible and the
hydrolytic release of these cells could be tuned over 5 days by changing the structure of
the DCv ureas.®

Catalysis

In our group, we recently showed that DCv ureas can also be applied as latent amine
catalysts and reagents (see Chapter 3 of this Thesis). The concentration of free base
present in the equilibrium of hindered ureas can be raised by increasing the temperature
to 45 °C or adding water to induce isocyanate hydrolysis. This effectively creates a
temperature- and solvent-triggered base release system. We showed that this base can be
used catalytically to release Fmoc-protected aniline, which can in turn catalyse the
formation of acylhydrazones. The action of aniline as well as bulky base in response to
heat or solvent greatly enhance the formation of acylhydrazones over the background
reaction. Further, we showed that DCv ureas can be used to release highly reactive nitrile-
N-oxides from chlorooximes via elimination of hydrogen chloride. These nitrile-N-oxides
can undergo cycloadditions with tetrafunctional acrylates to form organogels in response
to a thermal stimulus. In addition, the bulkiness of the DCv urea can be used to tune the
gelation kinetics.®!
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Synthesis

DCv ureas have also been used as precursors in several synthesis procedures. Recently,
the group of J. Cheng has demonstrated the first high-yielding synthesis of macrocycles
with high reaction concentrations, utilising fert-butyl substituted hindered ureas as the
template.®? Further, unsymmetrical ureas can be synthesised by reacting primary or
secondary amines with phenylurea, displacing ammonia in the process.®® The solvolysis
of DCv ureas, discussed as one of the downsides above, can also be utilised as a synthetic
procedure. Alcohols can be carbamoylated efficiently in the presence of DCv ureas under
mild conditions without the need for free isocyanates.*' Lastly, low-boiling isocyanates
can be generated via distillative removal from the equilibrium of DCv ureas under
heating.54%

Urea-derived DCv bonds

The increased attention that DCv ureas have received over the last years has also led to
the development of other, urea-derived DCv bonds. Among these are pyrazole-blocked
isocyanates,’%’ imidazole-blocked isocyanates,*? polyacylsemicarbazides,®®% DCv
thioureas,”®’! as well as isoureas used for their ability to generate radicals during their
bond cleavage.””

Conclusion and Outlook

The field of Dynamic Covalent Chemistry (DCvC) has made large strides over the last
few decades and continues to gain importance with the rising need for more sustainable
materials which show properties such as reprocessability and recyclability. DCv ureas are
an important addition to the field of DCvC because of their widely tuneable dynamicity,
making them applicable over a large range of conditions. Despite some downsides such
as solvolytic lability, and the presence of toxic isocyanates in their equilibrium, they have
found widespread use in different fields such as drug and stem cell delivery systems, self-
healing electrodes, clear coats, recyclable and malleable networks, triple-shape-memory
networks, triggered catalysis, and synthesis. With the knowledge gathered about the
properties of DCv ureas, the future will see further developments utilising these moieties.
Their ability to release isocyanates in situ makes them interesting candidates for further
applications replacing the direct need for isocyanates. Furthermore, the wide range of
self-healing polymers with different properties and the easy tuneability of their stability
presupposes DCv ureas for more applications in material science, such as coatings, or
sensors for detecting mechanical stress. Their more recent development in the release of
biological cargo also offers further options in the field of drug delivery. Lastly, the
extremely wide chemical versatility of the amine species present in DCv ureas’ equilibria
offers many possible applications in reactions where amines participate as substrates or
catalysts, as recently shown with their applications as heat-triggered catalysts and
reagents. As such, hindered ureas offer a general method to replace amines with a heat-
or solvent-triggered alternative that can release amines on demand.
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Chapter 3

On-Demand Release of Secondary Amine Bases for
the Activation of Catalysts and Crosslinkers

Abstract

Dynamic covalent (DCv) ureas have been used abundantly to design self-healing
materials. We demonstrate that apart from self-healing materials, the species present in
the equilibrium of DCv ureas can be employed as responsive organocatalysts. Easily
controllable stimuli like heat or addition of water shift the equilibrium towards isocyanate
and free base which can function as an in situ released reagent. We demonstrate this
application of DCv ureas with two examples. Firstly, we use the liberated base to
catalytically activate a latent organocatalyst for acylhydrazone formation. Secondly, this
base can be employed in an equimolar manner to trigger the release of nitrile-N-oxides
from chlorooximes, which react with acrylates to form an isoxazoline polymer gel.
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Introduction

Dynamic Covalent (DCv) ureas have been shown by the group of J. Cheng to be a
versatile motif in the development of reversible and self-healing poly(ureaurethanes).!
Such dynamic motifs have been extensively used for a wide range of applications in
materials, imparting polymer networks with desirable properties like self-healing.>*
Generally, amides (and ureas) are considered to be very stable and are frequently
employed as protecting groups in organic synthesis due to their inertness under a wide
range of conditions.* However, substituting the nitrogen in amides with increasingly
bulky substituents weakens the C-N bond due to torsion and therefore reduced
conjugation.’

The concept of reversible amide, urea and urethane bonds has been widely employed in
the form of ‘blocked isocyanates’ as a procedure to access hyperbranched
polyurethanes,®’ as well as routes to post-polymerization modifications.®® Besides these
material applications however, DCv ureas have found little use, yet they appear to be
attractive dormant base release reagents.

The activation of dormant reagents has previously found some application, for instance
in mechanocatalytic polymerization,'® or the time-controlled pH lowering through the
hydrolysis of glucono-8-lactone.!! Inspired by these works, the findings in this paper
focus on the reversible, as well as irreversible, controlled release of the secondary, bulky
amine base present in dynamic urea equilibria and demonstration of its application as a
triggering reagent in two different reaction cascades. In addition, we show that under the
application of heat as a stimulus, the secondary amine can be used directly as a transient,
catalytic species and return to its original, dormant urea state upon removal of the stimulus
(Figure 3.1, Scheme 3.1 A). We demonstrate, by means of triggered catalysis as well as
triggered gelation (Scheme 3.1 B, C), the versatility of the DCv urea equilibrium as a
starting point for a diverse range of reaction cascades. This concept of using species which
are present in DCv equilibria to trigger a reaction cascade opens up new possibilities of
making use of an on demand change in chemical reactivity upon a change in conditions.

e i o
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trigger
L0 %
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O\Nco ———> urea

-«——
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species »> species_> - catalysis
‘ - crosslinking

Figure 3.1: Base present in the equilibrium of DCv ureas can be used to deprotect a blocked
organocatalyst. This can happen reversibly under application of heat or irreversibly in the presence
of water or alcohols.
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Results and Discussion

We chose two different reactions to showcase the versatility that such an on demand
release system of secondary amines can have. First, secondary amine bases are routinely
used to remove protecting groups like the base-labile fluorenyl-methyloxycarbonyl
(Fmoc) group.!? This group can be used to block catalytically active species. The Fmoc
group is also well known to be cleaved by catalytic amounts of base and has been applied
along those lines, such as for the amplification of organic amines.!* This sets up Fmoc-
blocked catalysts as good candidates for a triggered deprotection by the small amounts of
base released in the equilibrium of DCv ureas upon heating or addition of water. Potential
candidates for reversible blockage by the Fmoc group include nitrogen-bearing catalysts
like amines. Compounds such as anilines and pyrrolidine derivatives like proline or
indolines, to name a few, have been extensively studied for their catalytic function in
iminium- and enamine-catalysed reactions, such as the formation of acylhydrazones from

aldehydes and acylhydrazides.'* !
A) B) B
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N N M R NN —— M R R
O e o e OV T
\\ o NH, " cl ‘ i &) J\C\ \\\U/ﬁ//’/
i . waste )
on K\U products \atont “
y M, = 10,000 g/mol
/\g%ﬂq (V\%Ol&
o o oo e
oA oA

e

Scheme 3.1: A) DCv urea equilibrium to release a bulky base. Studied reaction cascades in which
B) liberated base from DCv ureas U1 and U2 is used for the in situ release of aniline which in turn
catalyses acylhydrazone formation and C) liberated base is used for the in situ generation of nitrile-
N-oxides which leads to the formation of an isoxazoline gel in the presence of 4-arm acrylates.

Hence, we chose to apply DCv ureas as dormant reagents for a triggered Fmoc
deprotection, releasing an amine catalyst on demand, which can then catalyse the
formation of acylhydrazones (Scheme 3.1 B). Second, another reaction in which the
basicity of the liberated secondary amine bases can be applied is the elimination of
hydrogen chloride from chlorooximes to generate highly reactive nitrile-N-oxides in
situ.2’ This reaction has found widespread use, for example in the recently developed
bioorthogonal isonitrile-chlorooxime ligation,?' or the synthesis of polyisoxazoles via
click polymerisation.”? The reactivity of nitrile-N-oxides towards many species like
alkenes and thiols makes them an attractive intermediate in reaction cascades for the
formation of new species and materials alike.>>** We describe their application for the
formation of an isoxazoline polymer gel triggered by the in situ release of secondary
amine bases, which generate nitrile-N-oxides that proceed to form an organogel by
crosslinking with a 4-arm PEG acrylate (Scheme 3.1 C).
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Choice of ureas and triggering conditions

To examine the DCv equilibrium of bulky ureas under varying conditions, small molecule
models had to be synthesised and tested. The group of J. Cheng showed that various bulky
ureas, e.g. those based on benzyl isocyanate and two different bulky secondary amine
bases, N-tert-butylethylamine (base 1) and N-fert-butylisopropylamine (base 2), have fast
equilibration kinetics (approx. 0.2 h!, at 37 °C) and a low concentration of free base under
ambient conditions (20 °C, Keq < 10* M1).1?> Furthermore, it was shown that the
equilibrium reaction between isocyanate and amine base shows a temperature dependence
with Arrhenius-like behaviour,! thus making it attractive for a temperature-triggered
reversible base release system. The low concentration of free base under ambient
conditions is essential to avoid initiating the reaction cascades in the absence of a trigger.
One way to irreversibly trigger the release of base is by adding intercepting agents like
water or alcohols which react with the generated isocyanate and hence drive the
equilibrium towards free base (Scheme 3.2).

These triggers of applying heat and adding intercepting agents can be combined to tune
the time scale and reversibility of the base release.

Triggered Fmoc deprotection for catalyst release

To study the catalyst release, we decided to test whether the Fmoc group is also cleavable
under our conditions, yet remains untouched by the miniscule amounts of base present at
ambient conditions. We synthesised Fmoc-protected aniline as a model compound,
probing the release of aniline via 'H-NMR. We chose aniline as a substrate due to its
easily trackable chemical shift in the 'H-NMR spectra, as well as its low basicity and
nucleophilicity. The low basicity avoids the Fmoc-deprotection becoming self-catalysed
and allows us to explicitly study the effect that the free base in the DCv urea equilibrium
has without the interference of a potential second base, released in the deprotection step.

O
R ,
NJ\N’ R‘NH + ph~~NCO _ ROH urethane
H R R > formation

U1, U2, U3 (no release) H.O NH
I > 2
-CO, ©/\
(o

NH
o 2
_\ BnNCO

O X negligible

+ waste
U1: R = ethyl
R = tert-butyl 0] 0
U2: R = jso-propyl U3:R =H, R"=n-butyl Bn\N)J\N/Ph Bn\NJ\N/Bn
R’ = tert-butyl Bn = Benzyl, Ph = Phenyl H H H H

Scheme 3.2: The isocyanate released in the DCv urea equilibrium of U1 and U2 can react with
alcohols to form urethanes and with water to form benzylamine, which can further react to N,N’-
dibenzylurea. The reaction of the isocyanate with aniline is negligible under these conditions (see
S.1., Figure S3.2). Non-DCv U3 does not release any amine.
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As potential solvent systems DMSO-ds and DMSO-de/D20 (4:1) were tested. The
solutions of Fmoc-aniline and the ethyl-based DCv urea U1 were heated to 40 °C. Indeed,
in pure DMSO-ds, an accumulation of aniline could be observed, driven by the catalytic
and fully reversible release of base from DCv urea U1 (Figure 3.2 B). The free base 1 can
recombine with the free isocyanate—which is stable in non-aqueous conditions—upon
performing the deprotection step and hence does not accumulate over time. In DMSO-
ds/D20 (4:1), a more pronounced release of aniline could be observed along with an
irreversible accumulation of bulky base 1 (Figure 3.2 C). The irreversible release of base
over time in the DMSO-ds/D20-system can be attributed to the hydrolysis and subsequent
decarboxylation of the free isocyanate to form benzyl amine and N,N’-dibenzylurea,
accelerating the further reaction (Scheme 3.2, Figure 3.2 C).! We anticipated that free
aniline would also be consumed due to reaction with free benzyl isocyanate for form a
non-DCyv side product. However, no such side reaction was found, likely due to the much
higher reactivity of the benzylamine (Scheme 3.2 and S.1., Figure S3.2). Hence, choosing
a weakly nucleophilic catalyst also aids in preventing side reactions with the free
isocyanate.

These results show that by increasing the temperature as well as adding an intercepting
agent, in this case water, the DCv urea equilibrium can be manipulated sufficiently to
trigger the Fmoc-deprotection. Under ambient conditions, no such release was observed
on the same timescale in both solvent systems.

To further demonstrate that the release of aniline truly proceeds due to the presence of
base released from the DCv urea species, we synthesised a non-bulky non-DCv urea (V-
Benzyl-N-n-butyl urea) and subjected a solution of this urea U3 with Fmoc-aniline to the
same conditions (see S.I., Figure S3.6). Indeed, we found no release of aniline over
48 hours at 40 °C, offering further proof that the DCv properties of ureas U1 and U2 are
responsible for the observed release of aniline.

To get more clarity about what role the structure of the free base and the solvent play, we
studied the influence of the base substituents as well as the effect of adding water to the
solvent system on the deprotection rates. The results (Table 1) show that adding D20 to
DMSO-ds decreases the reaction rate, while less bulky substituents on the amines increase
the rate of aniline release. Specifically, 1-butylamine in pure DMSO-d leads to the fastest
release, whereas N-tert-butylisopropylamine (base 2) with its two bulky residues and
rotational freedom leads to the slowest release of aniline.

Having understood how the base structure and presence of water influence the rate of the
deprotection step, we proceeded to study the effect that varying the bulk on the DCv ureas
(ethyl-based DCv urea U1 versus isopropyl-based DCv Urea U2) has on the release of
base and aniline over time (Figure 3.2 C, D). While in experiment C (DCv urea U1), the
base is released more slowly than in experiment D (DCv urea U2), the release of cargo
still occurs on a similar time scale. This effect is caused by two counteracting influences.
Firstly, the equilibrium is shifted towards the urea more strongly in the case of less
hindered urea Ul. Thus, less free isocyanate is present at equilibrium which slows down
the irreversible isocyanate hydrolysis, hence releasing the base over a longer time span.
Secondly, the Fmoc deprotection proceeds faster with less bulky bases, as can be seen
from comparing bases 1 and 2 in Table 3.1, thus releasing aniline faster than in the
presence of equal amounts of a bulkier base. These findings suggest that besides
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temperature and the presence of water, the bulkiness of the DCv ureas (U1 and U2) can
also be used to tune the release kinetics of the cargo.

Table 3.1: Rate constants for the Fmoc-deprotection of Fmoc-aniline with varying bases
and solvents, determined via '"H-NMR. The rate constants were retrieved by assuming
pseudo first order kinetics (see S.I., Figure S3.1). Conditions: 5 mM Fmoc-aniline,
50 mM base, 40 °C.

Entry Base, solvent Rate constant (min™)

1 1-butylamine, DMSO-ds 0.81 +0.01

2 Base 1, DMSO-ds 0.15+0.01

3 2,2,6,6- 0.0508 = 0.0008
Tetramethylpiperidine,
DMSO-ds

4 Base 2, DMSO-ds 0.034 + 0.003

5 Base 1, DMSO-ds/D20 (4/1)  0.062 + 0.006

In Figure 3.2 C, D, it can also be seen that the release of aniline proceeds with an
‘activation time’, during which the rate at which aniline is released is increasing. For
Figure 3.2 B, this initial increase in rate cannot be observed.

The presence of this inflection could also be explained by reaction of benzyl isocyanate
with released aniline (Scheme 3.2), however this side reaction was not observed (see S.I.,
Figure S3.2). When plotting the first derivative of the conversion graphs over time (see
S.I., Figure S3.5), a characteristic peak, after which the change in rate decreases, can be
seen. We used this peak to define an ‘activation time’ for the system. This simple method
of observing the effect that triggered DCv ureas have on a different reaction offers a way
to determine the dynamicity of DCv ureas relative to one another. The different values
for the two DCv systems show that the more dynamic urea U2 leads to a significantly
shorter activation time. Since this behaviour cannot be observed for the water-free system
(Figure 3.2 B), we hypothesise that the reason for this activation time is the delayed
accumulation of base over time. In the water-free environment, only the equilibration
between DCv urea and free base, which happens on a relatively fast time scale,! is
required for the deprotection step to proceed.

In addition, we subjected the aniline release system with DCv urea U1 to a temperature
ramp programme where we varied the temperature between 25 °C and 40 °C (Figure 3.2
E). In an aqueous environment, the accumulation of base is negligible under ambient
conditions but leads to an irreversible accumulation at 40 °C. This leads to a great degree
of control over the release of precise amounts of base even through a relatively small
change in temperature. Furthermore, the release of aniline is also significantly retarded
initially. During the first heating cycle, the release of aniline can be observed. However,
even after the first heating cycle, the release of aniline continues slowly even under
ambient conditions due to the irreversible release of base, which continues to react with
Fmoc-aniline to produce aniline.
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Figure 3.2: A) Reaction cascade (Scheme 3.1-B) studied via 'H-NMR with application of
temperature and water as triggers. B) Conversion of Fmoc-aniline (5 mM) to aniline in DMSO-dg
at 40 °C in the presence of ethyl-based DCv urea U1 (50 mM). No base release could be observed.
C) conversion of Fmoc-aniline (5 mM) to aniline and irreversible release of N-zerz-butylethylamine
from ethyl-based DCv urea U1 (50 mM) in DMSO-d¢/D-O (4:1) at 40 °C. D) conversion of Fmoc-
aniline (5 mM) to aniline and irreversible release of N-fert-butylisopropylamine from isopropyl-
based DCv urea U2 (50 mM) in DMSO-d¢/D,O (4:1) at 40 °C. The dashed line marks the activation
time of the DCv systems in C) and D) (see S.I., Figure S3.5). E) conversion of Fmoc-aniline (5
mM) to aniline and irreversible release of N-tert-butylethylamine from ethyl-based DCv urea Ul
(50 mM) in DMSO-d¢/D,0O (4:1) at varying temperature over time.
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Triggered acylhydrazone formation

The triggered aniline release system was then applied to the formation of acylhydrazones
as a triggered catalysis system (Scheme 3.1 B).262% Specifically, we chose to study the
formation of the acylhydrazone formed from benzhydrazide and 4-nitrobenzaldehyde,
which has been studied in our group and shown to proceed significantly faster in the
presence of aniline.” We studied the formation in the absence of catalysts (i.e.
background reaction), the direct influence of 100 mol% catalyst (i.e. aniline), the
influence of 5 eq. DCv hindered urea in combination with 100 mol% blocked catalyst
(i.e. Fmoc-aniline), the influence of 5 eq. DCv hindered urea without addition of any (pre-
)catalyst, as well as the influence of 100 mol% benzyl amine waste product. The results
of these studies (Figure 3.3, Figure S3.9) show that the addition of aniline as a catalyst
significantly speeds up the formation of acylhydrazone over the background reaction, as
expected. However, even the DCv hindered urea U1 by itself speeds up the reaction and
a combination of U1 with pre-catalyst Fmoc-aniline as a triggered release system leads to
the largest increase in reaction rate. This surprising result suggests that another
catalytically active species must be present or produced in the early stages of the release
reactions. While the catalytic action of the aniline that is released from Fmoc-aniline is
well understood,'® we decided to test whether the bulky base 1 released from DCv urea
Ul as well as a simple non-dynamic urea moiety U3 (i.e. H-bonding catalyst) can also
catalyse the acylhydrazone formation. While the non-dynamic urea U3 showed no
formation above background levels (see S.I., Figure S3.8), the free bulky base 1 showed
a catalytic effect on the acylhydrazone formation (Figure 3.3). This observation explains
why the reaction catalysed by a combination of Fmoc-aniline and DCv urea U1 shows a
higher maximum rate than the aniline-catalysed reaction alone.

Furthermore, we found the same phenomenon as the previously defined ‘activation time’
in the triggered systems where the acylhydrazone formation was tracked. For the system
with the addition of the DCv hindered urea U1 (Figure 3.3, blue triangles), we observed
an activation time of 100 = 25 min, whereas for the system with the addition of DCv
hindered urea U1 and Fmoc-aniline (Figure 3.3, red squares), we observed an activation
time of 130 + 25 min, which can be attributed to the delayed release of free bulky base
1 and aniline, respectively. For the aniline-catalysed reaction we observed a relatively
short activation time of 50 £+ 25 min, attributed to the initial reaction between aniline and
4-nitrobenzaldehyde to form the corresponding imine as a catalytic intermediate.
Additionally, we decided to compare the maximum rates of the triggered and non-
triggered systems to quantify the differences (Table 3.2). It can be seen that the triggered
aniline-release system shows a roughly two-fold increase in maximum rate of product
formation compared to the traditional aniline-catalysed system, whereas it is roughly
12.5-times faster than the background reaction. These findings show that DCv ureas can
not only be used for the triggered release of catalysts protected with the Fmoc-group, but
can also enhance traditional catalysis by releasing a second, catalytically active species
and increase reaction rates above the rate observed for each individual catalyst alone.
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Figure 3.3: Formation of acylhydrazone from benzhydrazide and 4-nitrobenzaldehyde over time
in 4:1 DMSO-de¢/D,0 at 40 °C. Black squares: background reaction between benzhydrazide (10
mM) and 4-nitrobenzaldehyde (10 mM). Green inverted triangles: addition of 100 mol% aniline.
Red circles: addition of 5 mM Fmoc-aniline and 50 mM DCv urea Ul. Blue triangles: addition of
50 mM DCv urea Ul. Violet squares: addition of 50 mM bulky base 1. The data points are
connected to guide the eye.

Table 3.2: Maximum rates and activation times of formation of acylhydrazone from
benzhydrazide (10 mM) and 4-nitrobenzaldehyde (10 mM) in the presence of different
catalytically active species as well as without catalysts (background reaction) in 4/1
DMSO-ds/D>0, derived from the conversion graphs in Figure 3.3. For systems where no
initial increase in reaction rate is observed, an activation time is not applicable (N/A).

System Maximum rate (mM/min)  Activation time (min)
DCv urea Ul + Fmoc aniline  0.033 £+ 0.001 130 +25

Bulky base 1 0.036 £ 0.001 N/A

Aniline 0.017 +0.003 50 £25

DCv urea Ul 0.0116 +0.0003 100 +£25

Background reaction 0.00264 + 0.00003 N/A
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Triggered elimination for the release of nitrile-/V-oxides

Next, we use an example in soft material formation to demonstrate the broad application
area of DCv ureas as dormant base release reagents. Here, the base eliminates hydrogen
chloride from bis-chlorooximes to release nitrile-NV-oxides in situ. These highly reactive
nitrile-N-oxides can react with acrylates to form isoxazolines, which we apply as a
crosslinking reaction in the formation of a polymer gel (Scheme 3.1 C). To demonstrate
this concept, we probed the formation of isoxazolines via 'H-NMR spectroscopy in a
small molecule test at elevated temperature. The result can be seen in Figure 3.4 A. As
base 1 is released from DCv urea U1, the formation of nitrile-N-oxide starts and leads to
the cycloaddition with methyl acrylate, resulting in the formation of the bis-cycloaddition
product (orange squares, Figure 3.4 A, in good agreement with literature data for aromatic
isoxazolines)*® over time. The hydrochloride salt of bulky base 1 is among the waste
species formed.

To put the concept of the in situ formation of nitrile-N-oxides to use, we decided to test
the heat-triggered gelation of the generated bisfunctional nitrile-N-oxides with
tetrafunctional 4-arm PEG acrylates (Ma = 10 kg/mol). Tests were performed with the
ethyl-based Ul and iso-propyl-based U2 DCv ureas. The 5% w/v solutions in 9/1
CHCIl3/DMSO were kept at room temperature for 24 h and heated to 45 °C thereafter.
Figure 3.4 B shows that the ethyl-based DCv urea Ul is a good candidate to enable a
temperature-triggered gelation via isoxazoline formation. All experiments start with a
clear solution of bischlorooxime, additive and 4-arm PEG acrylate. In the case of the iso-
propyl based DCv urea U2, a colourless transparent gel is formed within 12 h at room
temperature, whereas in the experiment with the ethyl-based DCv urea Ul, the solution
does not gel under the same conditions even after 24 hours. Upon heating the latter sample
to 45 °C for 3 hours, a transparent gel ultimately forms as well. These findings can be
attributed to the different equilibrium constants of the DCv ureas. For DCv urea U2,
where the equilibrium is more on the side of the free base than for DCv urea U1, gelation
can occur faster. The reference sample without additives on the other hand remained a
colourless solution over weeks. We performed a control by adding triethylamine as a free
base to the solution. In this case, we observed gelation within 90 minutes under ambient
conditions to form a transparent gel, suggesting that the gelation times can be tuned over
a wide range, depending on whether a free base or DCv ureas with varying bulkiness are
added to the solution of bischlorooxime and 4-arm PEG acrylate.
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Figure 3.4: Temperature-dependent gelation of a 5% w/v solution of bis-chlorooxime (2.0 eq.) and
4-arm PEG acrylate (1.0 eq.) in chloroform with the addition of 5 eq. (1.25 eq. relative to acrylate
and chlorooxime groups) of DCv ureas with different substituents. A) Reaction with a small
molecule acrylate tracked via '"H-NMR, 45 °C, in CDCl;. B) Time- and temperature-dependent
gelation upon addition of a free base and DCv ureas U1 and U2 to bis-chlorooxime.

Conclusion

We demonstrated that the species present in the equilibrium of DCv ureas can be used in
reaction cascades and as organocatalysts on demand. We show that the base released in
the urea equilibrium can be applied to 1) catalytically cleave the base-labile Fmoc
protecting group, releasing active organocatalysts which in turn catalyse the formation of
acylhydrazones above levels found for the free catalyst alone and 2) form highly reactive
nitrile-N-oxides in situ which can lead to the gelation with acrylates present in solution,
forming an isoxazoline polymer gel.

Further, we demonstrated that the temperature- and bulk-dependence of the urea
equilibrium as well as the reactivity of the released isocyanate species towards
nucleophiles can be employed to tune the urea equilibrium, reversibly and irreversibly, in
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a way that allows great control over the release of Fmoc-blocked aniline and nitrile-N-
oxides on demand.

We envisage that these findings have great potential in the design of responsive materials
which possess useful functionalities on demand. Especially the sensitivity of the urea
equilibrium at or near body temperature sets these triggered release-systems up for
potential uses in biomedical materials.

Our group is currently working on applying these equilibria in crosslinked materials to
design triggered, self-healing networks.

Experimental Section

Triggered hydrazone formation: Benzhydrazide (10 mM) and 4-nitrobenzaldehyde
(10 mM) were dissolved in 4/1 DMSO-ds/D20. The corresponding catalyst or DCv urea
was added and the solution was heated to 40 °C in a water bath and 'H-NMR spectra were
recorded over time with the probe head heated to 40 °C.

Triggered gelation: 200 pL. of a 9/1 CHCl:/DMSO 5% w/v solution of 4-arm PEG
acrylate (Mn = 10 kg/mol, 1.0 pmol, 10 mg) and bischlorooxime (2.0 eq., 2.0 umol,
0.47 mg) was prepared. 5.0 eq. triethylamine or DCv urea were added and the solution
were kept at room temperature. Gelation was probed via inverted vial test. After 24 hours,
the samples were heated in a water bath to 45 °C. A reference sample without base
additive was prepared.

Further experimental details, analysis and spectra can be found in the Supporting
Information.
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Supporting Information
General Information

Benzyl isocyanate and N, N-tert-butylethylamine were purchased from TCI Europe. N, N-
tert-butylisopropylamine and N-chlorosuccinimide were purchased from Thermo Fisher.
Butylamine, isophthalaldehyde, DMF and hydroxylamine hydrochloride were purchased
from Sigma Aldrich. 4arm PEG acrylate (Mn = 10 kg/mol) was purchased from JenKem
Technology USA. Ethyl acetate and ethanol were purchased from VWR International.
D20 and DMSO-ds were purchased from Eurisotop. Deionised water was made in our
laboratory. Unless stated otherwise, all chemicals were used as received. For water-free
experiments, anhydrous solvents were used. NMR spectra were recorded on an Agilent-
400 MR DD2 (399.67 MHz) instrument. Room temperature measurements were taken at
298 K. Heated experiments were performed and measured at 313 K. All quantified NMR
experiments were conducted as duplicates and the mean values were used. For DLS
experiments, a Malvern Zetasizer Nano ZS employing a 633 nm laser at a back-scattering
angle of 173° was used. Each data point was acquired from two measurements with at
least 10 runs each. The temperature in the cell was 25 °C.

Experimental Procedures

NMR experiments were performed by weighing out compounds, dissolving them in the
applicable solvent or solvent mixture and starting the measurements as soon as all
compounds had dissolved. For heated experiments, the probe head of the NMR
spectrometer was pre-heated to 40 °C before dissolving all compounds. Measurements of
"H-NMR spectra (8 scans) were taken at intervals of 2 to 30 minutes. The spectra were
analysed in Mestrenova after automated baseline- and phase-correction. For the
conversion of Fmoc-aniline, the olefinic dibenzofulvene protons as well as the aromatic
ortho- and para-protons of aniline were tracked. For the irreversible release of base from
DCyv urea Ul and DCv urea U2, the CHa-protons in the ethyl residue and the CH-proton
in the iso-propyl residue were tracked respectively. For the conversion in the
acylhydrazone experiments, the ortho-protons of 4-nitrobenzladehyde were tracked. For
an explanation of the NMR-analysis in detail, refer to the corresponding section below.
For all NMR-experiments, samples with a volume of 0.6 mL were prepared. For all Fmoc-
release studies, solutions with final concentrations of 5 mM Fmoc-aniline and 50 mM
DCv and non-DCyv urea were prepared. For acylhydrazone formation-tests, solutions with
final concentrations of 10 mM 4-nitrobenzaldehyde, 10 mM benzhydrazide, 10 mM
Fmoc-aniline and 50 mM DCv or non-DCv urea were prepared.

Gelation experiments were performed by dissolving the bischlorooxime (0.47 mg,
2.0 umol, 2.0 eq.) and 4-arm PEG acrylate (M = 10 kg/mol, 10.0 mg, 1.0 pmol, 1.0 eq.)
in 150 pL 9/1 chloroform/DMSO (the final solution equated to 5% w/v). In different vials,
solutions of DCv urea U1 (1.2 mg, 5.0 umol, 5.0 eq.), DCv urea U2 (1.2 mg, 5.0 umol,
5.0 eq.) and triethylamine (0.69 pL, 5.0 pmol, 5.0 eq.) in 50 pL of the solvent mixture
were prepared and added to each polymer solution. Gelation was tested via the inverted
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vial test. For heated gelation tests, the vials with the prepared solutions were submerged
in a water bath at the desired temperature.

Fmoc deprotection with different bases

To determine the rate constants of the Fmoc deprotection of Fmoc-aniline with varying
bases and solvent systems, the natural logarithm of the concentration of Fmoc-aniline was
plotted over time and a linear fit was performed. These experiments were performed twice
for each condition and the mean value of the rate constants and their standard deviation
were determined. For purpose of clarity, the mean value of each dataset (duplicates) was
plotted.
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Figure S3.1: natural logarithm of concentration of Fmoc-aniline over time in the presence
of different bases in DMSO-db, at 40 °C, monitored via 'H-NMR. A) 50 mM base 2, B)
50 mM base 3, C) 50 mM base 4, D) 50 mM base 1, E) base 2 in 4/1 DMSO-ds/D20.
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Side reaction of benzyl isocyanate with aniline

To rule out that the presence of an inflection point in the release kinetics of bulky bases
1 and 2 as well as aniline was due to the consumption of aniline by benzyl isocyanate, we
reacted benzyl isocyanate directly with aniline. To our surprise, this reaction proceeded
very slowly. The signals of N,N’-dibenzylurea are in accordance with literature' and were
not detected in our temperature-triggered release studies, ruling out the possibility of
aniline consumption by urea having an impact on the release kinetics.
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Figure S3.2: Cutout of '"H-NMR spectrum, showing reaction of aniline (50 mM) with
benzyl isocyanate (50 mM) in DMSO-ds. Compared to the reaction with benzyl amine
(main text Scheme 2), the reaction with aniline is negligible and the product signals were
not found in the experiments of triggered aniline release as well as acylhydrazone
formation.

Fmoc deprotection with DCv ureas Ul and U2

After determination of the rate constants of Fmoc deprotections with varying bases, the

deprotection was tested with DCv ureas U1 and U2 via '"H-NMR spectroscopy. For the

irreversible release of base in aqueous conditions, the CHz-signal of the ethyl group and

the CH-signal of the iso-propyl group in DCv ureas U1 and U2 were tracked respectively.

The conversion — in this and all following experiments — was calculated as follows:
integral(product)

conversion = - - - — % 100%
integral(product) + integral(starting material)
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Figure S3.3: reaction scheme and cutout of a selection of 'H-NMR spectra of DCv urea
U1 (50 mM) with Fmoc-aniline (5 mM) in 4/1 DMSO/D20 (0.6 mL) at 40 °C over time.
The signals indicated by a black and blue dot were used to track the conversion of Fmoc-
aniline to aniline, whereas the signals indicated by a red and green dot were used to track
the irreversible release of bulky base over time.
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Figure S3.4: reaction scheme and cutout of a selection of 'H-NMR spectra of DCv urea
U2 (50 mM) with Fmoc-aniline (5 mM) in 4/1 DMSO/D20 (0.6 mL) at 40 °C over time.
The signals indicated by a black and blue dot were used to track the conversion of Fmoc-
aniline to aniline, whereas the signals indicated by a red and green dot were used to track
the irreversible release of bulky base over time.

For the experiment under water-free conditions, the data was treated the same, however
no release of bulky base over time could be observed, hence only the degradation of
Fmoc-aniline over time was plotted, whereas the DCv urea U1 remained intact over the
course of the experiment.

To define the activation time of the irreversible water-containing release systems, the
derivative of conversion with time was plotted. The time when a global maximum and
hence the maximum conversion per time unit was reached, is defined as the activation
time of the system. This time gives an estimate of how sensitive the DCv ureas are to the
application of a trigger. The system with DCv urea U1 has a longer activation time
compared to the system containing DCv urea U2 due to its larger equilibrium constant.

42



This is shown exemplary for the release of aniline through the irreversible release of base
from DCv urea U2. The error of the activation time is defined as the time between two
measurement points.
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Figure S3.5: derivation of the conversion graph of the release of aniline from Fmoc-
aniline (5 mM) in the presence of DCv urea U1 (50 mM, top) and DCv urea U2 (50 mM,
bottom) at 40 °C in 4/1 DMSO-de/D20 (0.6 mL). The point with the highest conversion
rate is defined as the activation time of the system.
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Reference test: Fmoc deprotection with non-DCv urea U3

To confirm that the release of aniline from Fmoc-aniline is linked to the release of base
from DCv ureas U1 and U2, the same experiment was performed with a non-DCv urea
U3, which was synthesised from a primary amine and hence no release of base at elevated
temperature or in water is expected. In the 'H-NMR spectra, neither the characteristic
olefinic signal of dibenzofulvene, nor the release of aniline or the accumulation of
butylamine could be observed over 24 hours at 40 °C, showing that the DCv properties
of U1 and U2 are responsible for the release of aniline over time.
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Figure S3.6: cutout of 'H-NMR spectrum of non-DCv urea U3 with Fmoc-aniline in 4/1
DMSO/D20 at 40 °C over time.

Acylhydrazone formation

'H-NMR analysis
As in previous experiments, the analysis of the conversion of 4-nitrobenzaldehyde and
benzhydrazide to form the acylhydrazone was performed via 'H-NMR spectroscopy. For

this, the proton signals in ortho-position of the aldehyde group and acylhydrazone group
were tracked respectively.
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Figure S3.7: reaction scheme and cutout of a selection of 'H-NMR spectra of the
formation of acylhydrazone from 4-nitrobenzaldehyde (10 mM) and benzhydrazide
(10 mM) with 100 mol% aniline as a catalyst in 4/1 DMSO/D-0 (0.6 mL) at 40 °C over
time. The signals indicated by a red dot belong to the starting material (4-
nitrobenzaldehyde) and the signals indicated by a blue dot belong to the product.

Excluding catalytic effect of non-DCv urea U3

Due to the hydrolysis of the benzyl isocyanate that is present in the equilibria of DCv
ureas U1l and U2, dibenzylurea can form over time under aqueous conditions. To ensure
that the catalytic effects observed are exclusively due to the presence of aniline as well as
a bulky base and not the presence of a urea moiety, the acylhydrazone formation was
repeated in the presence of a non-DCv urea U3, added to the experiment in the same
concentration as the DCv ureas U1 and U2 in previous experiments (50 mM). The results
in comparison to the background show that no significant deviation is found. This lets us
conclude that the catalytic effect seen in experiments with DCv ureas U1 and U2 is due
to the irreversible release of a bulky base, as well as aniline, which both act as catalysts
in the formation of acylhydrazone.
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Figure S3.8: conversion of 4-nitrobenzaldehyde and benzhydrazide in 4/1 DMSO-
d6/D20 over time at 40 °C without the addition of catalytically active species, compared
to the formation over time in the presence of 5 eq. non-DCv urea U3. No significant
catalytic effect could be observed.

Determination of maximum rate and activation time

The activation times for the acylhydrazone system were determined analogous to the
Fmoc release system by plotting the derivative of conversion with time and determining
at what point in time the maximum rate was reached. These maximum rates for all
systems derived from these derivatives were compared to one another for a quantitative
analysis of the catalytic effect of the different systems (main text, Table 2).

Catalytic effect of benzyl amine side product and addition of hydrazone
formation rates

To better understand the combined effects that all different species have on the formation
of the hydrazone product, we decided to first overlay some of the rates from Figure 3.3
in the main text. To compare the rate of the triggered system to the individual rates of
different species, we combined the rate of the experiment with 100 mol% of aniline and
the experiment with 5.0 eq. DCv urea Ul. The addition of conversions of those two
graphs are relatively close to the rates of the triggered system, showing that the triggered
system reflects a combined catalysis of the species involved in the individual experiments

46



(compare red and green data points in Figure S3.9). To further look into how exactly the
catalysis of DCv urea U1 functions, we decided to also look into the catalytic effect that
the benzyl amine side product can have. Benzyl amine is, along with the bulky base,
released in the hydrolysis step of the isocyanate (Scheme 2, main text). We found that
benzyl amine also is an excellent catalyst, catalysing the reaction significantly over the
background reaction. However, in the triggered release system, benzyl amine is only
slowly released over time. This explains the comparatively low formation rate for the
DCv urea Ul alone, which combines the effect of bulky base and benzyl amine being
released over time (Figure 3.3, main text).
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Figure S3.9: background reaction in 4/1 DMSO-ds¢/D20 at 40 °C of benzhydrazide
(10 mM) and 4-nitrobenzaldehyde (10 mM) (grey squares), in the presence of 10 mM
Fmoc-aniline and 50 mM DCv urea U1 (red circles) and 100 mol% benzyl amine (blue
triangles). The green, inverted triangles represent an overlay of the rates of hydrazone
formation of the experiment with 100 mol% aniline and that with 50 mM DCv urea Ul.

DLS: Excluding the formation of supramolecular structures

To ensure that Fmoc-aniline or DCv ureas do not form any supramolecular structures
which may have an impact on the overall reaction rates or modes of catalysis, we
performed DLS measurements. We ran all samples in duplicates, both in unfiltered and
filtered (0.45 um PTFE filter) states. For all samples and the solvent reference, we found
nearly identical results and very low scatter counts (~ 200 kcps with the highest laser
attenuation possible). We only observed the presence of low levels of particles with a size
of approximately 1000 nm. These are very likely dust particles, as they appear in all
samples.
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Figure S3.10: DLS measurements. Intensity (%) plotted against size for pure solvent (4/1
DMSO/H20, blue line), 10 mM benzhydrazide with 10 mM 4-nitrobenzaldehyde, and

50 mM DCyv urea Ul (red line) and the same sample but additionally with 10 mM Fmoc-
aniline (grey line).
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Synthesis

O 0 2
1 min, RT ©/\

DCv urea U1 was prepared by dissolving 0.492 mL (4.0 mmol, 1.0 eq.) benzyl isocyanate
in 4 mL ethyl acetate and adding 0.664 mL (4.8 mmol, 1.2 eq.) N, N-fert-butylethylamine
(base 1) dropwise to the solution. After cooling to room temperature, the solution was
filtered through a silica plug with ethyl acetate to remove excess amine. The solvent was
removed under reduced pressure to yield 0.929 g (99%, 4.0 mmol) analytically pure
compound as a colourless solid.

'H-NMR (400 MHz, CDCls) & = 7.32 — 7.15 (m, 5H, CHuomatic), 4.56 (s, 1H, NH), 4.36
(d, J= 5.4 Hz, 2H, NHCH), 3.21 (q, J = 7.1 Hz, 2H, NCH>), 1.40 (s, 9H, C(CH:)3), 1.10
(t,J = 7.2 Hz, 3H, NCH:CH:).

BC-NMR (101 MHz,CDCls) & = 158.49, 140.14, 128.70, 127.73, 127.21, 56.23, 44.89,
39.21, 29.81, 16.78.

ESI-MS: calculated for [C1aH23N20]": 235.18; found: 235.01.

The data is in accordance with literature.?

. HN |n EA
1 min, RT ©/\

DCv urea U2 compound was prepared by dissolving 0.494 mL (4.0 mmol, 1.0 eq.) benzyl
isocyanate in 4 mL ethyl acetate and adding 0.761 mL (4.8 mmol, 1.2 eq.) NN-
tert-butylisopropylamine dropwise to the solution. After cooling to room temperature, the
solution was filtered through a silica plug with ethyl acetate to remove excess amine. The
solvent was removed under reduced pressure to yield 0.993 g (quant., 4.0 mmol)
analytically pure compound as a colourless solid.

'"H NMR (400 MHz, CDCL3) § = 7.41 — 7.21 (m, SH, CHuromaic), 4.78 (s, 1H, NH), 4.41
(d,J=5.6 Hz, 2H, NHCH>), 3.65 (hept, J = 6.9 Hz, 1H, NCH), 1.36 (s, 9H, C(CH5)), 1.26
(d, J = 6.9 Hz, 6H, CH(CH:)2).

BCNMR (101 MHz, CDCl3) § = 160.46, 139.48, 128.68, 127.90, 127.49, 127.27, 56.17,
4591, 44.61, 29.11, 23.55.

ESI-MS: calculated for [Ci1sH2sN20]": 249.19; found: 248.94.

The data is in accordance with literature.?
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Non-DCv urea U3 was prepared by dissolving 0.494 mL (4.0 mmol, 1.0 eq.) benzyl
isocyanate in 10 mL ethyl acetate and adding 0.475 mL (4.8 mmol, 1.2 eq.) I-butylamine
dropwise to the solution. After cooling in an ice-bath for 15 minutes, the precipitate was
filtered and washed with cold EA to yield 0.250 g (30%, 1.2 mmol) analytically pure
compound as a colourless solid.

'H NMR (400 MHz, CDCL) & = 7.36 — 7.25 (m, 5H, CHaromatc), 4.65 (s, 1H, PACH:NH),
4.40 — 430 (m, 3H, PhCHo, NHCH2CHy), 3.16 (td, J = 7.1, 5.7 Hz, 2H, NHCH), 1.51 —
1.41 (m, 2H, NCH2CH), 1.38 — 1.25 (m, 2H, CH3CH), 0.90 (t, J = 7.3 Hz, 3H, CHj).

BC NMR (101 MHz, CDCls) & = 158.47, 139.43, 128.75, 127.56, 127.41, 44.66, 40.46,
32.39, 20.12, 13.90.

ESI-MS: calculated for [C12H19N20]*: 207.15; found: 207.17.

The data is in accordance with literature.?

Gk gy e L G A0
L) 2 | L)

An adapted literature procedure was followed.* Fmoc-aniline was prepared by adding
0.181 mL (0.186 g, 2.0 mmol, 1.0 eq.) aniline and 0.621 g (2.4 mmol, 1.2 eq.) Fmoc-
chloride to 3 mL water. The reaction mixture was heated to 60 °C and stirred for 2 hours.
The precipitate was filtered after cooling the reaction mixture to room temperature. The
slightly yellow solid was then recrystallized from ethanol to yield 0.283 g (45%,
0.9 mmol) analytically pure product as colourless needles.

"H NMR (400 MHz, CDCL) & = 7.79 (d, J = 7.6 Hz, 2H, CHuromatc), 7.62 (d, J = 7.5 Hz,
2H, CHaroma[ic), 747 —17.27 (m, 8H, CHaromatic), 7.08 (td, J= 72, 1.3 HZ, IH, CHaromatic),
6.65 (s, 1H, NH), 4.55 (d, J = 6.6 Hz, 2H, CH:0), 4.29 (t, ] = 6.6 Hz, 1H, CHCH:0).

13C NMR (101 MHz, CDCls) 8 = 143.89, 141.52, 129.22, 127.93, 127.27, 125.09, 123.76,
120.19, 66.98, 47.29.

ESI-MS: calculated for [C21H1sNO2]*: 316.13; found: 315.74.

The data is in accordance with literature.*
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The bisoxime of isophthalaldehyde was prepared according to a modified literature
procedure.’ 2.50 g (18.6 mmol, 1.0 eq.) isophthalaldehyde and 3.03 g (43.6 mmol,
2.34 eq.) hydroxylamine hydrochloride were dissolved in 19 mL 1:1 EtOH/H2O. After
cooling to 0 °C, an aqueous solution of 3.9 g sodium hydroxide was added and the
mixture stirred for one hour. It was cooled for one hour at —20 °C and the resulting
precipitate was filtered and recrystallized from methanol to yield 1.99 g (65%,
12.1 mmol) of an off-white powder.

\

"H NMR (400 MHz, CDCl3) 6 = 11.30 (d, J = 2.2 Hz, 2H, OH), 8.16 (s, 2H, COH), 7.80
(S, 1H, CHdromatic), 7.59 (d, J=177 HZ, 2H, CHaromatic), 7.42 (t, J=8.0 HZ, IH, CHaromatic).

The data is in accordance with literature.® The second synthetical step was conducted
without further analysis.

N N NCS IN IN
I I RT, 25 min
H H —m—mm>» Cl Cl
in DMF

The bischlorooxime of isophthalaldehyde was prepared according to literature
procedure.’ 0.820 g (5.0 mmol, 1.0 eq.) of isophthalbisaldoxime was dissolved in
1.65 mL anhydrous DMF. N-chlorosuccinimide (1.402 g, 10.5 mmol. 2.1 eq.) were added
and the slightly yellow suspension was stirred at room temperature for 25 minutes, upon
which the suspension cleared up under a release of heat. The solution was cooled to room
temperature and poured into 15 mL of H20. The aqueous phase was extracted twice with
15 mL EA each. The organaic phase was then washed twice with 25 mL H2O each and
dried over anhydrous MgSOa. The solvent was removed under reduced pressure to yield
934.7 mg (80%, 4.0 mmol) of analytically pure product as a colourless solid.

1H NMR (400 MHZ, DMSO-d6) 6=12.58 (S, 2H, OH), 8.21 (br S, lH, CHdromatic), 791
(br S, 2H, C]‘Iaromatic), 7.59 (t, J=79 HZ, lH, C[‘Iammatic).

BC NMR (101 MHz, DMSO-ds) § = 134.70, 133.08, 129.46, 128.26, 124.34.

The data is in accordance with literature.’
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Chapter 4

Dynamic Covalent Urea-Catalysed Self-Healing of
Thiol-Maleimide Networks

Abstract

Covalent adaptable networks (CANs) offer promising features such as self-healing,
malleability, and recyclability. Yet, some of the chemistries used in CANs suffer from
downsides such as high self-healing temperatures or low mechanical strength. Here, we
introduce a synergistic dual CAN based on a DCv thiol-maleimide network with a
catalytic amount of DCv urea bonds in the backbone. The base present in the DCv urea
equilibrium acts as heat-triggered catalyst to accelerate the thiol-maleimide exchange,
leading to improved self-healing at lower temperatures without the need for externally
added catalysts. This concept offers a new pathway towards CANs which are stable at
room temperature, yet exhibit excellent self-healing capabilities at temperatures far below
the 90 °C required for uncatalysed DCv thiol-maleimide CANS.
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Introduction

Self-healing materials are a promising field of research, as they demonstrate sought after
properties such as degradability, reprocessability and healing after damage.! ' Although
there are distinct ways to design and realise self-healing materials such as the
microencapsulation of a healing agent,'! presence of excess monomer,'? photo-induced
crack healing,!® or through intrinsically dynamic supramolecular chemistry,'* Dynamic
Covalent Chemistry (DCvC) has emerged as the primary toolkit to engineer materials on
a molecular level so that they demonstrate self-healing properties.*!%!> DCvC describes
any chemistry in which bonds can be reversibly broken and formed again, such as
disulfide,'® boronic ester,'” or vinylogous urethane linkages,'® among many others.”!>!%-
28 Self-healing materials based on DCvC are typically referred to as covalent adaptable
networks (CANs). %’

Downsides of many CANSs are that high temperatures are necessary to effectively induce
self-healing,’ and that materials exhibiting self-healing at lower temperatures typically
tend to be weaker due to a higher dynamicity of the bonds.?’ Some strategies exist to tune
the kinetics of self-healing and the temperature at which self-healing occurs for a given
chemistry, such as the introduction of external catalysts,**3? internal catalysts built into
the polymer network and neighbouring group participation,®3# the introduction of
several synergistic DCv bonds,*® molecular design,***’ as well as variations of the
macromolecular architecture of a network.*' However, precise tuning of self-healing
kinetics and temperatures still remains a challenge and the addition of external catalysts
often suffers from significant downsides such as leaching over time.*®

We sought two chemistries that can be combined into one CAN, where a catalytic species
that is latently present in one dynamic bond can catalyse the exchange of the other moiety.
Two promising DCv units that have recently been applied to realise CANs are Dynamic
Covalent (DCv) ureas,? as well as DCv thiol-maleimide adducts.*>** On the one hand,
DCv ureas (Figure 4.1a) have been introduced in a material context by J. Cheng and
coworkers in 2014.%° Ureas are typically thought to be highly stable and typically only
dissociate in harsh conditions.** Due to the steric bulk that has been introduced on one of
the nitrogen atoms, the C-N bond is weakened and the formation of the urea from amine
and isocyanate becomes highly reversible. The group around J. Cheng used this feature
to develop a material which could be degraded, reprocessed, as well as healed under
relatively mild conditions.? Since then, DCv ureas have been applied in diverse, self-
healing materials (see also Chapter 2 and 3 of this Thesis).** On the other hand, thiol-
Michael adducts have already been found to be reversible decades ago,*® and studied for
use in dynamic combinatorial chemistry and self-healing materials since then.>!-3
Despite the success of thiol-Michael reactions in general and the thiol-maleimide click
reaction specifically,’” thiol-maleimide adducts have received relatively sparse attention
in the field of self-healing materials and have only recently been observed to be dynamic
as well (Figure 4.1b).*> They have subsequently been applied in materials that can

exchange and self-heal at increased temperature, in response to a thiol signal, or at high
pH. 41435859
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Here, we introduce a strategy to combine these two DCv self-healing units, DCv ureas
and DCv thiol-maleimide adducts, into one synergistic dual CAN, where one moiety
catalyses the exchange of the other. Specifically, we will incorporate a catalytic amount
of DCv urea units into a thiol-maleimide-based network, to enable the free base in the
DCv urea equilibrium to catalyse the thiol-maleimide exchange reaction and effectively
reduce the self-healing temperature of these networks upon applying heat as a trigger
(Figure 4.1c). This strategy overcomes the problem of catalyst leaching and endows the
DCv urea moieties in the network both with a catalytic, as well as self-healing function
which becomes more pronounced at elevated temperature where urea dissociation into
isocyanate and catalytically active amine is favoured. We study the kinetics of this system
on a small-molecule scale to understand the role that the bulkiness of the DCv urea plays
and compare a synergistic dual CAN with a thiol-maleimide network containing an
externally added base catalyst, as well as with a thiol-maleimide network without the
addition of any catalysts, to understand the role that each species plays in the self-healing
process.

a) previous work: DCv urea networks b) previous work: DCv thiol-maleimide c) this work: synergistic dual CAN
networks
o
L 7
T b‘ ~
R
o
u |
N
N//C//O * HE )j\ N
° /
. . amine from DCv urea catalyses exchange:
self-healing at > 35 °C self-healing at > 90 °C improved self-healing at lower temperatures

Figure 4.1: Self-healing networks applied in this work. a) Dynamic covalent (DCv) urea
CAN.?” b) DCv thiol-maleimide CAN.*>* ¢) this work: combination of both DCv urea
and thiol-maleimide units into a synergistic dual CAN.

Results and Discussion
Choice of Michael acceptor, nucleophile, and solvent

In previous work, we have shown that the base in the equilibrium of DCv ureas can be
utilised as catalytic species and latent reagents.®® One of the challenges remaining in this
work was the fact that to trigger the crosslinking of a material, equimolar amounts of an
external DCv urea species had to be added to the system, and the resulting network was
not dynamic. We envisioned that by finding another class of reactions where DCv ureas
can act as heat-triggered exchange catalysts, we could develop a synergistic dual CAN,
offering control over the self-healing kinetics and overcoming catalyst leaching. The
addition of thiols on Michael acceptors has received copious attention in the past years,’
with extensive studies on the impact of different thiols, Michael acceptors and catalysts
on the overall reaction rates.*>*%61-%4 These addition reactions are typically catalysed by
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an amine base, which makes them an interesting choice for applying DCv ureas as heat-
triggered, catalytic species. In initial tests we found that less reactive Michael acceptors
such as fumarates or acrylamides are not suitable candidates for a heat-triggered
synergistic dual CAN. We eventually settled on the addition of B-mercapto esters on
maleimides (Figure 4.2b, c). This reaction proceeds smoothly and with high yields and
the resulting thiol-maleimide adducts can undergo exchange reactions in the presence of
thiols, making them dynamic.*!**°8 Furthermore, the kinetics can be tuned with the choice
of solvent, with more polar solvents stabilising the charged intermediate and enhancing
the rates of both the addition, as well as the exchange reaction, offering another level of
contro] 3861-63

Effect of temperature and DCyv urea stability on kinetics

To understand how to design a polymer containing both DCv ureas and DCv thiol-
maleimide units, we determined the thiol-maleimide addition and exchange kinetics at
two different temperatures via 'H-NMR spectroscopy in the presence of catalytic amounts
of three different DCv ureas with vastly different equilibrium constants, ranging from
5600 to > 107 M, 247 and their corresponding free bases (Figure 4.2a). Testing different
DClv urea structures allows us to decide which bulkiness is suitable for sufficient stability,
yet good catalytic action in the thiol-maleimide exchange reaction.

For the thiol-maleimide addition, we studied the reaction of ethyl 3-mercaptopropionate
2 with N-methylmaleimide 1 in dimethyl carbonate (DMC) (Figure 4.2b) to yield adduct
3. The least stable DCv urea TBIPU and its free base TBIPA showed the fastest kinetics
as expected (Figure 4.2c). However, due to significant side reactivity of the thiol with the
free isocyanate in the DCv urea equilibrium (see SI), TBIPU was eliminated as a potential
candidate for a material application. The other two DCv ureas, TBEU and DIPU, showed
no side reactivity under the same conditions. This is likely due to the negligible amount
of free isocyanate and the slower addition kinetics of thiols on isocyanates compared with
maleimides.®! The reaction in the presence of TBEU and DIPU demonstrated a low
reactivity at 25 °C, and a roughly 2.5-fold decrease in the maleimide half-life at 45 °C for
TBEU and an approximately 12.5-fold decrease for DIPU, demonstrating that these two
urea moieties are promising candidates for heat-triggered addition reactions.

Upon establishing the kinetics of the addition reaction in the presence of DCv ureas, we
proceeded to study the thiol-maleimide exchange. For this, we investigated the exchange
of an aromatic thiol-maleimide adduct 4 with thiol 2 to yield adduct 3 and thiol 5 in 2/1
DMC/DMSO as a model to simulate the exchange process in a thiol-maleimide material
(Figure 4.2d). The more polar solvent mixture was needed to facilitate the exchange
process which is much slower than the addition reaction. This is in alignment with
previous literature which has shown that the retro-Michael addition is the rate-
determining step, with polar solvents stabilising the charged intermediate.’® Looking at
the results (Figure 4.2¢), we observed similar trends as for the addition reaction. The
exchange reaction in the presence of TBEU shows slow kinetics at 25 °C (f12= 738 +
21 h), whereas the reaction with DIPU as well as the uncatalysed reaction show no
significant reactivity over 1 month. At 45 °C, the exchange with TBEU shows a 9-fold
decrease in half-life of 4, with DIPU also showing a catalytic activity at 45 °C, despite
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not exhibiting any reactivity at 25 °C. Compared to the uncatalysed exchange reaction, a
10-fold and 5-fold decrease in half-life can be observed in the presence of TBEU and
DIPU at 45 °C, respectively.

Combined, these findings show that DCv ureas of medium (TBEU) and high stability
(DIPU) are suitable candidates for the heat-triggered catalysis of thiol-maleimide addition
and exchange reactions, whereas DCv ureas of low stability (TBIPU) show significant
side reactivity and are thus not suitable. Both TBEU and DIPU show very low to no
catalytic effect at 25 °C and exhibit a 5- to 10-fold acceleration of the thiol-maleimide
exchange process at 45 °C, compared to the uncatalysed reaction. Further, this shows that
the bulkiness of the DCv urea can be used to tune both the overall kinetics of thiol-
maleimide addition and exchange reactions as well as the responsiveness to a change in
temperature, with more stable DCv ureas leading to a larger increase in reaction rates at
elevated temperatures compared with ambient conditions.
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Figure 4.2: half-life of thiol-maleimide addition and exchange reactions in the presence
of different catalysts at 25 °C and 45 °C. a) The different DCv ureas and free bases used
to study their impact on the addition and exchange kinetics, and the DCv ureas’
corresponding equilibrium constants, as determined by J. Cheng and coworkers, for
TBEU,*” DIPU, and TBIPU (different substituents on NH).?’ b) DCv urea-catalysed thiol-
maleimide addition. ¢) Half-life of N-methylmaleimide 1 with thiol 2 in the presence of
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50 mol% different bases and DCv ureas at 25 °C (orange) and 45 °C (green). d) DCv
urea-catalysed thiol-maleimide exchange. e) Half-life of aromatic thiol-maleimide adduct
4 with thiol 2 in the presence of different bases and DCv ureas at 25 °C (orange) and 45
°C (green). All error bars were determined as the standard deviation from duplicates of
"H-NMR kinetic experiments.

DCv urea catalysed dual self-healing networks

Next, we implemented these findings from small-molecule DCv ureas and thiol-
maleimide adducts into a crosslinked, synergistic dual CAN. For this, a linear, maleimide-
functionalised DCv poly(ureaurethane) was prepared, which can subsequently be
crosslinked with bis- or polyfunctional thiols. The polymer was synthesised according to
general literature procedures for DCv poly(ureas) and poly(urethanes) (see Methods).5>~
7 For our synergistic dual CAN (Figure 4.3a), we chose to incorporate a catalytic amount
of 5% bulky base and 95% maleimide-functionalised diol as crosslinking sites relative to
the diisocyanate. As a reference material, we synthesised the same polymer, but replaced
the bulky base with triethylene glycol as a chain extender (80% total), and lowered the
maleimide content to 20%. The higher maleimide-content of the synergistic dual CAN
does somewhat limit the comparability of the two materials, but was necessary to
synthesise a polymer that would crosslink. A maleimide content where both the
synergistic CAN and the reference network form chains of similar length and undergo
crosslinking needs to be determined and more experiments with the same maleimide
content in both materials will need to be performed to verify the findings further. The
reference polymer was tested uncatalysed, as well as in the presence of 5% externally
added bulky base (same amount as in the synergistic dual CAN, Figure 4.3a). To each
sample, bisthiol (ethylene glycol bis(3-mercaptopropionate), see Figure 4.3a) was added
to crosslink the maleimide-functionalised polymer in situ on the rheometer. The gelation
was tracked via a time sweep at 50 °C. Upon reaching a plateau, stress relaxation tests
were conducted at 45 °C. It can be seen (Figure 4.3c) that the dual synergistic CAN shows
the fastest, most efficient stress relaxation over 5.5 hours (20,000 seconds) at 45 °C. The
reference material in the presence of externally added base shows a stress relaxation
response as well, although significantly slower than the dual synergistic CAN. Finally,
the reference material without any base doesn’t show a meaningful stress relaxation
response under the tested conditions. To further consolidate these findings, we performed
frequency sweeps at 45 °C (Figure 4.3d). Frequency sweeps have been shown in literature
to be a good tool to identify and quantify self-healing behaviour.%® An increase in tan &
towards lower frequencies indicates a liquid-like behaviour which is characteristic for
self-healing materials.®® Indeed, both the synergistic dual CAN, and the reference material
in the presence of base do show self-healing behaviour at lower frequencies. Comparing
the frequencies at which tan 6 shows an inflection for the different materials (Figure 4.3d)
demonstrates that the synergistic dual CAN is more readily self-healing with liquid-like
behaviour up to approximately 30 rad/s, whereas the reference material in the presence
of base already shows an inflection of tan ¢ at approximately 3 rad/s. The reference
material without base doesn’t show any self-healing behaviour in the tested frequency
range. These findings indicate that the integration of DCv urea bonds into a DCv thiol-
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maleimide network significantly improve self-healing at temperatures as low as 45 °C.
More tests are needed with non-DCv crosslinks to test the role that the catalytic DCv urea
bonds play in the improved self-healing. With a few further tests, we envision that this
material can be utilised as a more readily self-healing CAN. In addition to the improved
self-healing capabilities that we demonstrate in this work, it has been shown in literature
that the utilised chemistry allows for ready degradability in the presence of monothiol,
making this material a versatile candidate for applications where both self-healing at low
temperatures, as well as simple degradability are required.’>>
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Figure 4.3: rheological comparison of the self-healing behaviour of an uncatalysed DCv
thiol-maleimide network, a base-catalysed DCv thiol-maleimide network, and the
synergistic dual CAN. a) scheme to show the crosslinking of the linear maleimide-
functionalised DCv poly(ureaurethanes). b) schematic structures of the synergistic dual
CAN and the two reference materials without DCv urea units. ¢) normalised stress
relaxation curves at 45 °C for all three materials. d) tan(d) of frequency sweeps for all
three materials at 45 °C.
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Conclusion

Utilising two different DCv chemistries, we show how the species in the equilibrium of
one bond can catalyse the exchange of the other in response to heat. This allows for a
synergistic dual CAN with improved self-healing at lower temperatures compared to
uncatalysed thiol-maleimide CANs. Further, we investigate how the bulkiness of DCv
ureas can be used to tune the kinetics and responsiveness to changes in temperature of
thiol-maleimide addition and exchange reactions, opening up yet another application for
DCv ureas beyond self-healing alone. These findings offer a new level of flexibility over
important self-healing parameters while overcoming crucial issues such as catalyst
leaching or low stability at ambient conditions. We envision future applications where
DCyv bonds are combined with synergy in mind, to enable more flexible, adaptable, and
degradable CANs with improved properties.

Methods
Polymer synthesis

The linear polymer containing DCv urea and maleimide units is synthesised by dissolving
803 puL hexamethylene diisocyanate (5.0 mmol, 1.0 eq.) in 5 mL anhydrous 1,4-dioxane
(¢ = 1 M) under nitrogen in a dry round bottom flask. Under ice cooling and stirring,
N,N’-di-tert-butylethylenediamine (0.05 eq.) is added dropwise. The ice bath is removed
and the maleimide monomer (0.95 eq.), and triethylamine (0.1 eq.) are added. The
reaction mixture is heated to 70 °C overnight under nitrogen (typically ~16 hours). The
solvent and catalyst are removed immediately under high vacuum. The polymer is
redissolved in approximately 5 mL anhydrous 1,4-dioxane and the solvent is removed
once more under high vacuum to ensure full removal of all volatiles. For the reference
polymer, 0.2 eq. maleimide monomer and instead of N, N -di-tert-butylethylenediamine,
0.8 eq. triethyleneglycol are added to make a polymer containing only maleimide side
chains and no DCv urea moieties.

NMR Kkinetics

To ensure quantitative measurements, T1 measurements were taken for all compounds
and the delay between scans is set to 5 times the longest T1 time (see SI). For thiol
maleimide additions, a 25 mM solution of N-methylmaleimide, 25 mM ethyl 3-
mercaptopropionate, and 12.5 mM of the catalyst (base or DCv urea) is prepared in
dimethyl carbonate. A glass insert containing a 10 mM solution of sodium
trimethylsilylpropanesulfonate in D2O is inserted into the NMR tube and the PRESAT
measurements at different time intervals are started. Between each measurement, the
tubes are places in a water bath at 25 °C or 45 °C. For thiol maleimide exchange reactions,
the same procedure is used, but the solvent mixture is 2/1 dimethylcarbonate/DMSO-ds.
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Rheology

For all rheological measurements, 10 %w/v solutions of the polymer are prepared by
weighing out the final, purified polymer and dissolving it in the appropriate volume of an
anhydrous mixture of 2/1 propylene carbonate/DMSO. The volume of the final solution
is determined volumetrically to calculate the concentration of active maleimide units. For
each rheology experiment, 650 pL of the solution are mixed with 0.5 eq. of the bis-thiol
relative to the amount of maleimide units (e.g. if a polymer batch with 1.0 mmol
maleimide monomer yields 15 mL final 10 %w/v solution, then 650 pL solution contain
0.043 mmol maleimide, and 0.022 mmol bis-thiol are added). The mixture is immediately
applied to the rheometer plate (stainless steel stage with a 40 mm Peltier parallel plate)
and the plate is lowered to the geometry gap of 500 um. The crosslinking process is
tracked via a time oscillation experiment (1 % strain, 1 Hz) at 50 °C until a plateau is
reached. Upon achieving full crosslinking, the material is equilibrated for 10 minutes at
45 °C. Stress relaxation tests (1 % strain, 0.01 s strain rise time), frequency sweeps (1 %
strain, 0.001-10 Hz), and amplitude sweeps (1 Hz, 0.1-1000%) are performed at 45 °C
as shown in the paper and supplementary information.
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