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Propositions
Belonging to the thesis:
Host-guest complexation integrated in Chemical reaction networks
By Guotai Li
. Science sometimes gives the answer before stating the question.

. As a researcher, it is not often that one can make great progress, but even a tiny step
forward is a success to extend human knowledge.

. Slow but steady wins the race, since correcting mistakes wastes more time.

. Control experiments take extra time and work, but it is always necessary to avoid
controversial mistakes.

(chapter 4 of this thesis)

. Like much in chemistry, CB[8] solubility is mysterious, and careful attention has to be
paid to what exactly happens.

(chapter 4-6 of this thesis)

. Compared to biological systems, man-made out-of-equilibrium chemical systems are
still in their infancy, but considering more than 4 billion years spent by natural evolution
to achieve this, we are doing a good job.

. The design of specific organic reactions in water is essential to make chemistry in water
a reality, not just simply changing the solvents of a reaction.

(Chem. Sci., 2021, 12, 4237-4266)
. Supramolecular chemistry had been used and studied long before its definition.
(chapter 1 in this thesis & Supramolecular Chemistry—Fundamentals and Applications)

. Research in different disciplines is more and more closely linked together, as for example
supramolecular encapsulation can be used to control the activity of organocatalysts.

(chapter 3 of this thesis)

10. “Small molecule, big effects” continues to play a big role in chemistry and molecular
materials research.

These propositions are regarded as opposable and defendable, and have been
approved as such by promoter Dr. R. Eelkema and Prof. Dr. J. H. van Esch.
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Chapter 1

Introduction

Chemistry is moving fast from the study of isolated and static structures to the
investigation of multicomponent responsive systems over the last decates.! This
evolution is inspired by nature’s dynamic features with sophisticated functionality by
changing the structures of building blocks to control their assembly/disassembly
through all kinds of chemical reactions.? Mimicking nature, scientists have developed
various ‘life-like’ self-assembling systems, responsive or adaptive to environmental
variation, showing promising application in drug delivery®*, sensing, molecular imaging®
and so on.® More recently, out-of-equilibrium assembly is increasingly attracting
researchers’ attention since these systems possess the functions of self-replication,
feedback, self-healing and signals amplification in a higher dynamic level as reported.””
®However, despite these elegant works, our ability to spatiotemporally control assembly
processes is still in the infancy.!® Therefore, in this thesis, we aim to investigate and
explore possibilities and potential of supramolecular systems under control of chemical
reaction networks, with a focus on host-guest complexation.

1.1 Host-guest complexation

Long before the field of supramolecular chemistry was initiated, host-guest chemistry
was known for its molecular recognition properties,'! which can date back to 1967 with
the discovery of crown ethers able to bind certain metallic ions. The Nobel Prize in
Chemistry 1987 was awarded jointly to Cram, Lehn and Pedersen for their “development
and use of molecules with structure-specific interactions of high selectivity" in this area.
Regarded as molecular recognition which can be widely found in bio-recognition
processes, such as enzyme-substrates (Figure 1.1a) and antigen-antibody interactions,
host-guest interaction has enormous value in both biological and chemical applications.
Beside crown ethers, various macrocyclic host molecules and their derivatives have
been developed including calixarenes, cyclodextrins, cyclophanes, cucurbit[n]urils
(CB[n]), pillar[n]arenes etc. Among them, CB[n] family is young but promising one since
the guest binding affinity and selectivity of CB[n] are generally higher than those of many
other synthetic receptors (Figure 1.1c).'? Because of this, we mainly use CB[7] and CB[8]
in this thesis. Furthermore, CB[n] shows strong affinity toward cationic guests, moderate
to neutral guests, and very little to anionic guests. We used this as a the basic principle
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for selecting guest molecules and designing chemical reactions to tune assembly.
Encapsulated by CB[n], guest molecules can have enhanced stability, solubility, lower
cytotoxicity, increased optical properties or catalytic activities, enabling application in
drug delivery, molecular sensing and catalysis. Moreover, based the host-guest
interaction, materials such as hydrogel, micelles, framework and so on can be
constructed.

(a) Enzyme (

b)
Allosteric site K “
Active Site e / . + ! e, ‘ ’
—
AN

— inhibitor
v

Altered active site

Guest Host Complex

"NMe;

<NMe

K,=7.2% 107 M1

Substrate

CB([7]

Figure 1.1 Schematic representation of allosteric regulation of enzyme by
an inhibitor, adapted from Ref 3 (a); Dynamic host-guest complex
assembly with their binding constant Ka (b); Structure of CB[7] and an
ultrastable guest pair'® with Ka = 7.2 x 10 M (c).

1.2 Chemical reaction networks in supramolecular chemistry

Signalling cascades are essential to the processes in living cells, regulating specific
cellular functionalities and biological events. Signalling cascades are a series of chemical
reactions, where each step is involved to respond effectively to environmental changes.
On the other hand, supramolecular polymers are sensitive to external stimuli due to the
dynamic nature of noncovalent interactions including hydrogen bonding, m-n stacking,
and electrostatic interactions in their building blocks. Any chemical reactions influencing
the strength of these noncovalent bonds can result in the assembly/disassembly of
supramolecular materials. Recently, chemical reaction networks (CRN) are applied to
designing out-of-equilibrium supramolecular assembly”'>!® (Figure 1.2). A typical
chemical reaction network driving a supramolecular system out-of-equilibrium consists
of at least two competing reactions: activation of precursor to form building blocks by
molecular fuels and depletion of building blocks through reaction with environmental
substrates. By controlling the reaction rate of activation and deactivation, life time of
supramolecular materials can thus be regulated accordingly.
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Figure 1.2 Timeline of various chemical reaction cycles developed to
control the assembly and disassembly of supramolecular system. Adapted
from ref.15.

In turn, the kinetics of reactions can be tuned by supramolecular assembly involved with
their reactants, catalysts, intermediates and products. An important example in nature
is in enzymatic reactions, where small molecules can bind to the enzyme, causing
changes of the enzymatic activity and regulating the reaction rate.!” Macrocycles have
also proven to be promising in controlling chemical reactions by use as nano-reactors,
for transition-state stabilization, catalysis inhibition and enhancement.® Moreover, out-
of-equilibrium system recently are engaged into the control of reaction rate by affecting
catalytic properties. 12!

1.3 Main research goals

Currently most of the host-guest assembly studies concern thermodynamic equilibrium
states, seldomly coupled to chemical reactions to regulate their properties. Their
combination could help to acquire more advanced functionality.

Therefore, in this thesis we hope to integrate chemical reaction networks with host-
guest complexation. By this, the properties of materials based on host-guest interactions
can be regulated by chemical signals, and the rates of chemical reactions can be tuned
by host-guest complexation. Ultimately it would pave the way for designing advanced
artificial responsive and functional materials.

1.4 Thesis outline
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This thesis reports on the relationship between host-guest complexation and chemical
reactions with different research aims in each chapter. After this general introductory
chapter, the second chapter provides a literature overview on out-equilibrium system
based on host-guest interaction. The third chapter describes a host-guest strategy for
the tuneable control of organocatalysts. The fourth chapter describes an attempt to
build a new out-of-equilibrium system based on host-guest interaction by chemical fuels.
The fifth chapter presents work where host-guest aggregation is triggered by biological
signals through cascade reactions. In the sixth chapter, we applied the chemical signals
into the release of drug guest molecules from macrocyclic encapsulation. We finish this
thesis with a summary of the work.

1.5 Reference

(1) Mattia, E.; Otto, S. Supramolecular Systems Chemistry. Nat. Nanotechnol. 2015,
10(2), 111-119.

(2) Goodsell, D. S. Molecular Machines. In The Machinery of Life; Springer New York:
New York, NY, 2009; Vol. 47, pp 8-26.

(3) Zhang, A.; Jung, K.; Li, A.; Liu, J.; Boyer, C. Recent Advances in Stimuli-Responsive
Polymer Systems for Remotely Controlled Drug Release. Prog. Polym. Sci. 2019,
99, 101164.

(4) Braegelman, A. S.; Webber, M. J. Integrating Stimuli—Responsive Properties in
Host—Guest Supramolecular Drug Delivery Systems. Theranostics 2019, 9 (11),
3017-3040.

(5) Shi, X.; Zhang, X.; Ni, X. L.; Zhang, H.; Wei, P.; Liu, J.; Xing, H.; Peng, H. Q.; Lam, J.
W.Y.; Zhang, P.; Wang, Z.; Hao, H.; Tang, B. Z. Supramolecular Polymerization
with Dynamic Self-Sorting Sequence Control. Macromolecules 2019, 52 (22),

8814-8825.

(6) Kolesnichenko, I. V.; Anslyn, E. V. Practical Applications of Supramolecular
Chemistry. Chem. Soc. Rev. 2017, 46 (9), 2385-2390.

(7) Van Rossum, S. A. P.; Tena-Solsona, M.; Van Esch, J. H.; Eelkema, R.; Boekhoven,

J. Dissipative Out-of-Equilibrium Assembly of Man-Made Supramolecular
Materials. Chem. Soc. Rev. 2017, 46 (18), 5519-5535.

(8) Sharko, A.; Livitz, D.; De Piccoli, S.; Bishop, K. J. M.; Hermans, T. M. Insights into
Chemically Fueled Supramolecular Polymers. Chem. Rev. 2022, 122 (13), 11759-
11777.

(9) Das, K.; Gabrielli, L.; Prins, L. J. Chemically Fueled Self-Assembly in Biology and
Chemistry. Angew. Chem. Int. Ed. 2021, 60 (37), 20120-20143.

(10) te Brinke, E.; Groen, J.; Herrmann, A.; Heus, H. A.; Rivas, G.; Spruijt, E.; Huck, W.
T. S. Dissipative Adaptation in Driven Self-Assembly Leading to Self-Dividing
Fibrils. Nat. Nanotechnol. 2018, 13 (9), 849-855.

(11)  Ariga, K.; Kunitake, T. The Chemistry of Molecular Recognition — Host Molecules
and Guest Molecules. In Supramolecular Chemistry — Fundamentals and
Applications; Springer-Verlag: Berlin/Heidelberg, 2006; pp 7—44.

(12)  Shetty, D.; Khedkar, J. K.; Park, K. M.; Kim, K. Can We Beat the Biotin—Avidin Pair?:



Introduction

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

Cucurbit[7]Uril-Based Ultrahigh Affinity Host—Guest Complexes and Their
Applications. Chem. Soc. Rev. 2015, 44 (23), 8747-8761.

Enzyme regulation https://www.khanacademy.org/science/ap-biology/cellular-
energetics/environmental-impacts-on-enzyme-function/a/enzyme-regulation
(accessed Jun 23, 2022).

Cao, L.; Sekutor, M.; Zavalij, P. Y.; Mlinari¢-Majerski, K.; Glaser, R.; Isaacs, L.
Cucurbit[7]Urilxguest Pair with an Attomolar Dissociation Constant. Angew.
Chem. Int. Ed. 2014, 53 (4), 988—993.

RieR, B.; Grotsch, R. K.; Boekhoven, J. The Design of Dissipative Molecular
Assemblies Driven by Chemical Reaction Cycles. Chem 2020, 6 (3), 552-578.
Singh, N.; Formon, G. J. M.; De Piccoli, S.; Hermans, T. M. Devising Synthetic
Reaction Cycles for Dissipative Nonequilibrium Self-Assembly. Adv. Mater. 2020,
32 (20), 1906834.

Goodey, N. M.; Benkovic, S. J. Allosteric Regulation and Catalysis Emerge via a
Common Route. Nat. Chem. Biol. 2008, 4 (8), 474—-482.

Pemberton, B. C.; Raghunathan, R.; Volla, S.; Sivaguru, J. From Containers to
Catalysts: Supramolecular Catalysis within Cucurbiturils. Chem. - A Eur. J. 2012,
18(39), 12178-12190.

Chen, R.; Neri, S.; Prins, L. J. Enhanced Catalytic Activity under Non-Equilibrium
Conditions. Nat. Nanotechnol. 2020, 15 (10), 868—874.

van der Helm, M. P.; Li, G.; Hartono, M.; Eelkema, R. Transient Host—Guest
Complexation To Control Catalytic Activity. J. Am. Chem. Soc. 2022, 144 (21),
9465-9471.

Biagini, C.; Fielden, S. D. P.; Leigh, D. A.; Schaufelberger, F.; Di Stefano, S.;
Thomas, D. Dissipative Catalysis with a Molecular Machine. Angew. Chem. Int.
Ed. 2019, 58 (29), 9876—9880.



Chapter 2

Out-of-equilibrium Assembly Based on
Host-guest Interactions

Abstract: The field of supramolecular chemistry is moving fast from building
thermodynamically stable systems residing in (global) minima on the free-energy
landscape, to out-of-equilibrium systems where energy conversion is needed to create
and maintain their structures. A wide variety of artificial out-of-equilibrium systems in
various areas of supramolecular chemistry have been developed during the last decade,
many of which have been extensively reviewed. An area that has received little attention
so far, is the use of out-of-equilibrium processes to control host-guest interactions,
which is the subject of this mini-review. Construction of out-of-equilibrium systems
based on host-guest complexation should share many common strategies with
analogous noncovalent interactions, which is accordingly summarized at the start. Next,
representative publications that demonstrate these strategies are discussed and
categorized with regards to which component is modulated, either host, guest or
competitive molecules. With this, we aim to shed light on the design of out-of-
equilibrium systems based on host-guest interactions, and provide insights into
preparation strategies for various transient materials.
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Out-of-Equilibrium Assembly Based on Host-guest Interactions

2.1 Introduction

The research of supramolecular chemistry is often inspired by biological entities such as
proteins, lipids and their multi-molecular complexes. Studying their non-covalent
interactions is crucial and beneficial to understand biological processes that rely on
these forces for structure and function.! Inspired by living systems in nature, where
assembled structures reside in out-of-equilibrium state, non-equilibrium self-assembly
systems have started to absorb researchers’ attention. This began with the pioneering
work of van Esch, Eelkema and co-workers developing an artificial chemical-fuel-driven
system in 2010, with the field seeing explosive development in recent years. Different
from the predominantly reported self-assembly systems staying in thermodynamic
equilibrium, out-of-equilibrium assembled structures need continuous consumption of
energy to maintain their state and to prevent degradation into their stable chemical
elements. The dependence on continuously supplied energy endows out-of-equilibrium
supramolecular systems with highly dynamic properties such as self-replication, internal
feedback, stimuli-responsiveness, self-adaptation, self-healing and signal amplification.
The concepts, terminologies and design principles of out-of-equilibrium systems have
been thoroughly introduced and discussed in an assortment of comprehensive tutorial
3-14 which is not our focus in this chapter. Instead, we will focus on classifying
and summarizing the multitude of different areas where out-of-equilibrium assembly
and host guest chemistry come together.

reviews,

As one of the earliest studied branches of supramolecular chemistry, host-guest
complexation has tremendous value in both biological and chemical systems. Regarded
as molecular recognition, this type of interaction is widely found in physiological
processes, such as enzyme-substrate and antigen-antibody interactions. The past
decades have witnessed the rapid development of artificial host-guest systems,
expanding the toolbox available to chemists and enriching the knowledge of
supramolecular chemistry. Various macrocyclic host molecules and their derivatives
have been developed including calixarenes (CAs), crown ethers, cyclodextrins (CDs),
cyclophanes, cucurbit[n]urils (CBs), pillar[n]arenes (PAs) etc. Based on these hosts;
materials such as gels, micelles, vesicles and nanoparticles can be prepared, showing
promising applications in the areas of molecular sensors, drug delivery,®
nanomedicines,*® fluorescence probes, catalysis!’° and so on.?® Currently man-made
host-guest pairs can even possess higher affinity (7.2 x 10¥” M1)2! than the strongest
and best known natural noncovalent interaction pair of biotin-streptavidin (103-10% M-
1).22 Although closely similar to biological molecular recognition, most studies of host-
guest assembly are still conducted with thermodynamic equilibrium states.

Since 2015, a handful of out-of-equilibrium self-assembly systems based on transient
host-guest complexation have been published. In this chapter, we collect these
examples, summarizing and analysing the strategies used in these works. We hope this
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can provide helpful guidance in the design of more non-equilibrium host-guest systems,
while also bringing inspiration to other supramolecular systems which may not have
been noticed before. At beginning, we briefly introduce the generic methods in making
an artificial out-of-equilibrium supramolecular system, targeted to the feasibility for use
in a host-guest system. Next, corresponding examples of these publications will be
explained and discussed in detail. We then conclude with a discussion and perspective
around how these systems can be improved and better applied in the future, with
improvements towards more life-like features and properties.

2.1 General Strategies

In this section, we summarise the strategies of making a supramolecular system far from
equilibrium which are also applicable to the cases of host-guest system.

. + high K,

-«—

Fuel/Energy
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oM 8
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Scheme 2.1. A general reaction cycle of out-of-equilibrium host-guest
complexation driven by energy or fuels.

Central to the design of a non-equilibrium system is an energy source which can elevate
non-assembling building blocks into a species capable of assembly. Reported in 2010 as
the first artificial out-of-equilibrium system, methyl iodide (Mel) was introduced as a
chemical fuel to activate the hydrogelator precursor dibenzoyl-(L)-cystine by
esterification to form a hydrogel.? This self-assembly is not stable at pH 7, and
subsequent ester hydrolysis later leads to collapse of the hydrogel after all of the
chemical fuel is consumed. Regarded as a high-energy chemical, here Mel is the energy
input to drive transient self-assembly. Another common energy source is light, which
can be complementary with chemical fuels on several levels; including in methods of
activation, diversity of fuels and precursors, efficiency of generating the activated state
and and multifactorial control over the lifetime of assembly.® Usually the term “chemical
fuel” includes transient acids/bases to regulate pH and the behaviour of pH-responsive
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groups,'? however, from experience, designing a system based on the direct activation
of building blocks via chemical reactions generally has different considerations with that
in pH-responsive systems. As such, we have separated pH changes through transient
acids / bases as an independent method to other chemical reaction cycles.

It is essential that the reaction consuming the energy source is able to adjust host-guest
interactions for the construction of an out-of-equilibrium host-guest assembly (Scheme
2.1). There are several factors that can influence host-guest affinity, such as size and
shape, polarity, charge, hydrophobicity and hydrophilicity. Any strategy to achieve
control of these properties with either the host or guest molecule can efficiently switch
the state of host-guest assembly. Moreover, disassembly of a host-guest complex is
well-known to be easily achieved by competitive binding by another guest molecule with
higher affinity to the host.Z® Thus, the structural properties of a competitive guest can
also have a significant impact on the stability of a host-guest system. In summary, three
key components: host, guest, and competitive guest, have to be considered for
activation/de-activation during a system design.

Host-guest assembly .
& competitive binding . + Q — @ — @ + .

Fuel chemicals Mel 9 =N
HO~R-04~_O Nw)\(NHZ R1
structures o- . n=c-N_  Redox/

(CH50),S0, Hd oy NN R®  Reduction
OH
Transient Acid/Base oN o 9 )Ok o
& >—<COOH ‘%OH HN7ONH, U o o
Cl 5
HO ©OH

Photosensitive
Structures

Scheme 2.2 Host-guest competitive binding and the chemical structures
reported in various fuelling systems.

2.2.1 Chemical reaction cycles

As we introduced in the general strategies, the chemical fuel Mel was applied in the first
synthetic example to drive a supramolecular system far from equilibrium. Later on, the
stronger methylating agent dimethylsulfate was reported to get faster cycles of the sol-
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gel-sol transition.?* After these pioneering works, more chemical fuels were reported to
drive systems far from equilibrium, among which, adenosine triphosphate (ATP)* and
carbodiimide reagents such as EDC?, are the most widely used (Scheme 2.2, 2nd line).
As summarized by Boekhoven and coworkers, the minimal requirement of chemical
reaction cycles to drive out-of-equilibrium self-assembly involves two chemical
reactions, an activation and a deactivation reaction.® The activation reaction has to be
converting a precursor into building blocks, while the deactivation is spontaneous,
reverting the product back to the precursor. The strategies of chemical reaction cycles
are also applicable to host-guest systems. So far, ATP?® and EDC? have indeed been
reported as chemical fuels for driving host-guest systems far from equilibrium, however
their roles may be quite different with what they played in other systems. For example,
while chemical fuels would conventionally activate either a host, guest, or competitive
guest molecule, they can also directly act as a transient host, guest, or competitive guest
molecule to achieve a non-equilibrium assembly.

2.2.2 pH control

The use of pH changes to regulate supramolecular forces including electrostatic
attraction/repulsion and hydrophobic interactions with pH responsive building block is
one of the most general approaches to affect self-assembly. To achieve an out-of-
equilibrium system controlled by pH, energy sources that can induce a transient pH
change have to be introduced; these include ester derivatives,?® urea/urease,?3! 2-
cyano-2-phenylpropanoic acid,? or the combination of them333* (Scheme 2.2, 3" line).
Usually these species are used in combination with another acid/base, with their
addition first leading to a rapid pH change, and the decomposition of transient
acids/bases later in specific conditions (e.g. base, enzymes) results in gradual reverting
of pH back to the original value. The use of two temporary species to regulate the pH is
also possible, often leading to more programmability of the change.3*3* Host-guest
binding profiles are well known to be modulated by pH as studied in various examples
of equilibrium complexation.3 In a system with pH mediated by temporary acids/bases,
a transient host-guest complex can be achieved when a pH responsive functional group
is incorporated into either the guest or host structures.

2.2.3 Light control

Light as a clean and widely used energy source to drive a system far from equilibrium
has the advantages of (typically) less waste generation compared to chemical fuels,
ability of remote control, easy operation in a chemically closed system, and the precise
control of lifetime.®3¢ A requirement for light-driven assemblies is the incorporation of
a photoswitchable moiety, such as azobenzene,”3 spiropyran,3>*° dithienylethenes
(DTEs),* viologen and many others (Scheme 2.2, 4™ line).3%*2 To be noted here, in the
case of spiropyran, light is also able to adjust the environmental pH by releasing a proton
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from its ring-opening reaction,* with which a pH-responsive system can be modulated
by light, as discussed in Section 2.2. While photoswitchable molecules are usually
applied as guest molecules in a photo-responsive host-guest system,** they can also be
incorporated into macrocyclic structures resulting in photo-active host molecules by
rational synthesis.*

2.3 Specific strategies on host-guest system

In this section, strategies of making a host-guest self-assembly an out-of-equilibrium
process will be discussed in detail with reported examples. These strategies are sorted
by which component the fuel consuming reaction exerts control over, these being: host
molecules, guest molecules and competitive guest molecules. We believe this is the
most intuitive way to see key changes in a system between equilibrium and non-
equilibrium states.

2.3.1 Based on guest control

Structural design of guest molecules to affect host-guest binding is the most intuitive
way, since typically a wider variety of guest molecules can be chosen and their sites for
chemical modification are more accessible than that for macrocycles. While macrocyclic
encapsulation has a highly selective recognition on the structures of guest molecules,
the binding strength can be readily modulated by activation/deactivation of guest
molecules through the methods introduced in Section 2 (Figure 2.1a).

11



Chapter 2

Fuel/energy

Feoe oW

low K,

(@)

waste

(b) i
D e bl e B
ATP = | Ll A Yo
potato apyrase X " olpn
\ %
/\/5\29} —»%ﬁ Pulsating
PEO-b-PCD R .
N aw .
d ti [
% . issipation ///‘ poo

AMP+P,
(o)
. AN
YA NN Y- j\
o7 (=8 PR ) <)
Im a;ﬁf,
@ ——@ VbV CB[8] ¢
~ ’V‘u 5 R HCHCOONs
SN T -~ & s
S\ = —N — cMC-MV
Air
)
Oxidation
d
( ) HRP+H,0;  — HRp=0 +H,0 (i) (e)
2HRP=0 + 4 Fc = 2HRP +4Fe*+ O, (i) ONCH,COM -ﬁ. ONCHICO} ——> O, + €O
1 HO0 2 -
JY e
Gel Sol
S "\ non-equilibrium - Wl s,
i response 0;NCHCO O:NCH,

GOX(FAD) + D-glucose—— GOx (FADH,) |

GOX (FADH,) +0, —= H,0,

regeneration of oxidation fuel

(_,’Jﬂﬂe\\ ¢ (‘N”éw v /Nﬂz\

GOx (FAD) + b-D glucose  —— GOX (FADH,) + D-gluconolactone (i) N iy ] \ @ 1 @ A

GOXIFADH) +27€" — GOx(FAD) ¢ 26 424" (M) \ / Qg \ / e}; \ “/

Reduction \ o?on/ \ oo A

PARCO pAAFE pAAFE" \/ e \&& 4
TER - A e pH=3 pH=4.9 pH=11

Aa

Figure 2.1. Examples of transient host-guest complex by guest control. (a)
Schematic representation of the strategy based on guest activation. (b)
Illustration of the pulsating polymer micelle in dissipative self-assembly
process, adapted from ref “¢, copyright 2017 ACS publications (c)
Dissipative supramolecular polymerization powered by light, adapted
from ref #7, copyright 2019 Chinese Chemical Society (d) Fuel-driven and
enzyme-regulated redox-responsive supramolecular hydrogels, adapted
from ref %8, copyright 2021 John Wiley & Sons, Inc. (e) Time-programmable
pH by decarboxylation of nitroacetic acid allows time-controlled

12



Out-of-Equilibrium Assembly Based on Host-guest Interactions

complexation, reproduced from ref 4, copyright 2021 Royal Society of
Chemistry.

In 2017, Yan et al. observed periodic and self-adaptive pulsating motion in a polymer
micellar system controlled by adenosine triphosphate (ATP) (Figure 2.1b).*¢ An
amphiphilic block-copolymer composed of a poly(ethylene oxide) (PEO) block and
functionalised cyclodextrin as host receptor of ATP was synthesised. This PEO-b-PCD
copolymer forms small micellar nanoparticles (16 = 3 nm). Upon adding ATP,
cyclodextrin in the micelle core binds with ATP resulting in an increase of micellar
hydrophobic domains and micellar expansion (55 £ 9 nm). Meanwhile, potato apyrase
as a phosphatase in the solution decomposes ATP to phosphate (Pi) and adenosine
monophosphate (AMP). The formed AMP would not associate with the receptors in
copolymer due to a significant lower affinity of AMP with positive charged cyclodextrin
compared to ATP (Ks = 7.52 x 10’ M~ vs Kz <10?> M1 ).>° As a consequence, the swelled
micelles underwent a spontaneous shrinking stage, reverting to their initial state (18
4 nm). This process can be repeated by continuous ATP supply over five cycles. The
periodicity and amplitude of micellar pulsation can be tuned by the concentration of
ATP and potato apyrase enzyme. Furthermore, periodic and controlled release of
doxorubicin (Dox) was achieved in this system. As a brief summary, the high-energy
chemical ATP was applied directly as a guest molecule on the building blocks stabilizing
the expanded micellar nanoparticles through the host-guest interaction.

Out-of-equilibrium host-guest assembly driven by light was reported by Zhang, Xu and
co-workers in 2019 (Figure 2.1c).*’ They designed a bifunctional monomer, containing
two viologen moieties as end groups and a 1,4-diazabi-cyclo[2.2.2]octane (DABCO)
moiety as a rigid linker (VDV). In an aqueous solution of VDV and cucurbit[8]uril (CB[8]),
no supramolecular polymers could be formed because of the 1:1 host-guest
complexation between dicationic viologen moiety and CB[8]. However, under
irradiation of light at 254 nm, the viologens could be reduced to viologen cation radicals
(V**) via photoinduced electron transfer (PET). As the viologen cation radicals can form
a stable dimer inside the cavity of CB[8], the 1:1 complexation between viologen and
CB[8] could be converted to a 2:1 complex. In this way, non-equilibrium supramolecular
polymers could be formed which are powered by light through activation of VDV. After
that, this far-from-equilibrium system returned to equilibrium in air and dark
environment, since the viologen radicals are unstable in air and can be oxidized back to
viologen cations by oxygen. Consequently, the complexation reverted to 1:1, leading to
supramolecular polymer disassembly and recovery of its original state. Moreover, the
light-powered strategy is not only applied to linear supramolecular polymerization, but
also to dissipative cross-linked supramolecular polymerization by introducing methyl
viologens into sodium carboxymethylcellulose (0.75%, w/w). This modified polymer can
form transient hydrogels through supramolecular cross-links in a far-from-equilibrium
state under UV irradiation, which after removing the light source gradually returned to
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solution in 9 hours. This sol-gel-sol transition could occur at least three times indicating
a good reversibility of the dissipative cross-linked supramolecular polymerization.

Ravoo and Jain presented a work In 2021,*® integrating chemical reaction networks
(CRNs) regulated by enzymes and host-guest molecular recognition on a typical pair of
B-cyclodextrin (CD) and ferrocene (Fc) (Figure 2.1d). In aqueous solution Fc has a high
affinity to CD, with binding constant about 4800 M, while its oxidized species
ferrocenium ion (Fc*) has no affinity to CD. In the presence of horseradish peroxidase
(HRP) and H203, Fc is oxidized to Fc*. which can later be reduced by glucose oxidase (GOx)
and D-glucose. Very interestingly in this work, a re-oxidation of Fc was observed without
further addition of H202, where only D-glucose additions were needed for 4 additional
cycles. The mechanism of this autonomous re-oxidation was through the regeneration
of H202 from Oz and GOx[FADH:]—an intermediate product from the reaction of GOx
and D-glucose. After investigating the redox properties of Fc in the presence of the
enzyme couples, they applied it to prepare responsive supramolecular hydrogels by
host-guest interaction between both Fc and CD functionalized to polyacrylic acid (pAA).
The pAA-CD/pAA-Fc hydrogel was observed to disassemble to sol by addition of
oxidation catalyst HRP and H202, which was later reassembled to gel by reduction
catalyst GOx and fuel D-glucose. The reformed gels were unstable and reverted to sol
without any further oxidant addition. As detected by 2,2’-azino-bis(3-
ethylbenzothiazoline)-6-sulfonic acid (ABTS), this gel-sol transformation was due to the
reformation of H202 from O2 and GOx[FADH:].

Transient pH changes on a guest molecule to form an out-of-equilibrium system were
studied by Di Stefano, Ercolani et al. in 2021 (Figure 2.1e).*® A time-programmable
sequence of pH variation (pHzi(high—pH2(ow)—pH3(high)) Was achieved by using nitroacetic
acid and a starting basic aqueous solution (NaOH). Adding nitroacetic acid into the
solution of NaOH (0.01 M) in water results in rapid pH changes from basic to acidic, and
subsequent decomposition reactions of nitroacetic acid raise the pH back to a basic
value. The pH jump (pHxhigh)—PHz(ow)) and time of pH rising from acidic to basic value
(pH2gow)—pH3inigh)) can be predictably controlled by the concentration of base and acid.
As a proof of concept, they successfully applied this pH programmable system to a pH
dependent host-guest complex of a-cyclodextrin and p-aminobenzoic acid.
Fluorescence was monitored as an indication of host-guest binding extent, with higher
fluorescence emission indicating stronger binding. Starting at pH 11 in the solution, very
low fluorescence emission (Aexc = 282 nm, Aem = 338 nm) was observed. Addition of
nitroacetic acid resulted in a pH drop to 3.0, and also caused an immediate strong
enhancement of fluorescence emission. After that, the pH started to increase since
decarboxylation of the acid proceeded, but the fluorescence continued to increase until
pH 4.9. Here, the zwitterionic form of guest molecule is predominant and strongly binds
to cyclodextrin. The pH continued to rise past 4.9, where the guest molecule was
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gradually transformed to negative charge where it only weakly binds to cyclodextrin.
Consequently, the fluorescence started to decrease again.

2.3.2 Based on host control

Macrocyclic molecules including crown ethers, calixarenes, cucurbiturils, pillararenes,
and cyclodextrins are intuitively stable, but there are still many ways to either synthesize
a transient host molecule, by making it hydrolysable involving an enzymatic reaction, or
pH control if a pH responsive group is incorporated into the host (Figure 2.2a).

In 2017, Hartley, Kariyawasam et al. reported transient formation of host molecules by
a chemical fuel (EDC) (Figure 2.2b).2” When oligo(ethylene glycol) diacids were treated
with EDC, hydrolytically unstable cyclic anhydrides were formed, which are analogues
of crown ethers (18-crown-6 or 21-crown-7). In the presence of ions (Li*, Na*, K*, Cs*),
the hydrolysis rate of the cyclic anhydrides is slower, indicating a host-guest binding
effect. Moreover, the ions affected the net yield of anhydride, falling in the order of Li* >
Na* > Cs* > K*, which is surprisingly the exact opposite of the known cation affinities of
crown ethers. This effect was proposed by the authors as “negative templation”, where
the matched cations suppress the formation of anhydride, but the molecular-level
mechanism for this process is unclear. In another publication, temporary macrocyclic
molecules were also achieved by EDC, however very limited work relating to the host-
guest interaction was introduced based on the transiently formed macrocycles.>>>?
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Figure 2.2 Examples of transient host-guest complex by control on host.
(a) Schematic representation of the strategy based on host activation. (b)
Formation of macrocyclic anhydrides treated with carbodiimide EDC,
adapted from ref 7, copyright 2017 ACS publications (c) Schematic
representing the release-reuptake controlled by programmable pH ,
adapted from ref >3, copyright 2022 ACS publications. (d) Schematic
representation of the transient assembly cycle of color-tunable
fluorescence system controlled by y-cyclodextrins, adapted from ref 54,
copyright 2020 Springer Nature Limited. (e) Schematic representation of
transient supramolecular hydrogels based host-guest interaction with
hydrolysable a-CD, adapted from ref >5, copyright 2022 John Wiley & Sons,
Inc.

Using the hydrolysable host molecule y-cyclodextrin (y-CD) in the presence of a-amylase,
in 2020, Qu and Tian et al reported an out-of-equilibrium host-guest assembling system
(Figure 2.2d), resulting in multicolor switchable and transient fluorescence.>* The system
is initiated with pyrene units in aqueous solution which will act as guest molecules with
a blue fluorescence. Addition of y-CD resulted in the formation of 2:2 host-guest
complexes, enabling a red-shift in the fluorescence and a yellow luminescence was
observed. The enzyme a-amylase was introduced to hydrolyze y-CD, and as a
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consequence, host-guest complexes were disassembled resulting in a return to blue
fluorescence. The chemically fuelled out-of-equilibrium system could be driven over
three cycles. Moreover, based on the multicolour fluorescent control, a self-erasable
message was written in a fluorescent gel where the write-erase process could be
repeated four times.

Very similarly, in a recent publication, Wang and co-workers presented a work utilizing
hydrolysable host molecules drive the system to a non-equilibrium state (Figure 2.2e).>®
In their work, a-cyclodextrin (a-CD) was used as the host molecule which is hydrolysable
in the presence of a-amylase. In their system, a triblock copolymer Pluronic F127
(PEO100PPO100PEO100) Was used as the guest, where the PEO chain can penetrate the
cavity of a-CD, forming a host-guest polymeric gel. In the presence of a-amylase, a-CD
underwent hydrolysis leading to the collapse of the hydrogel network, with maltose
formed as a waste. In an optimized condition, addition of a-CD (80 mg/mL) to F127 (100
mg/mL) containing a-amylase (50 mg/mL) leads to the formation of opaque hydrogels
in 20 min, which slowly transferred to liquid in 390 min. The process can sustain multiple
cycles but with a prolonged gelation lifetime and reduced maximum G’ in the latter
cycles. Other Pluronic polymers are also able to achieve this gel-sol transition, where
higher PEO content leads to longer gel lifetimes.

A pH control strategy was also applied to modulate host molecule structure and build a
transient host-guest complex with temporal pH sources. In 2022, Baldini, Di Stefano et
al, extended their previously developed locked/unlocked method®® on a macrocyclic
calix[4]arene scaffold to transient host-guest interaction. Using 2-cyano-2-
phenylpropanoic acid as a transient acid to protonate two amino groups on the upper
rim of calix[4]arene, a closed pinched cone conformation or “locked” state for
calix[4]arene is obtained. Subsequent decarboxylation of the transient acid results in
deprotonation of the calix[4]arene amino groups and regeneration of the native
“unlocked” state. Specifically, in this work (Figure 2.2c),>® guest molecule N-
methylisoquinolinium with a binding constant Kass of 500 + 30 M~ with calix[6]arene is
applied, while the protonated calix[6]arene has no affinity to the positively charged N-
methylisoquinolinium. By introducing a transient acid to temporally program the pH,
release-reuptake of guest was achieved as indicated by chemical shifts in *H NMR.
Moreover, the amount of released guest and the duration of the unloaded state can be
controlled by modulation of the quantity of temporary acid added.

2.3.3 Control on the competitive guest molecules

Host-guest interactions are featured with high recognition and selectivity and a
competitive guest molecule can have a dramatic influence on the original binding (Figure
2.3a). This offers a unique approach to take host-guest supramolecular systems out-of-
equilibrium.
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In 2021, Yan, Hao et al, developed an approach for temporal control over the host-guest
process,>? based on their previous work® of gel swelling induced by ATP as introduced
in Section 3.1 (Figure 2.3b). In this work, macrogels were obtained by combining B-
cyclodextrin (host) and adamantine (guest) functionalized polymers, which are cross-
linked by host-guest interactions. ATP, which has a higher affinity for f-cyclodextrin than
adamantine, can thus be added as a competitive guest to destroy the supramolecular
crosslinks. When ATP was added into the hydrogel pre-embedded with potato apyrase
(which catalyses the hydrolysis of ATP to weakly binding AMP), a transition of gel-sol-gel
was observed. The cycle could be repeated more than 10 times, indicating minimal
effect on the cycle from waste accumulation. Furthermore, they also extended this
approach to fabricate chemo-mechanochromic microgels with spiropyran as a force-
responsive cross-link in the polymer. Here, the ATP added causes the temporary swelling
of microgels, straining the force-responsive crosslinks which triggers a color change due
to the force induced spiropyran-to-merocyanine transition.
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Figure 2.3 Examples of transient host-guest complexation by competitive
guest control.(a) Schematic representation of the strategy based on
competitive guest activation; (b) Schematic representation of dynamic
macro/microgels driven by APT-induced competitive host-guest
interaction, adapted from ref 26, copyright 2021 Chinese Chemical Society.
(c) Transient host-guest complexation to control catalytic activity by

temporary signals of hydrolytically unstable esters, adapted from ref %/,
copyright 2022 ACS publications.

Just recently, based on a previously reported strategy of catalytic control by host-guest
chemistry,’® our group presented a work®’ incorporating hydrolytically unstable
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competitive guests to temporarily activate an organocatalyst (Figure 2.3c). Glycine
betaine esters bearing a quaternary ammonium bind highly with CB[7] and form a
transient host-guest complex able to replace an originally bound aniline as catalyst,
which when released restores properties such as fluorescent emission and catalytic
activity. The esters, acting as competitive guest molecules, are unstable and are
hydrolysed in basic conditions (pH 7.5), leading to guest reuptake. This concept was first
demonstrated in a temporary dye release and reuptake, and was further used to tune
the reaction rate of aniline catalysed hydrazone formation. The ester signals were
effectively applied for in situ catalyst activation and allowed for at least 3 consecutive
cycles of signal-controlled transient catalysis demonstrated by multiple signal additions.
Moreover, the experimental data were supported by a kinetic model. This work shows
a promising application of catalysis control by constructing a non-equilibrium CRN.

2.3.4 Other

Although most of the reported examples can be assigned to one of the three categories,
there is one example which falls outside the categories defined above.

In 2019, a transient crystallization of CB[8] based host-guest complex was reported

(Figure 2.4). Upon addition of trichloroacetic acid (TCA), L-tryptophan methyl ester (TrpE)
formed rhombohedral-shaped crystals with CB[8] (TrpE@CB[8]) as indicated from single

crystal X-ray diffraction.>® Unlike conventional pH-controlled

protonation/deprotonation on specific molecular structures, here the authors found

that the extensive hydrogen-bonding network between complexes by addition of
trichloroacetic acid facilitated the formation of TrpE@CB[8] crystals. After that, thermal

decarboxylation of TCA by trimethylamine (TEA) and heating at 75 °C for a day resulted

in the dissolution of microcrystals. By re-feeding TCA, microcrystals were quickly formed

again. In addition, the lifetime of the microcrystals can be tuned by varying the

temperature for the decarboxylation or by changing the amount of TCA. They then built

an out-of-equilibrium system by adding TCA to a solution of TrpE@CB[8] and TEA under
continuous heating to maintain the solution temperature at 75 °C. The durability of the

transient crystallization process was tested by consecutive feeding of TCA every 24 h for

18 days. Turbidity of the mixture solution was monitored for these processes, revealing

a good reproducibility of the transient crystallization for 18 cycles without significant

damping. The remarkable durability comes from bare accumulation of wastes, since the

generated volatile chemical wastes (CO2 and CHCls) are spontaneously removed from

the solution.
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Figure 2.4. TCA-driven transient crystallization of TrpE@CB[8] without the
accumulation of wastes, adapted from ref °%, copyright 2019 John Wiley &
Sons, Inc.

2.4 Conclusion and outlook

In summary, we have introduced some representative examples of out-of-equilibrium
supramolecular systems based on host-guest interactions. General strategies and
considerations have been discussed with specific examples in the categories of control
using host, guest, and competitive guest molecules. Complementary to other
supramolecular systems, non-equilibrium host-guest systems can easily achieve
properties such as temporal control over fluorescent emission and catalytic activities.
As illustrated by a variety of examples, the main difficulty in designing an out-of-
equilibrium system is related to the selection of activation/deactivation pathways with
respect to the strength of the non-covalent interaction,*> meanwhile some features
specific to host-guest chemistry should be highlighted here: (i) All structures involved
should be carefully inspected since unnecessary binding may result in a bad reversibility
and durability in a system, especially with waste products; (ii) Bio-catalytic reactions
with enzymes can achieve unique regulation such as a negative feedback response, and
enable a wider range of possibilities such as hydrolysable host molecules; (iii)
Competitive guest control is an efficient way to switch between equilibrium and non-
equilibrium states, and can often be more convenient since no direct chemical
conversion on the initial building blocks is required.

Despite these impressive examples introduced above, we can see that this field is still in
its infancy compared to biological systems. While more efforts will be put into exploring
the spatiotemporal control of supramolecular structures, we believe the following
optimisations are required to further advance non-equilibrium host-guest assemblies:
reduce the amount of fuel while still having an efficient activation, minimize the
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poisoning effect of accumulative wastes, and develop more methods to regulate
assembly lifetime beside fuel concentration. For these, we could take advantage of
elegant thermodynamic equilibrium self-assembly systems already developed. For
example, using only 0.6 wt% of a photoresponsive comonomer, Meijer’s group was able
to achieve a photoactivated gel-sol transformation.>® Furthermore, there is also a need
to expand to real life applications beside the currently reported functions.®® More
appealing and promising applications could be in energy storage,5%? drug delivery,®
tissue engineering® and many others which are well-established in conventional
supramolecular materials. Moreover, as introduced in previous publication, enzymes,
ATP and other biological species have been involved in the construction of artificial out-
of-equilibrium systems, a promising direction could be that these transient materials are
formed in vivo for curing disease, and then later automatically degrade. In the end, more
efforts in supramolecular systems both in- and out-of-equilibrium are required to make
artificial life-like materials with sophisticated functions.

2.5 Reference

(1) Uhlenheuer, D. A.; Petkau, K.; Brunsveld, L. Combining Supramolecular
Chemistry with Biology. Chem. Soc. Rev. 2010, 39 (8), 2817-2826.

(2) Boekhoven, J.; Brizard, A. M.; Kowlgi, K. N. K.; Koper, G. J. M.; Eelkema, R.; Van
Esch, J. H. Dissipative Self-Assembly of a Molecular Gelator by Using a Chemical
Fuel. Angew. Chem. Int. Ed. 2010, 49 (28), 4825-4828.

(3) Mattia, E.; Otto, S. Supramolecular Systems Chemistry. Nat. Nanotechnol. 2015,
10(2), 111-119.

(4) Van Rossum, S. A. P.; Tena-Solsona, M.; Van Esch, J. H.; Eelkema, R.; Boekhoven,
J. Dissipative Out-of-Equilibrium Assembly of Man-Made Supramolecular
Materials. Chem. Soc. Rev. 2017, 46 (18), 5519-5535.

(5) RieR, B.; Grotsch, R. K.; Boekhoven, J. The Design of Dissipative Molecular
Assemblies Driven by Chemical Reaction Cycles. Chem 2020, 6 (3), 552-578.

(6) WeiBenfels, M.; Gemen, J.; Klajn, R. Dissipative Self-Assembly: Fueling with
Chemicals versus Light. Chem 2021, 7 (1), 23-37.

(7) Krabbenborg, S. O.; Veerbeek, J.; Huskens, J. Spatially Controlled Out-of-
Equilibrium Host-Guest System under Electrochemical Control. Chem. - A Eur. J.
2015, 21 (27), 9638-9644.

(8) Van Ravensteijn, B. G. P.; Voets, I. K.; Kegel, W. K.; Eelkema, R. Out-of-
Equilibrium Colloidal Assembly Driven by Chemical Reaction Networks.
Langmuir 2020, 36 (36), 10639-10656.

(9) Mattia, E.; Otto, S. Supramolecular Systems Chemistry. Nat. Nanotechnol. 2015,
10(2), 111-119.

(10) Ragazzon, G.; Prins, L. J. Energy Consumption in Chemical Fuel-Driven Self-
Assembly. Nat. Nanotechnol. 2018, 13 (10), 882—-889.

(11) Das, K.; Gabrielli, L.; Prins, L. J. Chemically Fueled Self-Assembly in Biology and
Chemistry. Angew. Chem. Int. Ed. 2021, 60 (37), 20120-20143.

21



Chapter 2

(12)
(13)
(14)

(15)

(16)
(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

22

Wang, Q.; Qi, Z.; Chen, M.; Qu, D. Out-of-equilibrium Supramolecular Self-
assembling Systems Driven by Chemical Fuel. Aggregate 2021, 2 (5), e110.

De, S.; Klajn, R. Dissipative Self-Assembly Driven by the Consumption of
Chemical Fuels. Adv. Mater. 2018, 30 (41), 1706750.

Deng, J.; Walther, A. ATP-Responsive and ATP-Fueled Self-Assembling Systems
and Materials. Adv. Mater. 2020, 32 (42), 2002629.

Braegelman, A. S.; Webber, M. J. Integrating Stimuli-Responsive Properties in
Host—Guest Supramolecular Drug Delivery Systems. Theranostics 2019, 9 (11),
3017-3040.

Geng, W. C.; Sessler, J. L.; Guo, D. S. Supramolecular Prodrugs Based on Host-
Guest Interactions. Chem. Soc. Rev. 2020, 49 (8), 2303-2315.

Tang, B.; Zhao, J.; Xu, J. F.; Zhang, X. Cucurbit[n]Urils for Supramolecular
Catalysis. Chem. - A Eur. J. 2020, 26 (67), 15446—-15460.

Tehrani, F. N.; Assaf, K. I.; Hein, R.; Jensen, C. M. E.; Nugent, T. C.; Nau, W. M.
Supramolecular Catalysis of a Catalysis-Resistant Diels-Alder Reaction: Almost
Theoretical Acceleration of Cyclopentadiene Dimerization inside Cucurbit[7]Uril.
ACS Catal. 2022, 12 (4), 2261-2269.

Li, G.; Trausel, F.; Helm, M. P.; Klemm, B.; Brevé, T. G.; Rossum, S. A. P.; Hartono,
M.; Gerlings, H. H. P. J.; Lovrak, M.; Esch, J. H.; Eelkema, R. Tuneable Control of
Organocatalytic Activity through Host—Guest Chemistry. Angew. Chem. Int. Ed.
2021, 60 (25), 14022—-14029.

Ma, X.; Zhao, Y. Biomedical Applications of Supramolecular Systems Based on
Host-Guest Interactions. Chem. Rev. 2015, 115 (15), 7794-7839.

Cao, L.; Sekutor, M.; Zavalij, P. Y.; Mlinari¢-Majerski, K.; Glaser, R.; Isaacs, L.
Cucurbit[7]Urilxguest Pair with an Attomolar Dissociation Constant. Angew.
Chem. Int. Ed. 2014, 53 (4), 988-993.

Shetty, D.; Khedkar, J. K.; Park, K. M.; Kim, K. Can We Beat the Biotin—Avidin Pair?:
Cucurbit[7]Uril-Based Ultrahigh Affinity Host—-Guest Complexes and Their
Applications. Chem. Soc. Rev. 2015, 44 (23), 8747-8761.

Pluth, M. D.; Raymond, K. N. Reversible Guest Exchange Mechanisms in
Supramolecular Host—Guest Assemblies. Chem. Soc. Rev. 2007, 36 (2), 161-171.
Boekhoven, J.; Hendriksen, W. E.; Koper, G. J. M.; Eelkema, R.; van Esch, J. H.
Transient Assembly of Active Materials Fueled by a Chemical Reaction. Science
2015, 349 (6252), 1075-1079.

Tena-Solsona, M.; RieR, B.; Grotsch, R. K.; Léhrer, F. C.; Wanzke, C.; Kasdorf, B.;
Bausch, A. R.; Miiller-Buschbaum, P.; Lieleg, O.; Boekhoven, J. Non-Equilibrium
Dissipative Supramolecular Materials with a Tunable Lifetime. Nat. Commun.
2017, 8 (1), 15895.

Hao, X.; Wang, H.; Zhao, W.; Wang, L.; Peng, F.; Yan, Q. Dynamic Macro- and
Microgels Driven by Adenosine Triphosphate-Fueled Competitive Host—Guest
Interaction. CCS Chem. 2022, 4 (3), 838—-846.

Kariyawasam, L. S.; Hartley, C. S. Dissipative Assembly of Aqueous Carboxylic
Acid Anhydrides Fueled by Carbodiimides. J. Am. Chem. Soc. 2017, 139 (34),
11949-11955.

Heuser, T.; Steppert, A. K.; Molano Lopez, C.; Zhu, B.; Walther, A. Generic



Out-of-Equilibrium Assembly Based on Host-guest Interactions

(29)

(30)

(31)

(32)

(33)

(34)

(35)
(36)
(37)

(38)

(39)
(40)

(41)

(42)

(43)

(44)

(45)

Concept to Program the Time Domain of Self-Assemblies with a Self-Regulation
Mechanism. Nano Lett. 2015, 15 (4), 2213-2219.

Che, H.; Cao, S.; Van Hest, J. C. M. Feedback-Induced Temporal Control of
“Breathing” Polymersomes to Create Self-Adaptive Nanoreactors. J. Am. Chem.
Soc. 2018, 140 (16), 5356—-5359.

Hao, X.; Yang, K.; Wang, H.; Peng, F.; Yang, H. Biocatalytic Feedback-Controlled
Non-Newtonian Fluids. Angew. Chem. Int. Ed. 2020, 59 (11), 4314-4319.
Heuser, T.; Weyandt, E.; Walther, A. Biocatalytic Feedback-Driven Temporal
Programming of Self-Regulating Peptide Hydrogels. Angew. Chem. Int. Ed. 2015,
54 (45), 13258-13262.

Berrocal, J. A.; Biagini, C.; Mandolini, L.; Di Stefano, S. Coupling of the
Decarboxylation of 2-Cyano-2-Phenylpropanoic Acid to Large-Amplitude
Motions: A Convenient Fuel for an Acid-Base-Operated Molecular Switch.
Angew. Chem. Int. Ed. 2016, 55 (24), 6997-7001.

Dowari, P.; Das, S.; Pramanik, B.; Das, D. PH Clock Instructed Transient
Supramolecular Peptide Amphiphile and Its Vesicular Assembly. Chem. Commun.
2019, 55 (94), 14119-14122.

Heinen, L.; Heuser, T.; Steinschulte, A.; Walther, A. Antagonistic Enzymes in a
Biocatalytic Ph Feedback System Program Autonomous DNA Hydrogel Life
Cycles. Nano Lett. 2017, 17 (8), 4989-4995.

Paul, T. J.; Vilseck, J. Z.; Hayes, R. L.; Brooks, C. L. Exploring PH Dependent
Host/Guest Binding Affinities. J. Phys. Chem. B 2020, 124 (30), 6520-6528.
Bian, T.; Chu, Z.; Klajn, R. The Many Ways to Assemble Nanoparticles Using Light.
Adv. Mater. 2020, 32 (20).

Bandara, H. M. D.; Burdette, S. C. Photoisomerization in Different Classes of
Azobenzene. Chem. Soc. Rev. 2012, 41 (5), 1809-1825.

Vapaavuori, J.; Bazuin, C. G.; Priimagi, A. Supramolecular Design Principles for
Efficient Photoresponsive Polymer-Azobenzene Complexes. J. Mater. Chem. C
2018, 6 (9), 2168-2188.

Moncelsi, G.; Ballester, P. Photoswitchable Host-Guest Systems Incorporating
Hemithioindigo and Spiropyran Units. ChemPhotoChem 2019, 3 (6), 304-317.
Klajn, R. Spiropyran-Based Dynamic Materials. Chem. Soc. Rev. 2014, 43 (1),
148-184.

Fredrich, S.; Gostl, R.; Herder, M.; Grubert, L.; Hecht, S. Switching Diarylethenes
Reliably in Both Directions with Visible Light. Angew. Chem. Int. Ed. 2016, 55 (3),
1208-1212.

Kathan, M.; Hecht, S. Photoswitchable Molecules as Key Ingredients to Drive
Systems Away from the Global Thermodynamic Minimum. Chem. Soc. Rev. 2017,
46 (18), 5536-5550.

Wimberger, L.; Prasad, S. K. K.; Peeks, M. D.; Andredsson, J.; Schmidt, T. W.;
Beves, J. E. Large, Tunable, and Reversible PH Changes by Merocyanine
Photoacids. J. Am. Chem. Soc. 2021, 143 (49), 20758-20768.

Tian, F.; Jiao, D.; Biedermann, F.; Scherman, O. A. Orthogonal Switching of a
Single Supramolecular Complex. Nat. Commun. 2012, 3, 1-8.

Vlasceanu, A.; Cacciarini, M.; Nielsen, M. B. Photo/Thermochromic Macrocycles

23



Chapter 2

(46)
(47)
(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

24

Based on Dihydroazulenes, Dithienylethenes, and Spiropyrans. Tetrahedron
2018, 74 (46), 6635-6646.

Hao, X.; Sang, W.; Hu, J.; Yan, Q. Pulsating Polymer Micelles via ATP-Fueled
Dissipative Self-Assembly. ACS Macro Lett. 2017, 6 (10), 1151-1155.

Yin, Z.; Song, G.; Jiao, Y.; Zheng, P.; Xu, J.-F.; Zhang, X. Dissipative Supramolecular
Polymerization Powered by Light. CCS Chem. 2019, 1 (4), 335-342.

Jain, M.; Ravoo, B. J. Fuel-Driven and Enzyme-Regulated Redox-Responsive
Supramolecular Hydrogels. Angew. Chem. Int. Ed. 2021, 60 (38), 21062-21068.
Del Giudice, D.; Spatola, E.; Valentini, M.; Bombelli, C.; Ercolani, G.; Di Stefano,
S. Time-Programmable PH: Decarboxylation of Nitroacetic Acid Allows the Time-
Controlled Rising of PH to a Definite Value. Chem. Sci. 2021, 12 (21), 7460-7466.
Yan, Q.; Zhao, Y. ATP-Triggered Biomimetic Deformations of Bioinspired
Receptor-Containing Polymer Assemblies. Chem. Sci. 2015, 6 (7), 4343—4349.
Zong, Z.; Zhang, Q.; Qiu, S. H.; Wang, Q.; Zhao, C.; Zhao, C. X.; Tian, H.; Qu, D. H.
Dynamic Timing Control over Multicolor Molecular Emission by Temporal
Chemical Locking. Angew. Chem. Int. Ed. 2022, 61 (13), 1-5.

Hossain, M. M.; Atkinson, J. L.; Hartley, C. S. Dissipative Assembly of Macrocycles
Comprising Multiple Transient Bonds. Angew. Chem. Int. Ed. 2020, 59 (33),
13807-13813.

Rispoli, F.; Spatola, E.; Del Giudice, D.; Cacciapaglia, R.; Casnati, A.; Baldini, L.; Di
Stefano, S. Temporal Control of the Host—Guest Properties of a Calix[6]Arene
Receptor by the Use of a Chemical Fuel. J. Org. Chem. 2022, 87 (5), 3623-3629.
Wang, Q.; Zhang, Q.; Zhang, Q.-W.; Li, X.; Zhao, C.-X.; Xu, T.-Y.; Qu, D.-H.; Tian,
H. Color-Tunable Single-Fluorophore Supramolecular System with Assembly-
Encoded Emission. Nat. Commun. 2020, 11 (1), 158.

Lu, H.; Hao, J.; Wang, X. Host-Fueled Transient Supramolecular Hydrogels.
ChemSystemsChem 2022, 4 (3).

Del Giudice, D.; Spatola, E.; Cacciapaglia, R.; Casnati, A.; Baldini, L.; Ercolani, G.;
Di Stefano, S. Time Programmable Locking/Unlocking of the Calix[4]Arene
Scaffold by Means of Chemical Fuels. Chem. — A Eur. J. 2020, 26 (65), 14954—
14962.

van der Helm, M. P.; Li, G.; Hartono, M.; Eelkema, R. Transient Host—Guest
Complexation To Control Catalytic Activity. J. Am. Chem. Soc. 2022, 144 (21),
9465-9471.

Choi, S.; Mukhopadhyay, R. D.; Kim, Y.; Hwang, I.; Hwang, W.; Ghosh, S. K.; Baek,
K.; Kim, K. Fuel-Driven Transient Crystallization of a Cucurbit[8]Uril-Based Host—
Guest Complex. Angew. Chem. Int. Ed. 2019, 58 (47), 16850-16853.

Weyandt, E.; ter Huurne, G. M.; Vantomme, G.; Markvoort, A. J.; Palmans, A. R.
A.; Meijer, E. W. Photodynamic Control of the Chain Length in Supramolecular
Polymers: Switching an Intercalator into a Chain Capper. J. Am. Chem. Soc. 2020,
142 (13), 6295-6303.

Riel3, B.; Boekhoven, J. Applications of Dissipative Supramolecular Materials
with a Tunable Lifetime. ChemNanoMat 2018, 4 (8), 710-719.

Dumele, O.; Chen, J.; Passarelli, J. V.; Stupp, S. I. Supramolecular Energy
Materials. Adv. Mater. 2020, 32 (17).



Out-of-Equilibrium Assembly Based on Host-guest Interactions

(62) Kwon, T. woo; Choi, J. W.; Coskun, A. Prospect for Supramolecular Chemistry in
High-Energy-Density Rechargeable Batteries. Joule 2019, 3 (3), 662—-682.

(63)  Webber, M. J.; Langer, R. Drug Delivery by Supramolecular Design. Chem. Soc.
Rev. 2017, 46 (21), 6600-6620.

(64)  Zhao, Y.; Song, S.; Ren, X.; Zhang, J.; Lin, Q.; Zhao, Y. Supramolecular Adhesive
Hydrogels for Tissue Engineering Applications. Chem. Rev. 2022, 122 (6), 5604—
5640.

25



Chapter 3

Tuneable Control of Organocatalytic
Activity through Host—Guest Chemistry

Abstract: Dynamic regulation of chemical reactivity is important in many complex
chemical reaction networks, such as cascade reactions and signal transduction
processes. Signal responsive catalysts could play a crucial role in regulating these
reaction pathways. Recently, supramolecular encapsulation was reported to regulate
the activities of artificial catalysts. We present a host-guest chemistry strategy to
modulate the activity of commercially available synthetic organocatalysts. The
molecular container cucurbit[7]uril was successfully applied to change the activity of
four different organocatalysts and one initiator, enabling up- or down-regulation of the
reaction rates of four different classes of chemical reactions. In most cases CB[7]
encapsulation results in catalyst inhibition, however in one case catalyst activation by
binding to CB[7] was observed. The mechanism behind this unexpected behavior was
explored by NMR binding studies and pKa measurements. The catalytic activity can be
instantaneously switched during operation, by addition of either supramolecular host or
competitive binding molecules, and the reaction rate can be predicted with a kinetic
model. Overall, this signal responsive system proves a promising tool to control catalytic
activity.
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3.1 Introduction

Dynamic regulation of chemical reactivity is important in many complex chemical
reaction networks such as cascade reactions and signal transduction processes.? In
nature, these processes are heavily regulated by enzymatic catalysis, where the activity
of these catalysts themselves are modulated to render such reaction networks
responsive to external signals, changes in substrate levels or changes in the
environment.? Responsive artificial catalysts could play similar roles in chemical reaction
networks, where regulation of catalytic activity is crucial to achieve efficient temporal
and spatial control over chemical transformations without unnecessary waste or off-
cycle reaction pathways. Furthermore, the reversible de-activation/re-activation of
catalysts by external signals can make such artificial systems highly responsive to
environmental stimuli, analogous to signal-responsive enzyme catalysis in nature >4,
Still, to this date such responsive catalysts remain very rare, have a narrow application
scope or rely on extensive synthetic efforts.> Recently, there have been reports of
regulation of the activity of synthetic catalysts® by supramolecular encapsulation
including rotaxanes 7°, resorcin[4]arene %2, cyclodextrin ' and cucurbit[7]uril 1418
which is of high interest because it enables precise, reversible and responsive control
over reaction rates by adjusting the amount of available catalyst in-situ. Among them,
cucurbit[7]uril (CB[7]) is a widely applied molecular container, a cyclic glycoluril
heptamer that binds strongly to small neutral and cationic compounds. 2! CB[7] is
commercially available, non-toxic and relatively soluble in water, which makes it
possible to be used in aqueous environments or even biological systems. Examples of
CB[7] catalytic activity regulation include the regulation of transition metal catalysts
embedded in gold nanoparticles in cells, * the enhancement of photocatalytic H:
evolution,’® promotion of the Fenton oxidation through supramolecularly modulated
ferrocene catalysts,'® and control over copper catalyzed alkyne azide click chemistry 7.
Most of these examples focus on transition metal catalysis. To date, only Leigh and
coworkers reported a switchable secondary amine catalyst based on a rotaxane =, but
that system has a highly specialized design to enable complex formation between host
and catalyst. As of now no generic method is available for tuneable catalytic activity
regulation of common simple, commercially available organocatalysts. Since
organocatalysis is emerging as one of the main branches of synthetic science,?? we
hypothesize that the exploration of CB to control readily accessible and widely used
organocatalysts, would highly broaden the application scope of this method.

Herein we report a strategy to change and tune the catalytic activity in-situ of diverse,
widely applied organocatalysts by host-guest encapsulation in aqueous environment.
Specifically, with supramolecular encapsulation we can control the catalytic activity of
four different organocatalysts in various bond forming reactions: primary amine (C1:
aniline and C5: benzimidazole-amine) catalyzed hydrazone formation, tertiary amine (C2:
DABCO) catalyzed allylic substitution, secondary amine (C3: prolinol) catalyzed aldol
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formation, as well as the oligomerization of maleimide initiated by an amine initiator
(C4: nornicotine) (Scheme 3.1c). These reactions all proceed in aqueous media under
biologically relevant conditions?3. In most of the cases, reaction rates can be down- and
upregulated by binding the catalyst to CB[7] and subsequently releasing it by adding a
competitive strong binder for CB as a chemical signal.

@ A+B @ A+B A+B
! 4
\ ﬁ' SIGNAL ﬂe oW CAT
b A 0o

CAT ——> —_— \

/ ] c
c X
(b) (o) NH, R NH, OH
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= L __N)_(N\ E Hydrazone formation Aldol reaction
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- INT =N
Cucurbit[7]uril (CB[7]) DABCO C2 nornicotine C4

Allylic Substitution  Maleimide Oligomerization

Scheme 3.1. The concept of using host-guest chemistry to control the
activity of organocatalysts. (a) Schematic representation of CB[7] binding
to the organocatalyst (CAT), hindering its catalytic activity. Addition of the
stronger binding signal leads to the release of the catalyst and restores its
catalytic activity; (b) Structure of CB[7]; (c) Organocatalysts C1-C5 and
their associated reactions.

3.2 Results and Discussion

3.2.1 System design considerations and organocatalysts selection

The applied catalysts (Scheme 3.1c) were first selected based on the binding affinity with
CB[7]. CB[7] binds strongly to somewhat hydrophobic, positively charged molecules with
an appropriate size for the CB[7] cavity.!? To be able to use CB[7] to modify catalyst
activity by encapsulation, it is essential that the catalyzed reaction works in aqueous
environments, and that the affinity of the catalysts with CB[7] is high enough to ensure
that the majority of catalyst is encapsulated at the operational concentrations.
Meanwhile, the substrates and products should not bind to CB[7]. On the other hand,
the signal molecules should have a much larger affinity for CB[7] than the catalyst, to
allow efficient liberation of the catalyst through competitive binding, analogous to the
indicator displacement assay (IDA)?*. From this principle, four organocatalysts and one
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organic initiator: aniline C1, DABCO C2, L-prolinol €3, nornicotine C4 (an initiator for
maleimide oligomerization), 1H-benzimidazole-2-methanamine C5, and three signal
molecules (SG1-3) were selected and used separately in a range of reactions. NMR
binding studies of these catalysts and initiator also indicated their affinity to CB[7]
(Figures S3.5-S3.10). Table 3.1 summarizes the binding constants of CB[7] with C1-5 and
SG1-3. Generally, the binding constants of the catalysts are in the range of ~103-10° M1
and the signal molecules are ~108-102 M1, while the reaction substrates and products
are chosen such that they bind with K < 10 M. (Supporting information Table S3.5).

Table 3.1. Binding constants of organocatalysts and signal molecules with CB[7].

Compound  Structure Ka (M1)
NH,
c1 ©/ (1.3 +0.038) x 105°
N + 5b
2 [I\l(1\7 (3.6 £ 0.032) x 10
OH
c3 Q\/ (5.75 + 0.16) x 103"
H
7\
ca =" N (4.6 £0.035) x 10*?
H
N NH,
s @[ >— (2.8 £0.20) x 105¢
N 2HCI
SG1 @\Nmu (4.2 £1.0) x 1012¢

\
N+
SG2 ©/ > (2.5+0.6) x 108 ¢
OH 9
SG3 HOV@A (6.1+£0.5)x 10%¢

@ Measured by ITC in 10 mM sodium phosphate buffer pH 6.0, 25 °C, ; ©
Measured by ITC in 100 mM sodium phosphate buffer pH 7.4, 25 °C; ¢
Values from Ref 1%, measured by NMR in NaO2CCDs (50 mM) buffer, pH
4.74; 9 Values from Ref 2°, measured by NMR in D20, 25 °C; € Values from
Ref 26, measured by ITC in H20, 25 °C.

3.2.2 Control over aniline (C1) catalysis in hydrazone formation

We first focused on the hydrazone formation reaction, a widely applied condensation
reaction between an aldehyde and a hydrazide that takes place in aqueous buffer and is
accelerated by a variety of organocatalysts.?”?® Aniline C1 is often used as a catalyst in
this reaction, although in (super)stoichiometric amounts because of its low
efficiency.?®3° The reaction between aldehyde SM1 (0.4 mM) and hydrazide SM2 (0.04
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mM) in aqueous buffer (10 mM sodium phosphate buffer pH 6.0) leads to the formation
of hydrazone product P1 (Fig. 3.1), where both catalyzed and uncatalyzed reactions
follow second-order reaction kinetics. However, under the operational conditions (with
[SM1] >> [SM2]) we calculate the reaction rate constant based on the pseudo-first order
assumption (Equation S1). As is apparent from Fig.3.1(a)(c) and Table S3.1, catalyst C1
(0.4 mM) increases the reaction rate 13-fold with respect to the uncatalyzed reaction. A
blank reaction with CB[7] (0.42 mM) alone increases the reaction rate 1.9-fold with
respect to the uncatalyzed reaction, indicating that the macrocycle shows a small
catalytic activity towards the hydrazone formation reaction.3! Addition of CB[7] (0.42
mM) to catalyst C1 (0.4 mM) should lead to an estimated >89% of the catalyst bound in
CB[7] (Equation S10). This mixture gives a reaction rate constant of 0.28 M!s’!, which is
3.5-fold lower than the catalyzed reaction, showing a substantial reduction of the
catalytic activity of C1. On top of that, hydrazone formation in the presence of CB[7]
(0.42 mM), catalyst C1 (0.4 mM) and signal molecule SG1 (0.8 mM) gives a reaction rate
constant of 1.2 M1s’}, showing that the signal molecule effectively replaces the catalyst
by competitive binding with CB[7], restoring the catalytic activity of catalyst C1.
Noteworthy, the reaction rate in the presence of CB[7], catalyst C1 and signal molecule
SG1 is slightly higher than the reaction rate with only catalyst C1. A reason might be that
the catalytic activity of CB[7] adds up to the catalytic activity of catalyst C1, leading to a
higher reaction rate. Signal guest molecule SG1 (0.8 mM) alone does not show any
catalytic activity, while the reaction in the presence of CB[7] (0.42 mM) and signal guest
SG1 (0.8 mM) is 1.3-fold faster than the blank reaction, showing that a guest inside the
cavity of CB[7] does not have a significant effect on the CB[7] catalytic background
activity. In essence, CB[7] encapsulation thus reduces the catalytic activity of
organocatalyst C1, which can be restored by competitive binding with a signal molecule.

30



Tuneable Control of Organocatalytic Activity through Host—Guest Chemistry

Q C1(0.4 mM) Q
20+ HN oH ———————
2 ‘NJ\/\/ 10 mM buffer, /N‘NMOH
SO3Na H rt,pH 6 SoNa T
SM1 (0.4 mM) SM2 (0.04 mM) P1

(a) 015

(b)

o1 none

CB[7]

c1

A Absorbance at 287 nm

C1+CB[7]

0 05 1 15 2 25 3 Cl+CB[7]+SGl
Time (h)

SG1

SG1 + CB[7]

OC5+CBI[7]
OC5+CB[7]+SG1

c5

C5 +CB[7]

=3
o
]

C5 + CB[7] + SG1

AAbsorbance at 287 nm

0 02 04 06 08 1 12 14
k (Mris?)

Figure 3.1. Hydrazone formation catalyzed by C1 and C5: UV-absorbance
changes at 287 nm of hydrazone product P1 followed over time,
catalyzed by C1 (a) and C5 (b), evaluation of reaction rate constants (c).

3.2.3 Control over DABCO (C2) catalysis in allylic substitution

The successful control of the hydrazone formation reaction rate via CB[7] catalyst
encapsulation encouraged us to extend the application of this strategy to other
organocatalysts. 1,4-Diazabicyclo[2.2.2]octane (DABCO, C2) is a widely used catalyst in
many organic reactions.3? From ITC, we learned that the binding constant of DABCO (C2)
with CB[7] is 3.6 x 10° M (Table 3.1), which is in a similar range as C1 and a suitable
value for reaction rate control. Moreover, DABCO was reported to accelerate the allylic
substitution reaction between diethyl(a-acetoxymethyl) vinylphosphonate SM3 and
nitrogen-based nucleophiles in aqueous solvents.333* Hence, we used glycine (SM4; 100
mM) as nucleophile in phosphate buffer (100 mM, pH 7.4) to react with SM3 (10 mM),
giving the double substituted compound as the major product (Fig. 3.2). Similar to the
hydrazone reaction, with [SM4]>>[SM3] in this substitution reaction, we measured a
pseudo-first order reaction rate by *H NMR following the consumption of SM3 (Fig. $3.2).
With 20 mol% of DABCO (2 mM), the SM3 consumption is 13-fold faster than the
uncatalyzed reactions conditions (15.86 M*h? vs. 1.19 Mth%; Fig. 3.2(a)(b)). Addition of
3.5 mM CB[7], encapsulating about 99.8% of the present DABCO, decreased the reaction
constant to 1.23 Mth%, giving a similar rate constant as the blank reaction. To avoid any
side-reactions of the substrate with SG1 (a primary amine) signal molecule, SG2 was
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used in this particular system to release the catalyst. In the presence of CB[7] (3.5 mM),
catalyst C2 (2 mM, 20%) and signal molecule SG2 (6 mM), the reaction rate is accelerated
again, about 11.4-times faster than the blank reaction, although slightly lower than the
catalytic reaction which may be cause by the slight inhibitory effect of CB[7] itself on this
reaction (Fig.3.2b). Neither the signal molecule SG2 (6 mM), or CB[7] (3.5 mM)
separately or together show any catalytic activity. This demonstrates a successful re-
activation of the substitution reaction through the release of catalyst C2 from the CB
cavity by competitive binding of the signal molecule. From these results, we prove that
the catalytic activity of DABCO can be tuned by CB[7] encapsulation and competitive
binding of a signal molecule.
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Figure 3.2. Allylic substitution catalyzed by C2: SM3 conversion followed
by H NMR (a), evaluation of reaction rate constants (b). Markers indicate
experimental data, lines indicate fitted kinetic models.

3.2.4 Control over prolinol catalysis in aldol reaction

Host-guest regulation of catalytic activity is also applicable to the aldol reaction, one of
the most popular synthetic and biochemical means to construct carbon-carbon bonds.
The aldol reaction can be catalyzed by a variety of organocatalysts in aqueous media.3>~
37 We selected a water-soluble aldehyde substrate (SM5) as aldol acceptor that with
acetone as aldol donor generates aldol product P3 (Fig. 3.3). This reaction is catalyzed
by L-prolinol (C3), which has a moderate binding affinity towards CB[7] (Table 3.1).
Without the catalyst, the aldehyde substrate SM5 (20 mM) with acetone (600 mM, 30
eq.) in phosphate buffer (100 mM, pH 7.4) shows almost no conversion to P3 (Fig. 3.3a).
However, L-prolinol catalysis (€3, 6 mM, 30 mol%) gives a reaction rate constant of 3.17
x 103 M?h7, a 12.7-fold increase relative to the uncatalyzed reaction, under the pseudo-
first order conditions ([acetone]>>[SM5]). Addition of CB[7] (7 mM) to the catalyzed
reaction results in a 36% decrease in the reaction rate. The only moderate rate decrease
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for this reaction by addition of CB[7] might be caused by the comparably low binding
constant of €3 to CB[7] (5.75 x 10°> M) and from the unexpectedly high affinity of
acetone with CB[7] (592 M)38, In addition, CB[7] itself also has some catalytic activity
for this aldol reaction, shown in Fig.3.3(a)(b). Remarkably, addition of signal molecules
does not result in restoration of catalytic activity of C3 as would be expected, no matter
if the signal molecules are charged (SG2) or neutral (SG3). The origin of this unexpected
result remains unclear, as *H-NMR did not show unforeseen binding of reaction products
orintermediates to CB[7] or the catalyst, which might interfere with catalyst reactivation.
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Figure 3.3 Aldol reaction catalyzed by C3: SM5 conversion followed by *H

NMR (a) and evaluation of reaction rate constants (b). Markers indicate

experimental data, lines indicate fitted kinetic models.

3.2.5 Control over nornicotine in maleimide oligomerization

After demonstrating the capability of CB[7] to control the activity of organocatalysts, we
wondered whether the same strategy can be used for the regulation of other organic
molecules, such as an organic initiator for polymerization, in order to extend the scope
of our strategy. In that context, we used CB[7] to control the oligomerization of a
maleimide derivative. Maleimide is a widely used functional building block in polymer
materials. 3° The homo-polymerization of maleimide can be initiated through an anionic
mechanism by a base initiator, such as an organic pyridine base in aqueous solution.*®*
As the initiator we used nornicotine C4, which has a binding constant of 4.6 x 10* M for
CB[7] (Fig. 3.4). Moreover, to avoid maleimide N-additions as side reactions, N-acetic
acid maleimide (SM6) was synthesized, which also increased substrate solubility and
removed any affinity for CB[7]. In the presence of C4, the substrate consumption was
accelerated (>90% conversion in 50 h) compared to the initiator-free blank reaction,
resulting in a 5.9-fold faster reaction (5.29 h™ vs. 0.89 h'%, Fig. 3.4(b)). Addition of 7 mM
CB[7] into the reaction mixture slowed down the rate to 1.27 h'l. Analogous to the
organocatalyzed reactions above, addition of signal molecule SG2 (12 mM) leads to
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recovery of the reaction rate back to the same level as with only nornicotine present,
while the signal molecule and CB[7] alone did not show any activity.
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Figure 3.4 Maleimide oligomerization initiated by C4: Conversion of SM6

followed by *H NMR (a), evaluation of reaction rate constants (b).
Markers indicate experimental data, lines indicate fitted kinetic models.

3.2.6 Catalysis enhancement (C5)

So far, we have demonstrated the inhibiting effect of CB[7] on the activity of
organocatalysts C1, C2, C3 and initiator C4. Yet, CB[7] can also be used to increase
organocatalytic activity. 1H-benzimidazole-2-methanamine C5 (0.4 mM) is a catalyst for
the same hydrazone formation reaction as shown in Fig.3.1(b)(c). Addition of CB[7] (0.42
mM) to that reaction leads to a 3-fold higher reaction rate than the reaction rate with
only €5 (0.57 vs 0.19 Ms?). CB[7] encapsulation in this case increased the catalytic
activity of C5, which is an opposite effect compared to what we observe for catalyst C1
in the same reaction. Next, addition of signal molecule SG1 (0.8 mM) to the reaction
with catalyst C5 (0.4 mM) and CB[7] (0.42 mM) gives a reaction rate of 0.17 M!s%, thus
restoring the catalytic activity of catalyst C5 to its original value. As such, in this opposite
activation model the catalyst release from CB[7] with a signal molecule also works
effectively. We were interested in exploring the mechanism behind the unexpected
inverse effect of CB[7] encapsulation on the two catalysts. 'H-NMR binding studies (Fig.
S3.5) indicate that catalyst C1 is fully sequestered inside the CB[7] host. For catalyst C5,
IH-NMR shows that only the aromatic part is inside the host but the aliphatic amine
sticks out beyond the CB[7] carbonyl rim (Fig. $3.9,53.10). To further elucidate the
mechanism, the pK; of the two catalysts was measured in the absence and presence of
CB[7] by pH dependent UV absorbance experiments (Fig. $3.17).%> Without CB[7], pKa
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values are 4.7 for C1, and 3.0 (benzimidazole unit), 7.8 (primary amine unit) for C5, which
has a good agreement with earlier reports (Table S3.6). 3738 Macrocyclic encapsulation
is well known to influence the pKa of the guest molecules inside.* In our measurement,
the presence of CB[7] increases all the pKa values of C1 (4.7 to 6.5) and C5 (3.0 to 4.8,
7.8 to 8.9, Fig. S19,20). Next, we tested C5 analogs without benzimidazole unit, (1H-
indol-2-yl)methanamine and benzylamine. Although their pKa values also increased
upon CB[7] binding, these two molecules did not show any catalytic activity
enhancement (Fig. S21,22). Kool postulates that the proton donating ability of the
benzimidazole unit in the transition state of the rate determining step is crucial for
catalytic activity. (Scheme S3.1, TS1).27-2° We now see that CB[7] encapsulation can
further enhance the protonation ability of benzimidazole, bringing the pKa from 3.0 to
4.8 and thus closer to the solvent pH (pH 6.0). Binding to CB[7] increased the pKa of the
benzimidazole ring and thus its protonation equilibrium, enhancing catalytic activity of
C5.

3.2.7 In-situ control over catalytic activity

Using this supramolecular encapsulation strategy, we hypothesized that we should be
able to change the reaction rate at any given moment of time during the reaction, by
adding CB[7] to encapsulate the catalyst or by releasing the catalyst with addition of a
signal molecule. We performed these in-situ control experiments with CB[7] for the
organocatalysts in the allylic substitution reaction and the hydrazone formation reaction
(Fig. 3.5). In the allylic substitution reaction with catalyst C2 (2 mM), adding CB[7] (3.5
mM) after 5 h caused an immediate flattening of the conversion curve (Fig. 3.5a),
demonstrating that the host molecule can very rapidly change the activity of the catalyst
by encapsulating it. Subsequent addition of signal molecule SG2 after 10 h shifted the
curve back to a higher rate. The decrease of the reaction rate constant after CB[7]
addition at 5 h and re-initialization with SG2 at 10 h confirms the effective regulation of
the catalytic activity of DABCO (Fig. 3.5b). Similarly, for catalyst C1 in the hydrazone
formation reaction, we also performed an in-situ (de-)activation experiment. When
monitoring the reaction using catalyst C1 (0.4 mM), upon adding CB[7] (0.42 mM) after
10 min we immediately observed a decrease in reaction rate (Fig. 3.5c). Subsequent
addition of signal molecule SG1 (0.8 mM) after 20 min resulted in an increased reaction
rate, back to the original value. For the activated catalyst C5, in-situ activity control also
works. As shown in Fig. 3.5d, adding CB[7] after 10 min to the reaction mixture with
catalyst C5 (0.4 mM) increases the reaction rate immediately. Addition of signal
molecule SG1 (0.8 mM) 10 min later liberated the catalyst again from the CB[7] cavity
restoring the reaction rate to the original level. These results of two reaction examples
with three different organocatalysts confirm successful in-situ control of the catalytic
activity where CB[7] can thus be used to switch off the catalyst, and a signal molecule
can switch the system back on again.
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Figure 3.5 Using CB[7] to control the reaction rate by reversibly binding to
the catalyst in-situ. (a) Conversion of SM3 in the allylic substitution using
C2, CB[7] is added after 5 h and SG2 is added after 10 h; (b) Reaction rate
constant as a function of time for the allylic substitution depicted in Fig.
3.5a; (c) Reaction rate constant as a function of time for the hydrazone
formation reaction using catalyst C1, CB[7] is added after 10 min and SG1
is added after 20 min; (d) Reaction rate constant as a function of time for
the hydrazone formation reaction using catalyst C5, CB[7] is added after
10 min and SG1 is added after 20 min.

3.2.8 A kinetic model to predict reaction rates based on speciation

With this CB[7] responsive catalyst systems in hand, we wondered whether we can
control the rate of hydrazone formation precisely by varying the ratio of [catalyst] versus
[CB[7]] and predict the reaction rate with a kinetic model. We followed the reactions
with different concentrations of catalyst C1 and CB[7] and determined the reaction rates
constants experimentally (Fig. 3.6; black dots). The developed kinetic model to predict
the reaction rate constants is shown in Fig. 3.6 (red lines). In the kinetic model we
assumed that hydrazone formation occurred without catalyst (ki1), via organocatalysis
(k2), catalyzed by CB[7] (ks) and catalyzed by the catalystcCB[7] complex (ka) (Equation
1). The partial reaction rate constants were determined by fitting the concentration
profiles of the formation of hydrazone with the least square error method, giving: k1 =
0.0568 M1:sL, k2=2.46 x 10° M 25, k3 =150 M2s%, ks = 221 M 251 (see Supplementary
information).
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ktotal = k1 + k2+[cat] + k3 [CB7] + ks:[catcCB7] Equation 1

We quantified how well the model (Fig. 3.6, red line) fits the experimental values by
determining the coefficients of determination R%6. In Fig. 6a we kept the concentration
of CB[7] (0.42 mM) constant and varied the concentration of catalyst C1. When [C1] <
[CB[7]], the reaction rate hardly increases due to the inhibiting effect of CB[7]
encapsulation, until all CB cavities are occupied and free catalysts become available to
the system. When [C1] > [CB[7]] the reaction rate increases linearly in the measured
concentration range. The highest concentration of catalyst C1 used was 1.8 mM, where
the reaction rate is 25-fold higher than without catalyst C1. The reaction rates are
predicted well by the linear kinetic model of Equation 1 with an R? value of 0.990. In Fig.
3.6b we kept the concentration of catalyst C1 (0.4 mM) constant and varied the
concentration of CB[7]. The reaction rates decreased linearly with increasing CB[7]
concentrations until the concentration of CB[7] exceeds the catalyst concentration: then
the reaction rate levels off and even increase slightly again, most probably due to the
catalytic activity of CB[7] itself (Figure 3.1). The model predicts the experimental data in
Fig. 3.6b with an R? value of 0.978. Overall, the kinetic model of Equation 1 predicts the
reactions rates well, indicating that the reaction rate constants are a linear combination
of all processes taking place, which are in turn proportional to the concentrations
(speciation, Fig. 3.6) of all catalytic species involved. This linear relationship allows for
precise control over catalytic activity through CB[7] complexation.

In Figure 3.6c,d we varied the CB[7] to catalyst C5 ratio. The reaction rates increases
dramatically when we keep the concentration of CB[7] (0.42 mM) constant and increase
the concentration of catalyst C5, up to 39-fold higher with [C5] = 1.8 mM than without
catalyst (Fig. 3.6c¢). Similarly, in Fig. 3.6d, the reaction rate also shows a stark increase
with increasing excess of CB[7] when the concentration of catalyst C5 (0.4 mM) is kept
constant. These activities are among the highest recorded for hydrazone formation
using small molecule catalysts.?”?®%’ The linear kinetic model (eq. 1) used before does
not describe the measurements (R? values of -0.372 and 0.210). When comparing the
host-guest-complex speciation (free CB[7], free catalyst C5, the C5cCB[7] complex) at
varying ratios of CB[7] and catalyst C5 to the observed rates, a correlation appears to
exist between the rate and the product of the complex and excess species
concentrations. Such a correlation suggests the existence of a synergistic effect between
the excess species (either free CB[7] or free catalyst C5) and the C5cCB[7] complex that
leads to a higher catalytic activity than all species separately. In an attempt to
incorporate this synergistic effect into the kinetic model, we extended our existing
model with two more extra partial rate constants (Equation 2), and adjust this
formulation for second-order influence (Equation 3). The new model prediction of the
reaction rates in both Figure 3.6¢c and 3.6d is in much better agreement with the
experimental data with R? values of respectively 0.856 and 0.997 (purple line), which
suggests that there is indeed a synergistic effect and a second-order influence of catalyst
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C5. Nevertheless, the mechanism behind this synergistic behavior remains unclear, as
eq. 2 and 3 indicate that a large number of catalytic species is involved in the rate
determining step, which has a reduced likelihood with increasing complexity.
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Figure 3.6 The reaction rate can be controlled precisely by adjusting the
ratio of CB[7] and catalyst. The upper graphs show the rate constants for
hydrazone formation for varying concentrations of added catalyst and
CB[7]. Experimentally determined reaction rate constants are shown as
markers and the line represents the kinetic model (see Sl). The lower
graphs show the varying concentrations of different species in the system
depending on the catalyst (C1 or C5) and CB[7] concentration, blue =
[CatalystcCB7] (mM), orange = [CB7]free (MM), grey = [catalyst]free (MM).
(a) The concentration of CB[7] is kept constant at 0.42 mM while the
concentration of C1 is varied between 0-1.8 mM, R? = 0.990; (b) The
concentration of Clis kept constant at 0.4 mM whereas the concentration
of CB[7] is varied between 0-0.84 mM, R? = 0.978. (c) The concentration
of CB[7] is kept constant at 0.42 mM whereas the concentration of C5 is
varied between 0-1.8 mM, R?(eq. 1) = -0.372 (red line), R%(eq. 3) = 0.856
(purple line). (d) The concentration of C5 is kept constant at 0.4 mM
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whereas the concentration of CB[7] is varied between 0-0.84 mM, R?(eq.
1) =0.210 (red line), R%(eq. 3) = is 0.997 (purple line).

ktotal = k1 + kz2-[cat] + k3-[CB7] + ka-[catcCB7] + ks-[CB7]-[catcCB7] +

Equation 2
ks -[cat] -[catcCB7]

ktotal = k1 + k2+[cat] + k3-[CB7] + ks:[catcCB7] + ks [CB7] [catcCB7] +

Equation 3
ke-[cat]2-[cat=CB7] g

3.3 Conclusions

In this work, we show that supramolecular encapsulation of organocatalysts with CB[7]
is a powerful tool to control and tune catalytic activity. Addition of stoichiometric
amounts of CB[7] to the catalysts or initiator leads to an immediate reaction rate
decrease for catalysts C1 to C4, where CB[7] acts as an inhibitor, and an rate increase
for €5, where CB[7] acts as an activator. Addition of a stronger binding signal molecule
restores the reaction rate back to the original value. These events can be carried out in
situ, leading to an immediate response. On top of that, we show that adjusting the ratio
of catalyst to CB[7] allows precision control over the reaction rate. The experimental
data were supported by a kinetic model that accurately predicts the rate of hydrazone
formation with catalyst C1. For catalyst C5, we discovered a disproportionally high
increase in reaction rate in non-equimolar mixtures of CB[7] and catalyst C5. Fitting this
data to a quadratic model suggests a synergistic effect between CB[7], catalyst C5 and
the C5cCB[7]-complex. Altogether, by using a variety of common, s