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Abstract

Crosslinking technologies are widely employed in our daily life: from silicone
bakeware to epoxy adhesives and rubber tires. Traditionally, however, each type of
commodity polymer substrate requires the use of a specific crosslinking method. Many
desirable polymers—especially low-functionality polyolefins—cannot be crosslinked
using these existing methods. To address this limitation, our group developed a family of
bis-aryl-diazirine reagents that function through C—H, O-H or N-H insertions, and that
can thereby act as universal crosslinkers for aliphatic polymers.

Despite their increasing popularity as crosslinkers in a variety of fields (e.g.
photopatterning, bioadhesives), little attention has been given to the synthesis of highly
efficient reagents with reduced or eliminated side-products. In Chapter 2, structure—
function relationships of mono-aryl-diazirines were studied, highlighting the fundamental
role played by electronic properties in the thermal and photo-activation of the molecules,
as well as their insertion efficiency.

Building upon this study, Chapter 3 introduces a new generation of ether-linked
trifluoromethyl bis-diazirine crosslinker, which is more than 10 times as effective as
previous generations. The new reagent can also be activated using lower temperatures
and longer wavelengths than earlier bis-diazirines—permitting the use of visible light for
photopatterning. The efficacy of the electron-rich tether has been demonstrated at both
the molecular and polymer level, showcasing the ability of the new linker to covalently
adhere to low-surface energy materials and strengthen ultra-high molecular weight
polyethylene fabrics.

The covalent inter-chain crosslinks in thermoset materials make them difficult to
reprocess and recycle. To address this issue, Chapter 4 introduces chemically cleavable
groups (e.g. carbonates, oxalates, silyl ethers) into the bis-diazirine crosslinker, allowing
for further reprocessing of commodity polymers after the initial crosslinking step. This
new class of crosslinkers exhibits rapid reactions during both the crosslinking and
decrosslinking steps across a wide range of substrates, including small-molecule models
and low-functionality polymers (e.g. LDPE, aPP/LDPE, PEG, PDMS). By employing

specific chemical uncoupling methods, these materials can be efficiently converted from



v
thermoset to thermoplastic, presenting a new strategy for circularization of the polymer
economy.

Chapter 5 describes the synthesis of mono-aryl-diazirine reagents along with their
successful use for the non-destructive surface modification of polydimethylsiloxane
(PDMS) substrates by both thermal and ultraviolet activation. Bovine serum albumin
(BSA) and immunoglobulin G (IgG) are immobilized as a model protein and antibody,
respectively, and sensitive quantification of their amounts along with their stability on the
surface is achieved by radiolabeling with iodine-125. Through both thermal and
ultraviolet activation, two types of trifluoromethyl aryl diazirine reagents with
electrophilic motifs were able to enhance the amount and stability of BSA and IgG
immobilization on the surface. These techniques show great promise for multi-material
modifications, patterning of biomolecules on surfaces and various other important

biological and medical device applications.

Author’s Note: In the context of this thesis, the term "low-functionality
polymers" refers to materials like polyethylene and polypropylene that lack conventional
organic functional groups such as alcohols, alkenes, aromatic rings, or halogens.
Materials lacking these groups are intrinsically more challenging to crosslink, because
one cannot make use of traditional organic reactions (e.g. alkylation, acylation,

hydrosilylation, thiol-ene reactions, etc.) to form new covalent bonds.
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Chapter 1: Introduction

1.1. Commodity Polymer Crosslinking: Mechanisms and Utility

Polymeric materials can be divided into thermoplastics and thermosets, based on
the presence or absence of covalent linkages between the polymer chains. Thermoplastics
contain unlinked polymer chains which under high temperatures might lose their rigidity
and slide past one another, whereas thermosets contain covalent crosslinks that lock the
polymeric matrix into a single molecular unit. Crosslinked polymeric materials are
widely employed in our daily life: from rubber tires and epoxy adhesives to silicone
bakeware and polyethylene insulation. Crosslinked polymers are a ubiquitous class of
materials comprising ca. 15-20% of polymers produced, with a worldwide annual
production of about 65 million tons during 2010-2015."? Crosslinking of natural and
synthetic polymer materials offers various enhanced mechanical properties such as
impact strength, improved chemical resistance to degradation by solvents or microbial
contaminants, dimensional stability and high-temperature performance.’>* Thermoplastics
can be melted, deformed, and processed in the molten state, whereas thermosets are
virtually unrecyclable due to their permanent network structure.

Regarding conventional polymer crosslinking reactions, the vulcanization of
rubber, which turns liquid rubber into a hard and durable material, is arguably the most
widely applied crosslinking method in industry (the process is used for tires, conveyor
belts, tubes, wires and cables, shoe soles, hoses, and window and door seals).” Natural
and synthetic rubber consumptions were 14.8 million metric tons in 1990 and grew to
26.9 million tonnes in 2020 worldwide.® In 1839-1844, Charles Goodyear (American)
and Thomas Hancock (English) independently discovered the vulcanization process.” The
essence of vulcanization lies in creating crosslinks between precursor polymer strands,
consequently leading to a three-dimensional (3D) rubber matrix network by incorporation
of vulcanizing agents into unsaturated hydrocarbon backbones (Figure 1.1).® Various
reagents are involved in vulcanization such as polymeric sulphur, which introduces short
chains of sulphur atoms linking the polymer strands in rubber materials, accelerators (e.g.
sulphenamides), and activators (e.g. zinc oxide).” Thanks to the sulphur vulcanization

process, crosslinked rubber materials present good physical, mechanical, and dynamic
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properties, as well as outstanding abrasive resistance and relatively low cost.” The
vulcanization process, curing time, temperature, and type of filler can affect the chemical
and physical properties of thermoset rubbers.'® However, this covalently crosslinked
network comes at a price—vulcanized rubber as an elastic, insoluble, and infusible

thermoset material cannot be directly reprocessed and recycled.'!

Figure 1.1 Crosslinking of polymer strands leads to the formation of network polymers
through vulcanization.

Similarly, cellulose (a high-functionality linear polysaccharide) is the most
abundant natural terrestrial biopolymer and is a source of many sustainable fuels,
chemicals, and apparel materials.'>»'3 However, when an external distortion force is
applied (such as laundering), untreated cotton fabrics wrinkle easily due to the weak
hydrogen bonds in their crystalline and amorphous structures.'* Crosslinking of cellulose
has been applied as a beneficial process for creating cotton fabrics with wrinkle-
resistance properties for over 90 years.!> DMDHEU (dimethylol-dihydroxyethyleneurea,
used as an electrophilic reagent) and its derivatives are the most important and widely
used reactants for crosslinking cellulose-based materials.!® At elevated temperatures, the
principal reaction of DMDHEU with the cellulose is etherification of hydroxyl groups in

presence of an acid catalyst, causing crosslinking of adjacent cellulose molecules
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(Figure 1.2). Therefore, the newly formed network prevents movement of fibre chains

under stress and hinders wrinkle formation and shrinkage.'”

Figure 1.2 Conventional crosslinking reaction between molecular chains of cellulose
using DMDHEU. Adapted from literature.'®

Synthetic polymers like polyurethanes make up 31% of the commercial
crosslinked polymer market.!” Thermosetting polyurethanes are a family of crosslinked
polymeric materials widely used as high-performance elastomers, sealants, adhesives,
foams, coatings, or insulators due to their excellent adhesive properties, good stability to
weather, and versatility of formulation.?? Similar to the polar crosslinking mechanisms
harnessed for cellulose, crosslinked polyurethanes are usually formed by reacting polyols
(polyether, polyester, or polycarbonate) with excess diisocyanate (aromatic or aliphatic)
or polymeric isocyanates, and lead to a densely interconnected network (Figure 1.3a).%!
When increased rigidity and thermal stability of polyurethane foams are desired, further
crosslinking may be accomplished via cyclotrimerization of alkyl and aryl isocyanates

(isocyanurate formation, Figure 1.3b).22
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Figure 1.3 a) General synthesis of thermoset polyurethane. b) Isocyanate self-cyclization
formed isocyanurate-based crosslinked polyurethane.

Likewise, the commercial epoxy curing process is also a well-studied example of
polar crosslinking method, where the combination of an epoxy resin (i.e., reactive
polymer) with a hardener (i.e., curing agent), containing typically multiple amine groups,
generates a crosslinked network. The epoxide groups present on the resin (linear
telechelic chains) react with the nucleophilic amines (or other nucleophilic groups
contained in the hardener reagents) to form multiple crosslinks throughout the polymeric
network (Figure 1.4). This results in the liquid epoxy resin (a thermoplastic) transforming
into a hard, nonmeltable solid (a thermoset). After crosslinking, epoxy resins possess
high chemical and heat resistance (useful for thermoset polymer matrix composites),
good mechanical performance, and outstanding adhesion to many different substrates

(useful for construction of aircraft and automobile components).??



Figure 1.4 Two-component epoxy system curing process. Epoxide and amine groups are
highlighted in yellow and green, respectively. The covalent bonds between hardener and
resin are highlighted in red. Adapted from literature.?*

Silicone elastomers are widely used in kitchenware, fabrication of wearable
biomedical and soft robotic parts, stretchable electronics, and microfluidic devices, owing
to their unique combination of chemical and thermal stability, gas permeability,
biocompatibility, hydrophobicity and flexibility, among others.>>” Thermoset silicone
elastomers are prepared by platinum-catalyzed hydrosilylation, organotin-catalyzed
condensation, or peroxide-catalyzed radical curing.?® Addition cure silicone elastomers
are generally synthesized by a hydrosilylation process that involves a multi-hydrosilane
(Si—H) functional linear polydimethylsiloxane (PDMS) reacting with a vinyl-functional
PDMS-based crosslinker in the presence of a platinum catalyst (Figure 1.52).2° On the
other hand, condensation cure silicone elastomers, generally used in protective coatings
and sealants, are synthetized using organotin-catalyzed crosslinking reactions, which

commonly occur between hydroxy-terminated PDMS and an alkoxysilane-based
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crosslinker at room temperature to provide a silicone elastomer network (Figure 1.5b).3°
Peroxide curing involves organic peroxides such as dicumyl peroxide. At elevated
temperatures (150-200 °C), the radical initiators decompose to form highly reactive
radicals that covalently connect the linear PDMS chains and lead to three-dimensional

networks.3!

Figure 1.5 Thermoset silicone elastomer crosslinking via a) platinum-catalyzed
hydrosilylation; b) organotin-catalyzed condensation; and c) organic peroxide-induced
free-radical crosslinking.

In recent years, crosslinked polyethylene (XLPE) has become widely used in
industry for applications ranging from electrical wire and cable insulation to heat-
shrinkable products (tubing, packaging film, and bags).>> Covalent crosslinking of

polyethylene increases its strength and extends the upper temperature limit at which this
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plastic can be used. However, crosslinking low-functionality macromolecules (e.g.
polyethylene, polypropylene) in a well-controlled manner has been a major challenge in
the field of polymer chemistry for more than 50 years.*? Crosslinking of polyethylene to
produce XLPE requires the breakage of a carbon-hydrogen (C-H) bond, which is
typically accomplished using high-energy irradiation (y rays or electron beams) or
peroxide-induced radicals. This method limits control over the degree and type of
crosslinks, which reduces the possibility to easily tune the mechanical properties of the
final material.>> Moreover, competing fragmentation and branching through B-scission
processes can compromise the integrity of the material, due to the fact that C—H bonds
(ca. 389 to 400 kJ/mol) are cleaved in the vicinity of relatively weaker C—C bonds (ca.
350 kJ/mol) (Figure 1.6a). These undesirable reactions become even more favored when
polypropylene is used as the polymer substrate, since more stable secondary radicals are
produced following C—C bond cleavage (Figure 1.6b).3%3 As a result, polypropylene,
along with many other aliphatic polymers, is unsuitable for crosslinking using the radical

methods employed in manufacturing XLPE.



Figure 1.6 Challenges for high-energy crosslinking processes: a) polyethylene and b)
polypropylene. Recent literatures on polypropylene crosslinking methods: c¢)

copolymerization of propylene and p-(3-butenylstyrene), and the subsequent inter-chain
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thermal crosslinking reaction and d) the reaction of PP-grafted-MA and four-functional
thiol crosslinker. The stoichiometric ratio of 1.25 thiol bonds per one anhydride left with
one free thiol group to facilitate bond exchange. Adapted from literature.*3%37

Several studies have explored alternative crosslinking methods specifically
tailored for polypropylene and other aliphatic polymers. One approach involves the
utilization of copolymers, in which one of the monomer constituents incorporates a
linkable fragment, such as styrene units. Lin et al. (Figure 1.6c) developed a linear
poly(propylene-co-p-(3-butenylstyrene)) copolymer containing pendent styrene groups
that can undergo interchain cycloaddition reactions, leading to the formation of a
crosslinked network.* Furthermore, researchers have investigated the functionalization of
polypropylene chains using maleic anhydride (MA) units. Saed et al. employed a four-
functional thiol reagent as a crosslinker to react with the polypropylene-grafted-MA,
resulting in crosslinked polyolefins with exchangeable thioester bonds (Figure 1.6d).37
However, both grafting and chain scission occur simultaneously, competing with each
other, and their outcomes are influenced by factors such as process temperature, the
quantities of peroxide, and crosslinking agents.’® Additionally, the copolymerization
method is not suitable for existing polyolefin materials. Consequently, the development
of a broadly applicable method for preparing crosslinked polypropylenes remains a

technological challenge.
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1.2. Uses of Diazirine Chemistry for Biological Applications

1.2.1 Reactive intermediates for photoaffinity labeling

Protein, along with nucleic acids, and carbohydrates comprise one of the three
fundamental classes of biopolymers within organisms. The elucidation of interactions
between small molecules and biomolecules provides a crucial link between biomolecular
structure information and novel therapeutic strategies.>* However, it remains challenging
to interpret these fundamental biochemical interactions due to the complexity of native
cellular environments.*® In light of this challenge, photoaffinity labeling (PAL) has
emerged as a powerful technology for investigating new small molecule—protein
interactions within the complex proteome (Figure 1.7).4! In this process, small molecules,
tagged with a photoreactive group, bind within a protein pocket and then, upon ultraviolet
(UV) irradiation, can reveal reactive intermediates (radicals, nitrenes, or carbenes) that
can covalently label the target biomolecules.* After covalent modification the reacted
protein is then usually purified by chromatography and characterized using mass
spectrometry.*?> The concept of PAL was first introduced by Westheimer in 1962 using
aliphatic diazo groups to generate reactive carbene intermediates,** and since then three
major types of photoreactive groups have emerged: benzophenone, aryl azide, and

diazirine (Figure 1.8).%
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Figure 1.7 General schematic of a diazirine-based photoaffinity labeling experiment.

Figure 1.8 Comparison of commonly used photoreactive groups.

Benzophenones generate reactive biradicals upon UV irradiation, which can
abstract hydrogen atoms from accessible C—H bonds, leading to pairs of carbon-centred
radicals that can subsequently recombine, creating stable covalent C—C bonds (Figure
[.92).% Despite their large steric size and requirement for long irradiation times (seconds
to minutes), benzophenones have been employed extensively in PAL because of their
commercial availability, less damaging activation wavelength (normally 350-360 nm) to
the protein substrate, and relative stability under ambient light.*® By comparison, aryl
azides have smaller steric demands, but the shorter wavelengths (< 300 nm) at which they
are excited can damage biomolecules.*’” Upon photoirradiation, the azide is activated to
form a singlet nitrene accompanied by the release of nitrogen. However, the generated
singlet nitrene not only undergoes a C—H insertion reaction for the labeling but also
intramolecular ring expansion and subsequent rearrangement to a ketenimine, which only
reacts with nucleophiles to generate azepine, thus decreasing the photolabeling efficiency

(Figure 1.9b).*8 Moreover, the singlet nitrenes can generate triplet nitrene intermediates
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via intersystem crossing (ISC), which can be quenched by O or dimerized to form side

products as minor pathways.*

Figure 1.9 The photochemical reaction pathways of a) benzophenone and b) aryl azide.
Diazirines are three-membered rings containing two nitrogen atoms bound by a
double bond. Upon excitation with heat or near-UV light (350-395 nm), diazirines
release N> and generate highly reactive carbenes, either directly or wvia initial
isomerization to the linear diazo species.’® Carbenes can undergo a range of reactions
depending on their electronic spin state, either spin-paired singlet or unpaired triplet.>!
Crucially, singlet carbenes display polar reactivity, rapidly forming covalent bonds with
any nearby available substrates through C-H, N-H, and O-H insertions.>? Intersystem
crossing can generate triplet carbenes, which can be quenched by O, or covalent
crosslinking by a two-step mechanism: hydrogen abstraction and radical recombination
(Figure 1.10).*° Among the different photoreactive groups, diazirines are generally
preferred due to their few unwanted rearrangements, short solution half-lives (< 1 ns),
small steric demands, and longer excitation wavelengths.’? In addition to their superior
photo-physical properties, diazirines (below their thermal activation temperatures) are
stable to acids and bases, and are unreactive towards common nucleophiles and

electrophiles.”!
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Figure 1.10 Generation of reactive intermediates from diazirines activation.

1.2.2 Development of diazirines

Diazirine motifs can be categorized in two types: aliphatic and aromatic, both of
which have been used extensively in chemical biology over the last 40 years as
photoreactive groups to create covalent links between small molecules and their protein
binding partners. The first chemically synthesized diazirines were dialkyl versions made
in the 1960s by Paulsen and Schmitz.>*3* However, aliphatic diazirines have limited
applications due to intramolecular rearrangements (1,2-hydride migration, Figure
[.112a).5% In 1973, Smith and Knowles showed that 3H-3-phenyl diazirines (Figure 1.11b)
can be applied as potential photoreactive groups for PAL, but photoactivation of this aryl
diazirine produced primarily undesired diazo species, from which relatively slow
extrusion of N> can lead to nonspecific labeling as a result of dispersion from the active
site.’*57 In an attempt to address these limitations, in the early 1980s, Brunner and co-
workers introduced the 3-trifluoromethyl-3-phenyl diazirine (Figure 1.11c¢) as a superior
alternative. The strong inductive electron-withdrawing effect of the trifluoromethyl group
reduced the proportion and non-specific labeling reactivity of the formed diazo
species.”’% Although trifluoromethyl aryl diazirines have been extensively applied in

biology, their utility in materials science has been much less well explored.
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Figure 1.11 a) Intramolecular rearrangement of aliphatic diazirine. b) and c¢) General

structures of aryl diazirines.

1.3. Emerging Applications of Trifluoromethyl Aryl Diazirines in

Materials Science

1.3.1 Developments in diazirine-based polymer crosslinkers

The highly reactive and non-specific nature of carbenes has enabled a multitude
of macromolecules to be functionalized without the need for specialized substrates or
additives. The use of diazirines as stable carbene precursors has increased significantly
over the past years for biological and material applications. Among different types of
diazirine structures, trifluoromethyl aryl diazirines have found promising applications as
polymer crosslinkers for a variety of polymer substrates, such as polyethylene glycol
(PEG)*>%" and low-functionality polyolefins.® In 2008, Hayes et al. designed and
synthesized a bis-diazirine crosslinker 1.1 (Figure 1.12a) that enables the preparation of

crosslinked PEG gels via photoactivation of mixtures of 1.1 and PEG.>
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Figure 1.12 a) Structures of bis-diazirine crosslinkers 1.1 and 1.2. b) Crosslinking of
low-functionality polyethylene via double C—H insertions of bis-diazirines.

In 2019, our group used the thermal and photochemical activation of
trifluoromethyl aryl bis-diazirines to perform C—H insertion on unfunctionalized
saturated hydrocarbon polymers like polyethylene and polypropylene (Figure 1.12b). We
rationally designed and synthesized improved bis-diazirine crosslinker 1.2, which finely
balances explosion risk and reactivity (Figure 1.12a). A variety of polymer substrates
(paraffin, polycarprolactone, polyisoprene, silicone, PE, PP) were successfully
crosslinked, resulting in increased polymer molecular weights and glass transition
temperatures, and decreased solubility.>® Subsequently, in collaboration with Golovin
group, we explored the use of bis-diazirine molecule 1.2 to crosslink nanoscale
polydimethylsiloxane (PDMS) brushes on surfaces through a chemically non-destructive
C-H insertion.?’ This strategy provides a new pathway for the design of durable inert
nanoscale coatings that maintain their attractive surface properties after mechanical wear.

Crosslinker 1.2 is also an effective fabric strengthen. In particular, 1 wt%
crosslinker of 1.2 doubled the tear strength of woven ultra-high-molecular weight
polyethylene (UHMWPE) fabric, and significantly increased the resistance to perforation
(antiballistic performance) of composite soft body armour constructed using treated

UHMWPE.!"® Building upon these results, we later designed a diazirine-grafted
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polyamine (polyethylenimine, PEI) conjugate (Figure 1.13) that can be used as a topically
applied primer for UHMWPE fabric.?* Activation of the diazirine groups can lead to
strong covalent bonds between the fabrics and the polyamine coating, which in turn can
participate directly in nucleophilic reactions with epoxy resin to achieve significant
adhesive forces and improve the mechanical properties of manufactured UHMWPE-

epoxy composite materials.

Figure 1.13 Structure of conjugate PEI-grafted-diazirine.

1.3.2 Molecular adhesives

As an added benefit, our group’s first-generation trifluoromethyl aryl bis-diazirine
crosslinker 1.2 can be employed as a broadly useful covalent adhesive, especially to low
surface energy material such as high-density PE (HDPE) where commercial adhesives
(e.g. SuperGlue) show poor bonding. Motivated by a desire to develop flexible
crosslinkers that show some degree of malleability in the adhesive layer as traditional
polymer-based adhesives, we designed and synthesized two flexible, highly fluorinated
bis-diazirines 1.3 and 1.4 (Figure 1.14).%! Both molecules were shown to be effective in
lap-shear adhesion experiments with a wide variety of hard plastics (HDPE, PP,
UHMWPE, poly(methyl methacrylate), polycarbonate). Crosslinker 1.4 generally
outperformed 1.3 in adhesion measurements, presumably because the increased length of
its perfluorinated alkyl tether (providing greater molecular flexibility) is correlated with

improved mechanical compliance in the adhesive layer.
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Figure 1.14 Structures of second generation of bis-diazirine crosslinkers.

Meanwhile, Steele and co-workers developed tissue adhesives by incorporating
trifluoromethyl aryl diazirines into polyamidoamine (PAMAM) dendrimer®2% or food-
grade polycaprolactone (PCL) substrates (Figure 1.15).64% Upon photoactivation, the
grafted diazirine end-groups can crosslink hydrated tissue surfaces rapidly. After
crosslinking, the leachable components of hydrolyzed PCL tissue adhesives are evaluated
for in vitro biocompatibility assessment and reveal little to no risk of genotoxicity or skin

sensitization effects.®®
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Figure 1.15 General structures of Steele group adhesives, which are synthesized by
grafting PAMAM-NH> and PCL-OH endgroups with benzyl bromide or benzoic acid

trifluoromethyl aryl diazirine.

1.3.3 Recent applications in photopatterning

In early 2020, Burgoon and co-workers synthesized a bis-(trifluoromethyl aryl
diazirine) derivative 1.5 (depicted in Figure 1.16), which was utilized for photopatterning
unreactive, aliphatic cycloolefin polymer films.” Later in the same year, the
Anzenbacher group developed two bis-diazirine crosslinkers 1.6 and 1.7 (Figure 1.16)
that enable the crosslinking of organic electronic materials in organic light-emitting
diodes (OLEDs).®® The process of creating solution deposited OLEDs poses numerous
challenges, primarily due to interlayer mixing and surface erosion during the layer-by-

layer deposition process.® These diazirine-based crosslinkers can react with blue-
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emitting polydioctylfluorene to transform soluble organic materials into highly
crosslinked insoluble networks. The resulting crosslinked polymer layers exhibit no
interlayer mixing when overlaid with red-emitting poly(alkylthiophene), and instead,
display a clear and distinct boundary. This demonstrates that diazirine-based crosslinking
effectively prevents interfacial mixing between two material layers, thereby improving
structural stability, device lifetime, and overall performance. Furthermore, diazirine
groups allow easy-to-achieve photo-crosslinking without the presence of any catalyst or
initiator while liberating molecular nitrogen as the only side product for fabrication of

solution-processed OLEDs.”®

Figure 1.16 bis-Diazirine derivatives 1.5-1.7 from Burgoon and Anzenbacher groups.

In 2021, the Bao group introduced bis-diazirine crosslinker 1.8 (Figure 1.17)
where they selected a branched alkyl chain as the linker to reduce crosslinker
crystallization and to improve miscibility with semiconducting polymers for efficient
photo-crosslinking and greater film deformability.”! The carbene-based photo-
crosslinking enabled the layer-by-layer deposition of stretchable polymer semiconductors
during photolithography. Additionally, Zhang et al. presented a diazirine-based four-
armed crosslinker 1.9 with a tetrahedral geometry, allowing for low loadings to achieve

efficient photopatterning of polymeric semiconductors.”
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Figure 1.17 Structures of diazirine-based crosslinkers 1.8 and 1.9 from Bao and Zhang
groups.

The introduction of this thesis has provided an overview of common commodity
polymers crosslinking methods and challenges in crosslinking low-functionality plastics.
This chapter has also covered the notable applications of trifluoromethyl aryl diazirine
systems in materials science—in particular their use in polymer crosslinking. While
diazirines are well recognized as powerful tools for use in photoaffinity labeling
experiments, the broad scope of application found within this class of highly reactive
systems is clearly a useful property to be investigated in materials science. This research
work represents a comprehensive study on design, synthesis, and optimization strategies
of new diazirine containing molecules, and their applications towards upcycling and
functionalization of low-functionality commodity polymers. The aim of this thesis is to
expand the versatile and unexplored uses of diazirine containing molecules into materials
science, with the ambition of broadening the scope of applications of such old tools,
known for years in chemical biology, and opening endless doors towards new unexplored

directions.

1.4. Thesis Summary
The work presented in this thesis is a compilation of interrelated research projects
focusing on the investigation and applications of trifluoromethyl aryl diazirine chemistry.

This thesis comprises four results chapters in addition to a final summary and outlook
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chapter, highlighting the impact of this work and possible future research directions. The
chapters are organised as follows:

Chapter 2 explores structure—function relationships in aryl diazirines by using a
combination of experimental and computational methods. We show that aryl diazirine
activation temperature can be tuned through changing the substituent groups on the
phenyl ring. Additionally, electron-rich diazirines have greatly enhanced C—H insertion
performance.

Chapter 3 focuses on applying the findings from Chapter 2 to design a new
generation of bis-diazirine crosslinker, where we obtained >10-fold improvement in
efficacy, relative to earlier first- and second-generation crosslinkers (1.2—1.4).

Chapter 4 describes a new strategy for recycling and upcycling of low-
functionality plastics, by installing a cleavable site into our electronically optimized bis-
diazirine scaffold. For the first time in this Chapter, we were able to process crosslinked
bulk materials (and non-crosslinked controls) into macro-scale objects suitable for
dynamic mechanical thermal analysis (DMTA) and tensile tests. As expected, crosslinked
materials displayed clear rubbery plateaus indicative of thermoset behaviour. Hydrolysis
of the cleavable linker group restored thermoplastic performance to the materials, while
also facilitating further installation of functional groups.

Chapter 5 describes the use of electronically optimized mono-diazirines

covalently linked to electrophilic groups, for protein immobilization on PDMS substrates.
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Chapter 2: Structure—Function Relationships in Aryl Diazirines

Reveal Optimal Design Features to Maximize C—H Insertion

This chapter has been adapted with permission from a previously published paper.
Stefania F. Musolino®, Zhipeng Peif, Liting Bi, Gino A. DiLabio, and Jeremy E. Wulff,
Chem. Sci., 2021, 12, 12138-12148.

TEqual contribution

Contributions:

Synthetic work was performed by Dr. Stefania F. Musolino with assistance from Liting Bi.
Dr. Stefania F. Musolino also undertook the cyclohexane insertion experiments. DSC
experiments were performed by Liting Bi. Computational work was performed by
Zhipeng Pei working under the supervision of Prof. Gino DilLabio (The University of
British Columbia, Okanagan Campus).
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2.1. Abstract

Diazirine reagents allow for the ready generation of carbenes upon photochemical,
thermal, or electrical stimulation. Because carbenes formed in this way can undergo rapid
insertion into any nearby C—H, O-H or N-H bond, molecules that encode diazirine
functions have emerged as privileged tools in applications ranging from biological target
identification and proteomics through to polymer crosslinking and adhesion. Here we use
a combination of experimental and computational methods to complete the first
comprehensive survey of diazirine structure—function relationships, with a particular
focus on thermal activation methods. We reveal a striking ability to vary the activation
energy and activation temperature of aryl diazirines through the rational manipulation of
electronic properties. Of even greater importance, we show that electron-rich aryl
diazirines have vastly superior efficacy toward C—H insertion, under both thermal and
photochemical activation conditions. We expect these results to lead to significant

improvements in the design of diazirine-based chemical probes and polymer crosslinkers.

2.2. Introduction

The insertion of high-energy carbene or nitrene species into unactivated C-H, O—
H and N-H bonds constitutes a powerful strategy for forming new bonds in complex
biological, chemical, or mechanical mixtures.”>’* The ability to rapidly and controllably
generate carbenes from stable and readily accessed precursor molecules allows one to
label (or ‘tag’) binding partners,’! isolate reaction products,”> or crosslink polymer
materials. 36768

In recent years, diazirine motifs have enjoyed enormous popularity as carbene
precursors, for applications ranging from biological target identification through to
adhesion of commodity plastics ( ). Part of this popularity can be attributed to
their small size and ready synthetic access.’®’7° Of course, for any reactive reporter
group the most important criteria are that the reporter be stable under any required
synthesis, handling, and experimental conditions, yet be easy to activate (ideally with
good control over spatial localization) when needed. Diazirines excel when measured
against these criteria as well; most diazirines are stable to commonly used synthetic

80,81

reaction conditions (including strong Brensted®*® and Lewis acids), and many
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diazirine-containing molecules are thermally stable. When desired, diazirines can be
readily activated using light (ca. 350-365 nm),>® heat (typically 110-130 °C),365!
resonance energy transfer®® or electrical potential, %8334 resulting in the expulsion of
nitrogen gas and the formation of the corresponding carbene. The long wavelength of
light required for photochemical activation (outside the window where biological and
polymer materials absorb) and the low temperature required for thermal activation (below
the melting temperature of many commodity polymers) are critical factors that have

contributed to the broad uptake of diazirines by research groups around the world.

Figure 2.1 Overview of diazirine synthesis, activation, and applications. a) Synthetic
strategies for producing aryl diazirines. b) Diazirine activation and carbene formation. c)
The use of diazirines for biological target identification. d) Trifluoromethyl phenyl
diazirine (TPD). e) bis-Diazirine polymer crosslinkers based upon the TPD monomeric
structure. f) This work: structure—function relationships within trifluoromethyl aryl
diazirines. Adapted with permission from literature.*°

The substituents on either side of the CN; core are known to influence the
properties of both the parent diazirine molecule and the product carbene. For example,
dialkyl diazirines generally give rise to ground-state singlet carbenes, due to
hyperconjugative donation of filled C—H orbitals into the unoccupied p orbital of the
singlet carbene group.®¥%¢ Carbenes generated from phenyl diazirines (or from the

isomeric linear diazo compound) can exist in either singlet or triplet forms; the triplet is
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generally found to be the ground state for these species,’” but in many cases the singlet
carbene is believed to be produced initially,%# after which intersystem crossing (ISC)
facilitates relaxation to the observed triplet (Figure 2.1b).87 The energy gap between the
singlet and triplet states is crucially important, since the two types of carbenes undergo
different types of reactions with X—H bonds. Triplet reactivity is dominated by stepwise
hydrogen abstraction/radical recombination pathways that can lead to undesirable side
reactions, while singlet X—H insertion is believed to proceed by a concerted—but two-
phase—pathway wherein the empty carbene p orbital first receives electron donation
from the X—H o bonding orbital, and then the lone pair on the carbene back-donates into
the X—H o* orbital.®® Further complicating matters, triplet carbenes are known to undergo
rapid reactions with adventitious O (ultimately leading to the production of ketone
byproducts) while singlet carbenes appear to be immune to this undesirable reaction
pathway.”°

As is the case with nitrene species, diazirines and carbenes can undergo unwanted
rearrangement reactions; Brunner showed in 1980 that the installation of an a-
trifluoromethyl group reduced the likelihood of such rearrangements, leading to
improved overall stability and more controllable reactivity.>®

Since Brunner's seminal report, the trifluoromethyl phenyl diazirine group (TPD;
Figure 2.1d) has become the most widely employed carbene precursor in the chemical
literature. Trifluoromethyl aryl diazirines are now used in a host of biological target
identification experiments (Figure 2.1¢)31%17% where they are found to outperform
alternative labeling groups like nitrenes or benzophenones,’®” and the TPD motif has
been genetically encoded into protein structures using expanded genome techniques.’®
TPD has also been used to map the localized protein environment on T cells using an
innovative p-mapping technique facilitated by Dexter energy transfer,®? and
trifluoromethyl aryl diazirines have been designed into bio-adhesives to expedite wound
closure.®28334 In polymer science, trifluoromethyl aryl diazirines have been conjugated to
fluorophores and photosensitizers in order to imbue nylon*® and spunbond

100 materials with new functionality. Silicon and silicon nitride surfaces can

polypropylene
be similarly functionalized.'”! TPD groups have also been used on surfaces to capture

small molecule reaction products” and drug molecules,'*> and have been incorporated
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into polymer crosslinkers that can be used to strengthen woven polyethylene fabric’® or
provide adhesion between polypropylene or polyethylene surfaces (Figure 2.1¢).°! These
latter applications using commodity aliphatic polymers provide a particularly stringent
test of a diazirine's ability to support C—H insertion, since (to a first approximation, at
least) such polymers only contain C—C and C—H bonds, and therefore lack anything that
would be traditionally viewed as a reactive functional group.

Given the extensive utility of TPD groups, it is surprising that linear free energy
relationships in trifluoromethyl aryl diazirines have received very little attention. (By
contrast, Hammett relationships in a-chloro diazirines have been extensively studied, but
these species are known to participate in a variety of reactions that are not available to the
much more important a-trifluoromethyl congeners.''!") As a result, incorporation of a
trifluoromethyl aryl diazirine group into a molecule of interest (whether for biological or
materials science applications) has typically been done in an ad hoc manner, without any
consideration of how the electronics of the aryl diazirine group will influence the
generation and reactivity of the resulting carbene. While a variety of electron-rich,
electron-poor, and electron-neutral trifluoromethyl aryl diazirines have been described in
the literature, only in very rare cases has the influence of electron-donating or electron-
withdrawing groups on reaction outcome (especially under thermal activation conditions)
been discussed, and the conclusions from these reports are somewhat contradictory.

In 2011, Song and Sheridan reported a study of meta-methoxy vs. para-
methoxyphenyl trifluoromethyl diazirine, and showed that the para-methoxy substituent
was capable of supporting a singlet carbene ground state (at 7 K in a frozen nitrogen
matrix) due to resonance stabilization.”® Two years later, Raimer and Lindel studied this
same para-methoxy trifluoromethyl diazirine molecule, and found that activation in the
presence of phenols (including tyrosine derivatives) led to production of the desired
singlet carbene, which could then undergo formal O-H and C-H insertions with the

substrate.'!2

Interestingly, however, these reactions were shown in all cases to be the
result of initial protonation of the singlet carbene to generate a benzylic cation, which
could then either be quenched by reaction with the phenol (or phenoxide anion) or else
undergo Friedel-Crafts reaction with the electron-rich aromatic ring.!'? Various lines of

evidence were used to rule out the existence of any direct C—H insertion reactions. While
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the Sheridan and Lindel papers provide important precedent in favour of the hypothesis
that electron-rich trifluoromethyl aryl diazirines might provide an improved reactivity
profile relative to electron-poor or electron-neutral analogues, neither report
demonstrated direct C—H insertion reactions with aliphatic substrates. As a result, it
remains an open question whether electron-rich aryl diazirines would be preferred or not,
in the applications described above.

To further complicate matters, a recent report by Kumar, Tipton and Manetsch
provided compelling evidence that electron-poor diazirines are superior, due to improved
stability under ambient light, and that this lack of electron density does not impair the
molecules' ability to undergo C-H insertion.''> Meanwhile, Kanaoka and co-workers
have advocated for the use of diazirines bearing both an electron-donating alkoxy group
and an electron-withdrawing nitro substituent, due to improved optical properties.!'116
While the Kanaoka group showed the performance of their molecules in reacting with
cyclohexane (an important benchmarking experiment for diazirine reactivity) they did not
compare the efficacy of their structures to that of the parent TPD molecule.

These sparse reports leave the experimentalist who might want to employ a
diazirine for a particular application in a quandary. Should an electron-rich or electron-
poor trifluoromethyl aryl diazirine be used if one wants to maximize the potential for C—
H insertion under standard laboratory conditions? If an electron-rich system is preferred
in order to stabilize a singlet carbene intermediate, how electron rich does it need to be?
Given that the optimized electronic properties will likely increase the synthetic challenge
in preparing the molecule, is the improved performance sufficient to justify the increased
synthetic effort and/or increased cost of reagents?

The situation becomes even more complex when activation temperature is taken
into account. The few structure—function studies on trifluoromethyl aryl diazirines
alluded to above all focused on photochemical activation, since this is the dominant
excitation method used for biological studies. For materials science work, however,
thermal activation is generally preferred;*¢®! while commodity polymers like
polyethylene and polypropylene do not absorb light in the window used for
photochemical diazirine activation, they do very efficiently scatter light and are therefore

visibly opaque or white solids—making the use of photochemical activation techniques a
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substantial challenge for real-world samples. An understanding of how activation
temperature changes with diazirine electronics is therefore critically important to the
design of new polymer crosslinkers and adhesives.!'” Moreover, the thermal activation
temperature dictates the explosivity (or lack thereof) for the diazirine molecule being
used:3!"% an understanding of how activation temperature can be tuned is therefore
necessary for designing safe and effective diazirine-based reagents for all manner of
applications.

This chapter (Figure 2.1f) employs a combination of experimental and
computational methods to conduct an extensive structure—function study of the properties
and reactivity of aryl diazirines, with a particular emphasis on those bearing an a-
trifluoromethyl substituent. The experimental work focuses on measuring activation
temperatures by differential scanning calorimetry (DSC) and explicitly comparing the
ability of electron-rich, electron-neutral, and electron-poor molecules to engage in C—H
insertion reactions under both thermal and photochemical activation conditions. The
results of this study have the potential to inform the design of molecular probes, small-

molecule capture agents, and polymer crosslinkers with improved efficacy.



29

2.3. Results and Discussion

2.3.1 Tunability of optical absorbance characteristics

We synthesized (or, in a few cases, purchased) several representative
trifluoromethyl aryl diazirines, incorporating electron-rich, electron-neutral, and electron-
withdrawing groups on the aromatic ring (see for substituents).
Table 2.1 Effect of aryl substituent electronics on activation temperature and on

activation free energy

Q_O)<CF3 |:®— CF3] |:®_ CFs —» products

Entry R Tonset @ (OC) Tpeak () (OC) AG" © (k.] mol~ ])
1 4-OCHs 88.0 +0.5 113.0 £0.7 141.6
2 4-OPh 90.2 +0.2 116.6 +0.1 140.3
3 4-t-Bu 100.0 +0.1 1255 £1.5 147.0
4 H 103.3 +0.5 127.4 £0.7 149.8
5 4-Br 105.6 +0.5 132.4 +£0.6 147.8
6 4-CH2.OH 106.8 £0.2 132.2 +0.3 149.1
7 4-CH2Br 102.0 £0.2 133.0 £0.2 148.1
8 3-OCH:s 108.7 £0.4 135.5 £0.1 152.5
9 3-OH 110.5 0.2 135.8 £0.1 152.1
10 3,5-OCHs 1125 £0.1 137.9 £0.1 149.3
11 4-CFs 115.7 £0.4 138.9 £0.6 150.7
12 4-CHO 113.2 +0.5 139.1 +£0.3 153.2
13 4-NO, 117.6 £1.0 143.9 +£0.8 154.3

(a) Experimentally determined by extrapolation of the tangent of the upward slope
observed in the DSC experiment, to the fitted baseline of the plot. Data are presented as
the average of three independent measurements + standard deviation. (b) Experimentally
determined from the peak maxima in the DSC experiment. Data are presented as the
average of three independent measurements + standard deviation. (c¢) Calculated free
energy (298.15 K, 1 atm) of activation (M06-2X-D3/6-31+G(d,p)//M06-2X-D3/6-
31G(d,p)) associated with conversion of the diazirine into the corresponding carbene in
vacuum.

Characterization of archetypal electron-rich (4-OMe-CsH4, 4-OPh-C¢Ha),

electron-neutral (CsHs, 4--Bu-CgHa), and electron-poor (3-OMe-CsHay, 3,5-(OMe)2-CeH3,
4-NO,-CgHa) trifluoromethyl aryl diazirines by UV/Vis spectroscopy revealed interesting
trends. As shown in Figure 2.2, electron-rich and highly electron-poor diazirines both
showed strong absorbances in the diazirine activation window of ca. 320410 nm.
However, electron-neutral and moderately electron-poor trifluoromethyl aryl diazirines
had attenuated absorbances in this range. It would seem, therefore, that strongly electron-

rich or electron-poor diazirines might be preferred for photochemical activation, simply
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on the basis of their improved extinction coefficients. This is an important observation,
given that the vast majority of biological target identification studies in which diazirines

have been used have featured electron-neutral substrates.
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Figure 2.2 Variation in UV/Vis absorption spectra for representative trifluoromethyl aryl
diazirines. All data were acquired using 5 mM samples in n-hexane. Refer to Figure S2.1
for comparative spectra obtained in methanol. Adapted with permission from literature.>

Of equal importance, we observed a >30 nm shift to higher wavelengths when
moving from electron-poor to electron-rich trifluoromethyl aryl diazirines. The ability to
shift the diazirine activation bands to longer wavelength is useful both in terms of
evading background absorbance and allowing the use of cheaper and more readily

purchased light sources.

2.3.2 Tunability of activation temperature and activation free energy

Each of the trifluoromethyl aryl diazirine molecules was analyzed by DSC (refer
to the section 2.5 for representative traces) to measure the onset temperature for diazirine
activation (Tonset)'’ and the peak temperature (Tpeak; the temperature at which the
diazirine activation exotherm reaches maximal heat flow). At the same time, we
computationally determined the activation free energy (AG?) for the diazirine activation
reaction.

The data (Table 2.1) revealed a difference of ca. 30 °C in thermal activation
temperatures, as we moved from electron-rich trifluoromethyl aryl diazirines (e.g. R = 4-

OCHs3; Tonset = 88 °C; Tpeak = 113 °C) to electron-poor analogues (e.g. R = 4-NO2; Tonset =
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118 °C; Tpeax = 144 °C). This substantial difference in activation temperature
corresponded to an equally significant difference in calculated activation free energy
(AAG* > 12 kJ mol™). Indeed, a strong positive correlation between all of the
experimentally determined 7onset and Tpeak values and the corresponding calculated
activation free energies was observed (Figure 2.3). This agreement between theory and
experiment, confirming that 7onset 1s a reflection of the reaction barrier, is a necessary
prerequisite for using computational methods to interrogate features of the reaction that

cannot be easily observed experimentally.
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Figure 2.3 Comparison of experimentally determined 7Tonset and Tpeak (°C) with calculated
activation free energies (kJ mol™") for the conversion of representative trifluoromethyl
aryl diazirines into the corresponding carbene. Adapted with permission from literature.>

The 30 °C span in activation temperatures is important from the perspective of
experimental planning. For some applications where increased thermal stability is
required (e.g. application of diazirine crosslinkers to polymer melts, or certain biological
experiments where size limitations on a molecule may preclude the addition of molecular
weight necessary to mitigate the explosivity risk that would otherwise accompany a low
activation temperature) electron-poor diazirines with high activation temperatures will be
preferred. For many applications, however (especially for polymer adhesion applications
where one does not wish to melt the underlying polymer substrate), lower activation

temperatures are highly desirable. In this context, the observation that electron-rich
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trifluoromethyl aryl diazirines can be activated at <90 °C is particularly relevant to the

development of improved reagents for materials science.

2.3.3 Quantification of linear free-energy relationships

The observed variation in activation temperatures can also shed light onto the
mechanism of diazirine activation. To explore this, we plotted the data from Table 2.1
against various empirically derived Hammett ¢ values available from prior studies of
reactions that are known to occur by polar or radical mechanisms. These included: (1)
Hammett's original o parameters derived from the study of para-substituted benzoic acid
ionization;'?° (2) Brown's o," parameters derived from observation of solvolysis of
substituted z-cumyl chlorides;'?' (3) Arold's 64" parameters derived from the study of
EPR hyperfine coupling of benzyl radicals;'??> (4) Creary's oc” parameters derived from
the rearrangement of methylenecyclopropane ring systems;'?*1?# and (5) Jiang and Ji's oj;"
parameters derived from the cyclodimerization of trifluorostyrenes.!?>!2® In comparisons
of this type, a strong positive correlation to ¢* is generally taken as evidence in favour of
some degree of carbocation character in the transition state, while correlation with any of
the various ¢ parameters is taken as evidence of radical character.'?’

Experimental Tonset and Tpeax data were found to give robust linear fits (R? > 0.95)
to empirically derived o," values (Figure 2.4). Calculated AG* values likewise showed a
strong correlation to ," (R? = 0.91). By contrast, very poor fits (R?> < 0.1) were observed
to empirically derived ¢ values from Creary or Jiang (see Figure S2.2 in the section 2.5
for plots of Tonset and Tpeak vs. all o parameters). Together, these results argue in favour of
an emerging vacant orbital at the benzylic centre during the transition state, and against
the presence of any significant spin density at this position. These data provide
compelling additional experimental support for the hypothesis that trifluoromethyl aryl
diazirines initially form singlet carbenes upon activation, and that triplet carbenes are

formed via a subsequent relaxation step.
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Figure 2.4 Variation in trifluoromethyl aryl diazirine activation temperatures and

energies with the Hammett parameter o,*. Tonset, Tpeak, and AG* are defined as in Table

2.1. The strong correlations and positive slopes are indicative of carbocation character in

the transition state resulting from diazirine activation. Adapted with permission from

literature.>”

As discussed above, trifluoromethyl aryl diazirines have dominated diazirine

research ever since Brunner's publication in 1980. Perhaps because of this dominance,

there are few direct comparisons of a-trifluoromethyl diazirines to diazirines containing

different a-substituents. In an effort to partially address this deficiency, we surveyed five

other a-substituents and compared their Tonset and Tpeax values (Table 2.2).
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Table 2.2 Effect of a-substituent electronics on activation temperature and activation free

energy®@
N=N NzN NEN
/©)<® i» [ /m] —> /©/\®] —» products

Br Br Br

Entry X Tonset ®) (OC) Tpeak © (OC) AGI @ (kJ mol‘l)
1 Cl 76.5 £0.1 996 +£02 152.7

2 H 846 £1.8 1045+05 1472

3 CH; 935 +£04 1202+0.1 153.8

4 CF; 1056 £0.5 1324+06 147.8

5 F 108.4+0.3 1334+04 156.8

6 OCH3 n.d.© n.d.© 116.2

(a) In order to increase the molecular weight of the substrate (and thereby reduce
volatility) experiments were carried out on p-brominated aryl diazirines. (b)
Experimentally determined by extrapolation of the tangent of the upward slope observed
in the DSC experiment, to the fitted baseline of the plot. Data are presented as the
average of three independent measurements + standard deviation. (c) Experimentally
determined from the peak maxima in the DSC experiment. Data are presented as the
average of three independent measurements + standard deviation. (d) Calculated free
energy (298.15 K, 1 atm) of activation (M06-2X-D3/6-31+G(d,p)//M06-2X-D3/6-
31G(d,p)) associated with conversion of the diazirine into the corresponding carbene in
vacuum. (e) The a-methoxy diazirine was too unstable to be analyzed by DSC, which is
consistent with the low AG* that was found computationally, and with results from a
different group.'?®

Lower activation temperatures were observed for a-H, a-chloro and o-methyl

diazirines relative to a-CF3, while a representative a-fluoro diazirine had slightly higher
Tonset and Tpeak temperatures. The only a-methoxy compound studied was too unstable to
properly study experimentally, but appeared to have a very low decomposition
temperature.'?® Preliminary multi-reference calculations indicate that there are varying
degrees of multi-reference character in the transition states of the alpha-substituted
species. The poor treatment of multi-reference systems by M06-2X leads to a weaker
correlation between the calculated barrier heights and Tonsetr for the data in Table 2.2 than

was seen for the equivalent data in Table 2.1,
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2.3.4 Expanded in silico Hammett studies

The robust linear free energy relationship observed in Figure 2.4 stimulated
several additional questions:

1. Would aryl diazirines with alpha substituents other than CF3 reveal similar
tunability in activation temperature through the addition of electron donating or electron
withdrawing groups on the aromatic ring? We were particularly interested here to study
molecules with T donor groups at the alpha position (e.g. OMe or F). By donating into the
unfilled p orbital of the singlet carbene, such groups could in principle alter the electronic
preferences of the carbene intermediate, as well as the transition state energies.

2. Is it possible through judicious tuning of the electronics of an aryl diazirine to
stabilize the singlet carbene sufficiently well that it becomes the lower energy state for
the molecule? As discussed above, data from Sheridan and Lindel strongly implicate the
involvement of singlet carbenes following activation of trifluoromethyl 4-methoxyphenyl
diazirine, but it was not clear how this molecule fits into a larger trend.'?’

3. If a singlet state were favoured, would this improve the ability of the molecule
to undergo C—H insertion with aliphatic substrates? Or would the stabilization that is
necessary to lower the energy of the singlet state below that of the triplet necessarily then
raise the activation barrier for C—H insertion, such that this becomes a less efficient
process?

4. Given the very low activation barrier for a-methoxy diazirines, would these
species be better or worse reagents from the perspective of C—H insertion? Alkoxy
diazirines are valuable intermediates in glycoside synthesis,'3%!3! but less is known about
how their properties compare to the more commonly exploited trifluoromethyl
diazirines.!28:132.133

Some of these questions are challenging to study experimentally. For example,
the difficulty of working with a-methoxy diazirines (as noted above) makes it a challenge
to derive analytically precise data describing their activation. Similarly, exploring the
farther reaches of the Hammett plot by studying the inclusion of stronger electron
donating groups like NMe: (6," = —1.7) or NH2 (o," = —1.3) was ruled out as potentially
hazardous to laboratory personnel, since these molecules would have significantly lower

activation temperatures. Even studying the difference in performance for a p-OH group
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(op" = —0.92) relative to the p-OMe substituent (o, = —0.78) was ruled out
experimentally, due to concerns that hydrogen bonding for the phenol in the solid state
might complicate our analysis. Moreover, Hatanaka and co-workers have previously
reported that this phenol is unstable and difficult to isolate.?°

Of course, none of the above concerns apply to in silico experiments. We
therefore sought to explore the above questions computationally, using an expanded
Hammett series (R = 4-NMe», 4-NH», 4-OH, 4-OMe, 4-¢-Bu, 4-CH3, 4-H, 4-Cl, 4-CF3, 4-
CN and 4-NO») and four different alpha substituents (X = CF3, Cl, F, and OCH3).

All 44 diazirine activation reactions were modelled using M06-2X-D3/6-31G(d,p)
methods, and the calculated activation free energies (AG*) are shown in Figure 2.5 (see
Table S2.3 for complete tabulated data). The series of a-trifluoromethyl diazirines gave
the largest positive slope of any of the four families of substrates. Because we know from
Figure 2.3 and 2.4 that diazirine activation energy tightly corresponds to Tonset and Tpeak
temperatures, this means that activation temperature would be much less tunable for a-
fluoro, a-chloro and a-methoxy diazirines. In fact, the slope is essentially zero across the
Hammett series when X = F (see Table S2.3 for tabulated slopes), and becomes negative

when X = OCHs.
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Figure 2.5 Variation in diazirine activation free energy (M06-2X-D3/6-31G(d,p)) with
the Hammett parameter o," for four different series of aryl diazirines. Adapted with
permission from literature.*°

A series of computed isodesmic reactions (Figure S2.3) suggested that the trends
observed in Figure 2.5 are principally due to (de)stabilization of the transition states,
rather than alteration of the ground-state diazirine energies. These data indicate that when
X = CFj3, electron-donating groups located across the aromatic ring from the diazirine
centre can help to stabilize the empty p orbital that is evolving within the transition state.
Once again this is consistent with a transition structure that is singlet-like, rather than
triplet-like, and provides additional data in support of the hypothesis that singlet carbenes
are initially formed following diazirine activation. This effect is blunted by incorporation
of groups with increasing n-donating ability (X = Cl < F < OCH3) since these groups can
themselves donate electron density to help stabilize the evolving empty p orbital. By the
time we reach the strongest m-donor (X = OCH3), the evolving empty p orbital is fully
stabilized, and we therefore observe no change in transition-state stabilization with

differing substituents on the aromatic ring.



38

2.3.5 Assessment of singlet—triplet gaps
We next calculated the singlet—triplet energy gaps for our four Hammett series
using domain based local pair natural orbital (DLPNO) coupled cluster methods (Figure

2.6; see Table S2.6 for comparative data using different levels of theory).'3*
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Figure 2.6 Free energy of reaction (DLPNO-CCSD(T)/cc-pV(D-T)Z CBS/M06-2X-
D3/6-31G(d,p)) leading from diazirine starting materials to the corresponding singlet or
triplet carbene. Refer to Figure S2.4 for an equivalent plot where the same y-axis is used

for each panel. Adapted with permission from literature.>
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For each of the n-donors included in our study (X = Cl, F, or OCH3), the singlet
was always the lowest energy state for the carbene, regardless of the identity of the para
substituent (R) on the aromatic ring. As we saw with transition state energies, the ability
of the a-substituent to stabilize the singlet carbene through the donation of electron
density into the empty p orbital evidently outweighs other effects due to resonance
donation by the distal R group.

For the a-trifluoromethyl series, we saw more interesting behaviour, wherein the
singlet energy was dramatically affected by the ability of the R group to donate electron
density, while the triplet energy remained essentially constant across the Hammett series.
The result is a switch in the energy ordering of the two possible carbenes—when the aryl
group was substituted with electron-neutral or electron-poor groups at the para-position,
the triplet carbene was the lower energy species, but when a strong electron-donating
group was added to the para-position of the aromatic ring, the singlet carbene became
lower in energy. When R = OCH3, the singlet was calculated to be 6.9 kJ mol™' lower in
free energy (DLPNO-CCSD(T)/cc-pV(T-Q)Z//M06-2X-D3/6-31G(d,p)).

The data in Figure 2.6 indicate two different options for producing aryl carbenes
in which the singlet state is predominant: one may either employ an electron-donating o
substituent such as an alkoxy group (in which case the electronics of the aromatic ring are
largely immaterial) or else one can maintain the a-CF3 group that is widely used in
literature crosslinking studies but add a sufficiently electron-donating para substituent to

the aromatic ring.

2.3.6 Calculation of C—H insertion barriers

Applications of diazirine groups in chemical biology or materials science demand
that the carbene generated in situ be able to undergo efficient C—H insertion (or
occasionally O-H insertion). However, the percent conversion for this process is
typically quite poor (often <10%) because of the occurrence of side reactions. One
particularly troublesome side-reaction for carbenes—often accounting for >50% of the
mass balance in model studies of C—H insertion reactions—is quenching by adventitious
oxygen to produce undesired ketone side products. It is thought that this mainly occurs

through reaction of 30> with the triplet carbene. As such, the use of stabilized singlet
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carbenes (wherein little if any triplet is ever formed) may provide improved C-H
insertion yields. On the other hand, if the singlet carbenes are too stabilized, then a higher
energy barrier will be required for C—H insertion.

Mindful of the potential benefits of improved C—H insertion reactions elicited by
an ability to favour a singlet carbene intermediate, we computed the energy barriers for
aliphatic C—H insertion (using the central CH, motif of propane as a model of a typical
aliphatic group), for all 88 singlet and triplet carbenes derived from aryl diazirines where
X =CFj3, Cl, F, or OCH3, and R = 4-NMe», 4-NH>, 4-OH, 4-OMe, 4-t-Bu, 4-CH3, 4-H, 4-
Cl, 4-CF3, 4-CN or 4-NO,. Complete numerical data are tabulated in Table S2.3, and are

summarized graphically in Figure 2.7.
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Figure 2.7 Calculated free energy barriers (M06-2X-D3/6-31G(d,p)) for insertion of
singlet or triplet carbenes into the central C—H bond of propane. Data points and linear
fits are reported as in Figure 2.6: blue circles: X = CF3; purple diamonds: X = Cl; green
square: X = F; red triangles: X = OCHzs; solid lines: data and fits for singlet species;
dashed lines: data and fits for triplets. Refer to Figure S2.5 for plots showing singlet and
triplet insertions on separate axes. Adapted with permission from literature.>

The data reveal that for all four series of carbenes, the triplet C—H insertion
barriers are always lower in energy than the corresponding singlet barriers, although the

numbers are relatively close for electron-poor trifluoromethyl aryl diazirines (A[AG] =
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5.5 kJ mol™! when R = NO). The lowest singlet C—H insertion barriers are found for the
trifluoromethyl aryl diazirine series. Critically, these barriers are all lower than the AG*
for the initial production of carbenes from the diazirine parent compounds (ca. 140-155
kJ mol™!; see Table 2.1 and Figure 2.5).

Therefore, although the singlet C—H insertion barriers shown in Figure 2.7 are
higher than the barriers for the corresponding triplets, they must still be energetically
achievable if the system had enough energy for diazirine activation. In other words, if a
singlet a-CF3 carbene is produced, it should be able to undergo insertion with nearby C—
H bonds; the rate-determining step for the process will be loss of N> from the diazirine,
and the subsequent insertion will be kinetically invisible.

This is not the case for the other carbene series. For a-OCHj3; carbenes in
particular, the singlet C—H insertion barriers are very high in free energy, which removes

any possible benefit associated with the facile diazirine activation for these molecules.

2.3.7 Optimal C—H insertion efficiency from an electron-rich diazirine

Taken together, the above data suggest that trifluoromethyl aryl diazirines bearing
an electron-donating substituent at the para-position of the aromatic ring may be optimal:
they will require a lower temperature for thermal activation, they should favour a singlet
ground state for the carbene intermediate, and that singlet carbene should have sufficient
energy to undergo C—H insertion. But what would be the most appropriate electron-
donating group to use, when seeking to balance a desirable reactivity profile with good
handling characteristics? Extrapolation of the red line in Figure 2.4 and estimation of
initiation temperature from 7Tonset (refer to Figure S2.40 for further details) suggests that
p-amino trifluoromethyl phenyl diazirines would be unstable above ca. 40 °C. In addition
to obvious concerns around shock sensitivity or explosive propagation®®!'' simply
making and handling such a molecule on large scale could be problematic.

We therefore identified a p-alkoxy group as the optimal substituent to attach to
the trifluoromethyl aryl diazirine scaffold. Our calculations suggest that it is sufficiently
electron donating to favour the singlet ground state in the carbene (i.e. it falls just to the
left of the intersection point in the top panel of Figure 2.6), and yet our experimental

measurements indicate that it is not so electron-donating as to result in an impractically
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low activation temperature. As an added benefit, p-alkoxy trifluoromethyl aryl diazines
will have a longer wavelength Amax and increased extinction coefficient associated with
the diazirine activation band in the UV/Vis spectrum (Figure 2.2).

Notwithstanding occasional earlier reports on the use of p-alkoxy trifluoromethyl

114-116 - and Hashimoto,'® direct

aryl diazirines by Sheridan,®® Lindel,'"? Kanaoka
comparisons of efficacy between electron-rich, electron-neutral, and electron-poor aryl
diazirines in their ability to insert into challenging (i.e. high energy) C—H bonds are
lacking in the literature. Moreover, the few literature examples where electron-rich
trifluoromethyl aryl diazirines are used are limited to photochemical activation methods.
These examples are therefore relevant to chemical biology applications (where diazirines
are almost always excited photochemically or else through energy transfer) but are less
relevant to materials science applications, where thermal activation tends to predominate.

We therefore conducted a series of thermally and photochemically promoted C—H
insertions with representative electron-rich, electron-neutral, and electron-poor
trifluoromethyl aryl diazirines, employing cyclohexane as a substrate (C—H bond
dissociation energy = 416 kJ mol™").!3¢ Consistent with our prediction from Figure 2.6
that electron-donating groups at the para-position of the aromatic ring would stabilize a
singlet carbene and allow for more selective C—H insertion reactions, we found that the
installation of 4-OPh or 4-OCH3 substituents dramatically improved the isolated yield of
the desired product (Table 2.3). This was particularly true for thermal activation
conditions, in which the best-performing diazirine substrate was >10-fold more
efficacious toward C—H insertion than the worst substrate. Regardless of the activation
method, the 4-OCHj3 group was found to be superior to the 4-OPh group, consistent with

the improved electron-donating ability of the former substituent.
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Table 2.3 Effect of aryl substituent electronics on cyclohexane C—H insertion

N=N O HTl h
XY cF Xy~ cF
®©)< ——— @y ’
Z 140°C or 350 nm Z

Entry R Thermal C-H Photochemical C-H
insertion yield® (%) insertion yield® (%)

1 4-CF; 6 25

2 4-H 15 35

3 3-OCHs 18 19

4 4-OPh 75 77

5 4-OCHs 91 94

(a) Thermal C—H insertion reactions were performed using 15 mM of the desired
diazirine in dry, degassed cyclohexane. Reaction mixtures were heated in a sealed tube at
140 °C for 2 h. (b) Photochemical C—H insertion reactions were performed using 15 mM
of the desired diazirine in dry, degassed cyclohexane. Reaction mixtures were irradiated
at 350 nm for 4 h using a Rayonet reactor.

Careful examination of the crude NMR spectra for each of the reactions in

Table 2.3 (see Figure S2.30 and S2.31) indicated the presence of significant quantities of
ketone side products for the less-successful reactions, consistent with the hypothesis that
for electron-poor or electron-neutral trifluoromethyl aryl carbenes, the triplet is the
ground-state species. As further evidence for the mechanism of ketone formation, we
examined the addition of triplet trifluoromethyl aryl carbenes to O> computationally, and
found this process to be essentially barrierless. Other side products appear to result from
self-insertion pathways where one carbene molecule undergoes undesirable C-H
insertion reactions with the aromatic moiety of the starting material.

Whereas the data in Table 2.3 were collected using dry, degassed solvent, we also
sought to study the reaction of the optimized substrate in less rigorous reaction conditions
that might better mimic “real world” circumstances where diazirines need to be used.
Thermal and photochemical reactions of p-methoxy trifluoromethyl phenyl diazirine
were therefore repeated using 9: 1 cyclohexane : water, and each reaction was run under
air instead of inert atmosphere (Scheme 2.1). Remarkably, the desired C—H insertion
adduct was once again the only isolable product, and could be obtained in >90% yield.
Indeed, the crude NMR spectra for these “wet” reactions were identical to those obtained

when the reaction was run using dry, deoxygenated cyclohexane (Figure S2.32).
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O :H 20
. thermal activation:

9:1) H™|_H  92% isolated yield

15 mM
140 °C CFs UV activation:
A( ) or 90% isolated yield

hv (350 nm) HaCO
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H3CO
3 wet t-BuOH H OH
15 mM CFs + CFs
(140 °C) or
hv (350 nm) H3CO H3CO
2 h under air  thermal activation:
63% 23%
UV activation:
64% 27%

Scheme 2.1 C-H and O-H insertions in the presence of air and moisture. Adapted with
permission from literature.*°
While C—H insertions are often desired, O—H insertions can be equally useful for

H2.137 and polymer crosslinking.’®®! Raimer and Lindel had

both protein labeling
previously shown that p-methoxy trifluoromethyl phenyl diazirine could react with
phenols,!'? but because the proposed mechanism involved initial protonation by the
acidic phenol, it was unclear what the efficiency of O—H insertion would be with alcohols.
We therefore reacted our electronically optimized diazirine with fert-butanol under both
photochemical and thermal activation conditions, once again intentionally carrying out
the reaction under air and using non-anhydrous solvent (Scheme 2.1). Satisfyingly, the

total yield of O—H insertion products was approximately 90% in both cases.

2.4. Conclusions

Aryl diazirine reagents already find broad application in biological target
identification, small molecule capture, and protein- and polymer-crosslinking, as well as
in experimental adhesives for both commodity polymers and living tissue.”"'*® However,
in the vast majority of cases, the structure of the diazirine unit within these reagents has
been chosen based on synthetic expedience rather than a consideration of what electronic
properties might be optimal. In other words, all aryl diazirines have been assumed to be
more or less equivalent in their ability to function as reactive “warheads”. In contrast to
this view, the data presented in the current work provide compelling evidence that the
properties of aryl diazirines can be readily adjusted by tuning the electronics of the aryl

substituent. In particular, the observation that simply adding an alkoxy group to an aryl
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diazirine can improve the C—H insertion efficiency by >10-fold relative to an
electronically unoptimized diazirine should stimulate the development of ever more

effective reagents for the diverse array of applications discussed above.
2.5. Experimental and Supplementary Information

2.5.1 Supplemental figures
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Figure S2.1 Comparison of UV/Vis spectra for representative diazirines in nonpolar and
polar solvents. (A) Spectra recorded in n-hexane, using 1 nm steps. (B) Spectra recorded

in methanol, using 5 nm steps. Adapted with permission from literature.>
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Figure S2.2 Fits of experimental 7onset and

Tpeak data to empirically derived Hammett

parameters. (A) Fits generated using Hammett’s original ¢ parameters derived from the

study of para-substituted benzoic acid ionization. (B) Fits generated using Brown’s op"
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parameters derived from observation of solvolysis of substituted z-cumyl chlorides. (C)
Fits generated using Arnold’s o, parameters derived from the study of EPR hyperfine
coupling of benzyl radicals. (D) Fits generated using Creary’s oc” parameters derived
from the rearrangement of methylenecyclopropane ring systems. (E) Fits generated using
Jiang and Ji’s oj" parameters derived from the cyclodimerization of trifluorostyrenes.
Excellent fits are observed using Brown’s o," parameters, while very poor fits are
observed using any of the 6" parameters. These data support some degree of carbocation
character in the transition state, and are not consistent with radical character at the
benzylic center during the rate-determining step. Adapted with permission from

literature.>”
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Figure S2.3 Isodesmic equations used to explore the effect of aryl substituents on
energetics of the diazirine ground state (panel A) and transition state (panel B). All
calculations were performed using M06-2X-D3/6-31G(d,p). The data in panel A indicate
that varying the electronic properties of the aryl substituent has only minor (and very
consistent) effects on the energy of the ground-state diazirine; the consistent negative
slope across all four series of isodesmic reactions indicates that the CN»X function
constitutes a weak electron withdrawing group. The data in panel B indicate that when

X=CF;3, electron-donating groups located across the aromatic ring from the diazirine
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centre can help to stabilize the empty p orbital that is evolving within the transition state.
However, this effect is blunted by incorporation of groups with increasing n-donating
ability (X=Cl < F < OCH3) since these groups can themselves donate electron density to
help stabilize the evolving empty p orbital. Adapted with permission from literature.>
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2.5.2 Materials and methods

2.5.2.1 General considerations

All commercial materials were used as received. THF was freshly dried over
Na/benzophenone. Dichloromethane (DCM) was freshly dried by passage over alumina
in a commercial solvent purification system. Anhydrous cyclohexane was used in
crosslinking experiments. Spectranalyzed™ pentane was used for purification of
diazirines. Unless otherwise stated, all reactions were performed in flame-dried glassware
equipped with rubber septa under a positive pressure of argon. NMR spectra were
acquired on either a Bruker AVANCE 300 (300.27 MHz for 'H, 282.54 MHz for °F,
75.5 MHz for *C) or a Bruker AVANCE Neo 500 (500.27 MHz for 'H, 470.72 MHz for
9F, 125 MHz for 3C) spectrometer. Chemical shifts were reported in parts per million
(ppm) and were calibrated to the central peak of residual NMR solvent (central peak of
chloroform-d: '"H NMR & = 7.26 ppm, '3C NMR & = 77.16 ppm; dichloromethane-d,: '"H
NMR & = 5.32 ppm, 3C NMR & = 53.84 ppm). '3C spectra and "°F spectra were 'H
decoupled. Data is reported as follows: chemical shift (multiplicity [s = singlet, d =
doublet, t = triplet, q = quartet, qd = quartet of doublet, p = pentet, dt = doublet of triplet,
tt = triplet of triplet, td = triplet of doublet, br-s = broad singlet, m = multiplet], coupling
constant in Hz, integration). Chemical shifts in '°F spectra are reported in ppm and
reported as obtained. IR spectra were recorded using a Perkin-Elmer ATR spectrometer.

IR wave numbers (v) are reported in cm™!

. Rayonet UV chamber equipped with eight 350
nm UV lamps and an operating fan was used for photochemical C-H insertion
experiments. High resolution electrospray ionization mass spectrometry (HRMS) data
were acquired using a Thermo Scientific Orbitrap Exactive Plus spectrometer using
electrospray ionization experiments. GC-MS experiments were conducted using a
Finnigan Trace GC Ultra and DSQ mass spectrometer system coupled with an Al 3000
autosampler (Thermo, MA). Samples were dissolved in Optima™ Acetonitrile (Fisher
Chemical, NH) and then 2 pL was injected into the GC with a carrier flow of He gas set
at 1 mL/min. The column used was a RTX-5MS capillary column with dimensions of 15

mx 0.25 mm x 0.5 pm (Restek, PA). The inlet temperature was set to 220 °C with a split

flow of 10 mL/min. The oven temperature was held at 50 °C for 1 min and then raised to
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250 °C using a ramp rate of 20 °C/min. The oven then was held for three minutes at
250 °C resulting in a total run time of 9 min. The DSQ mass spectrometer was scanned
continuously in positive mode in the range of m/z = 50 to 650 Da. The source
temperature was set to 150 °C and electron impact energy 70 eV. Differential scanning
calorimetry analysis was performed using a DSC 25 TA instrument.
All diazirine-forming reactions were performed in the dark. Removal of solvent
was done at 25 °C, avoiding the use of excessive vacuum.

Diazirines are numbered in order of appearance in the manuscript D2.1-D2.17.

2.5.2.2 Synthesis of aryl diazirines

Diazirine D2.4 was purchased from Amadis Chemical and diazirines D2.6 and

D2.7 were purchased from TCI America.

N=N N=N N=N
CF3 CF3 CF3
HO Br:
D2.7

D2.4 D2.6

Synthesis of 2,2,2-trifluoro-1-(4-methoxyphenyl)ethan-1-one (S2.1).
1) Mg (1.5 equiv.)

B
/@/ ' THF (0.33 M) CF,
H,CO 2) TFAA (1equiv.)  H,CO

THF (0.5 M) S2.1
-20°C tor.t.

To a suspension of magnesium turnings (182 mg, 7.5 mmol, 1.5 equiv.) in
anhydrous THF (7.5 mL) stirred under argon was added drop wise a solution of 4-
bromoanisole (0.6 mL, 5 mmol, 1 equiv.) in anhydrous THF (7.5 mL). The reaction was
left for 2 h stirring and the product, (4-methoxyphenyl)magnesium bromide (14 mL of
0.33 M solution in THF fresh-made, 4.62 mmol) was added drop wise to a solution of
trifluoroacetic anhydride (TFAA, 0.64 mL, 4.2 mmol, 1 equiv.) in anhydrous THF at —
20 °C. The reaction was stirred at —20 °C for 2 h, then it was quenched with NH4Cl and it
was extracted with diethyl ether (x 3) and the combined organic layers were washed with
brine and dried over magnesium sulfate. The crude compound S2.1 was purified by silica

gel column chromatography using petroleum ether: EtOAc (9:1, Ry=0.35) as eluent to



53
afford the desired ketone S2.1 (713 mg, 3.49 mmol, 83%) as a yellow solid with
spectroscopic data in accordance with the literature.!'> '"H NMR (300 MHz, CDCI3) &
8.06 (dd, J=9.1, 1.0 Hz, 2H), 7.01 (d, J = 9.1 Hz, 2H), 3.92 (s, 3H). 'F NMR (283 MHz,
CDCl3) 6 —71.01.

Synthesis of 2,2,2-trifluoro-1-(4-methoxyphenyl)ethan-1-one oxime (S2.2) (mixture of £-,

Z-isomers).
0 NOH
NH,OH-HCI (3 equiv.)
CF; Pyridine (6 equiv.) - CF;
H;CO EtOH (0.2 M) H5CO
s2.1 reflux S2.2

To a stirred solution of compound S2.1 (713 mg, 3.49 mmol, 1 equiv.) in ethanol
(0.2 M), hydroxylamine hydrochloride (728 mg, 10.5 mmol, 3 equiv.) and pyridine (1.7
mL, 20.9 mmol, 6 equiv.) were added and the reaction mixture was heated to reflux for
21 h. The mixture was then cooled to room temperature and the mixture was treated with
2 M HCI and extracted with diethyl ether (3 times). The combined organic layers were
washed with distilled water until the pH of the washing layer became neutral, and then
dried with sodium sulfate, filtered, and concentrated. The residue was dried under high
vacuum for a prolonged time to afford the desired crude oxime S2.2 (as a mixture of
geometric isomers) as a white solid, with spectroscopic data in accordance with the

literature.!'2

The compound was submitted to the next step without further
purification. 'H NMR (300 MHz, CDCls) & 8.36 (br-s, 1H, OH), 8.12 — 8.01 (m, 0.3H,
OH, minor isomer), 7.53 (d, J = 8.7 Hz, 2H), 7.44 (dd, J = 9.0, 1.0 Hz, 0.75H, minor
isomer), 6.98 (d, J = 9.0 Hz, 2H), 6.95 — 6.90 (m, 0.75H, minor isomer), 3.85 (s, 3H),
3.84 (s, 1.3H, minor isomer). ’F NMR (283 MHz, CDCl3) 6 —62.36 (minor isomer), —

66.31.
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Synthesis of 2,2,2-trifluoro-1-(4-methoxyphenyl)ethan-1-one O-tosyl oxime (S2.3)

(mixture of E-, Z-isomers).

NOH TsClI (1 equiv.) NOTs
DMAP (5 mol%)
CF NEt; (1.5 equiv. CF
3 3 (1.5 equiv.) - 3
H;CO CH2C|2o (0.2 M) H,CO
S2.2 0°C s2.3

Compound S2.2 (764 mg, 3.49 mmol, 1 equiv.) was dissolved in CH>Cl, (0.2 M),
and triethylamine (0.7 mL, 5.2 mmol, 1.5 equiv.), DMAP (21 mg, 0.17 mmol, 5 mol%)
and tosyl chloride (665 mg, 3.49 mmol, 1 equiv.) were successively added at 0 °C. The
ice bath was removed after 5 min, and the reaction mixture was stirred at room
temperature for 1 h. The mixture was then treated with sat. aq. NH4ClI and extracted with
CHxCl,. The combined organic extracts were dried with sodium sulfate, filtered, and
concentrated to afford the desired crude tosyl oxime S2.3 as a white solid, with
spectroscopic data in accordance with the literature.!'> The compound was submitted to
the next step without further purification. 'H NMR (300 MHz, CDCls) § 7.89 (d, J = 8.3
Hz, 2H), 7.45 (d, J = 8.9 Hz, 2H), 7.38 (d, J = 8.2 Hz, 2H), 6.96 (d, /= 9.0 Hz, 2H), 3.86
(s, 3H), 2.48 (s, 3H). '°F NMR (283 MHz, CDCl3) 6 —61.42 (minor isomer), —66.03.
Synthesis of 3-(4-methoxyphenyl)-3-(trifluoromethyl)diaziridine (S2.4).

NOTs HN—NH
CF,4 NH; (excess) CF,4
'
H,CO THF 0.08 M HsCO
S2.3 —-20°C for3 h S2.4

then r.t. for 12h

Tosyl oxime S2.3 (856 mg, 2.29 mmol, 1 equiv.) was transferred to a flame-dried
3-neck flask under argon in anhydrous THF (0.08 M) and cooled to —20 °C. Anhydrous
gaseous ammonia was bubbled into the stirred solution for 3 h. Then, the reaction was
left stirring for 12 h, during which time it was allowed to warm from —20 °C to room
temperature. The mixture was quenched with sat. aq. NH4Cl and extracted with diethyl
ether (3 times). The combined organic layers were washed with brine and then dried with
sodium sulfate, filtered, and concentrated to afford the desired crude diaziridine S2.4 as a
colourless solid, which was submitted to the next step without further purification. The

analytical data were in accordance with literature.!'> "H NMR (300 MHz, CDCl3) & 7.53
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(d, J=8.7 Hz, 2H), 6.93 (d, J = 8.7 Hz, 2H), 3.83 (s, 3H), 2.75 (d, J = 8.6 Hz, 1H, NH),
2.16 (d, J= 8.6 Hz, 1H, NH). 'F NMR (283 MHz, CDCls) § —75.81.
Synthesis of 3-(4-methoxyphenyl)-3-(trifluoromethyl)-3 H-diazirine (D2.1).

HN—NH . N=N
I> (1.1 equiv.)
CF3 NEtg (3 equiv.) CF3
r
H3CO CH,CI, (0.2 M) H;CO
S2.4 D2.1

To a solution of the crude diaziridine S2.4 (298 mg, 1.37 mmol, 1 equiv.) in
CHxCl; (0.2 M) at 0 °C were added successively triethylamine (0.57 mL, 4.11 mmol, 3
equiv.) and iodine (382 mg, 1.5 mmol, 1.1 equiv.). The colored mixture was stirred at
0 °C for 1 h. The mixture was diluted with CH>Cl> and washed with sat. aq. sodium
thiosulfate. The aqueous layer was re-extracted with CH2Cl, (3 times). Then the
combined organic extracts were washed with brine and dried with sodium sulfate, filtered,
and concentrated. The residue was purified by silica gel column chromatography using
pentane: diethyl ether (9:1, Ry= 0.33) as eluent to afford the desired diazirine D2.1 (291
mg, 1.34 mmol, 98%) as a yellow oil, with spectroscopic data in accordance with the
literature.!'> '"H NMR (500 MHz, CDCl3) & 7.15 (dd, J = 9.1, 0.7 Hz, 2H), 6.91 (d, /= 9.0
Hz, 2H), 3.81 (s, 3H)."*C NMR (126 MHz, CDCls) 8 160.78, 128.30, 122.41 (q, J =
274.6 Hz), 121.09, 114.51, 55.51. '’F NMR (283 MHz, CDCl3) 6 —65.63. UV (n-hexane):
Amax, diazirine = 372 nm. IR (diamond-ATR) v: 2937, 2844, 1606, 1514, 1297, 1261, 1176,
1133, 1032, 969, 835.



Figure S2.6 'H, 1*C, and '°F NMR spectra of D2.1 in CDCls.
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Synthesis of 2,2,2-trifluoro-1-(4-phenoxyphenyl)ethan-1-one (S2.5).

AICl5 (5 equiv.) 0
DMAP (2 equiv.)

iv. F
O TFAA (4 equiv) CF,
PhO CHyCI; 0°C PhO

48 h $2.5

To a solution of diphenyl ether (1 g, 5.87 mmol, 1 equiv.) and 4-
dimethylaminopyridine (DMAP, 1.4 g, 11.7 mmol, 2 equiv.) in dry dichloromethane (10
mL), trifluoroacetic anhydride (TFAA, 3.2 mL, 23.4 mmol, 4 equiv.) was injected
dropwise at 0 °C under argon atmosphere. Then, anhydrous aluminum chloride (3.9 g,
29.35 mmol, 5 equiv.) was added to the mixture. The reaction was warmed to room
temperature and stirred for 48 h. The reaction mixture was poured into ice water and
extracted with dichloromethane. The organic layer was washed with brine and dried over
sodium sulfate. After evaporation of the solvent the reaction afforded the desired pure
product S2.5 as a colorless oil (1.25 g, 4.69 mmol, 80%) in agreement with literature
data.'* "H NMR (300 MHz, CDCls) & 8.05 (d, J = 8.2 Hz, 2H), 7.44 (t, J = 7.9 Hz, 2H),
7.29 —7.21 (m, 1H), 7.10 (d, J = 7.6 Hz, 2H), 7.04 (d, J = 9.0 Hz, 2H). '’F NMR (283
MHz, CDCl3) 6 —71.15.

Synthesis of 2,2,2-trifluoro-1-(4-phenoxyphenyl)ethan-1-one oxime (S2.6) (mixture of £-,

Z-isomers).
o) NOH
NH,OH-HCI (3 equiv.)
CF; Pyridine (6 equiv.) - CF3
PhO EtOH (0.2 M) PhO
S2.5 reflux S2.6

To a stirred solution of compound S2.5 (443 mg, 1.66 mmol, 1 equiv,) in ethanol
(0.2 M), hydroxylamine hydrochloride (1.15 g, 16.5 mmol, 3 equiv.) and pyridine (2.6
mL, 33 mmol, 6 equiv.) were added and the reaction mixture was heated to reflux for
21 h. The mixture was then cooled to room temperature and the mixture was treated with
2 M HCI and extracted with diethyl ether (3 times). The combined organic layers were
washed with distilled water until the pH of the washing layer became neutral, and then
dried with sodium sulfate, filtered, and concentrated. The residue was dried under high

vacuum for a prolonged time to afford the desired crude oxime S2.6 (as a mixture of
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geometric isomers) as a yellow oil (464 mg). The compound was submitted to the next
step without further purification. "H NMR (300 MHz, CDCI3) & 8.30 (d, J = 8.9 Hz, 2H),
8.25 (d, J = 9.0 Hz, 1.6H, minor isomer), 7.68 (d, J = 8.6 Hz, 3.6H, major and minor
isomers). ’F NMR (283 MHz, CDCls) § —62.28, —66.06.

Synthesis of 2,2,2-trifluoro-1-(4-phenoxyphenyl)ethan-1-one O-tosyl oxime (S2.7)

(mixture of E-, Z-isomers).

NOH TsCI (1 equiv.) NOTs
DMAP (5 mol%)
CF3 NEt; (1.5 equiv.) - CF3
PhO CH,ClI, (0.2 M) PhO
S2.6 0°C S2.7

Compound S2.6 (464 mg, 1.65 mmol, 1 equiv.) was dissolved in CH2Cl, (0.2 M),
and triethylamine (0.35 mL, 2.47 mmol, 1.5 equiv.), DMAP (10 mg, 0.082 mmol, 5
mol%) and tosyl chloride (315 mg, 1.65 mmol, 1 equiv.) were successively added at 0 °C.
The ice bath was removed after 5 min, and the reaction mixture was stirred at room
temperature for 1 h. The mixture was then treated with sat. aq. NH4ClI and extracted with
CHxCl,. The combined organic extracts were dried with sodium sulfate, filtered, and
concentrated to afford the desired crude tosyl oxime S2.7 as a yellow solid, which was
submitted to the next step without further purification. '"H NMR (300 MHz, CDCls) &
7.89 (d, J = 8.3 Hz, 2.90H, major and minor isomers), 7.48 — 7.33 (m, 9H, major and
minor isomers), 7.24 — 7.16 (m, 1.55H, minor isomer), 7.14 — 6.92 (m, 6H, major and
minor isomers), 2.48 (s, 3H), 2.46 (s, 1.39H, minor isomer). °’F NMR (283 MHz, CDCls)
0 —61.45 (minor isomer), —66.26.
Synthesis of 3-(4-phenoxyphenyl)-3-(trifluoromethyl)diaziridine (S2.8).

NOTs HN—NH
CF,4 NHj (excess) CF,
’
PhO THF 0.02 M PhO
S2.7 —-20°C for 3 h S2.8

then r.t. for 12h
Tosyl oxime S2.7 (714 mg, 1.60 mmol, 1 equiv.) was transferred to a flame-dried
3-neck flask under argon in anhydrous THF (0.02 M) and cooled to —20°C. Anhydrous
gaseous ammonia was bubbled into the stirred solution for 3 h. Then, the reaction was

left stirring for 12 h, during which time it was allowed to warm from —20°C to room
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temperature. The mixture was quenched with sat. aq. NH4Cl and extracted with diethyl
ether (3 times). The combined organic layers were washed with brine and then dried with
sodium sulfate, filtered and concentrated to afford the desired crude diaziridine S2.8,
which was submitted to the next step without further purification.'”’F NMR (283 MHz,
CDCl3) 6 —75.69.

Synthesis of 3-(4-phenoxyphenyl)-3-(trifluoromethyl)-3 H-diazirine (D2.2).

HN—NH . N=N
I5 (1.1 equiv.)
CF4 NEt; (3 equiv.) - CF4
S2.8 D2.2

To a solution of the crude diaziridine S2.8 in CH>Cl, (0.2 M) at 0 °C were added
successively triethylamine (3 equiv.) and iodine (1.1 equiv.). The colored mixture was
stirred at 0 °C for 1 h. The mixture was diluted with CH>Cl> and washed with sat. aq.
sodium thiosulfate. The aqueous layer was re-extracted with CH>Cl, (3 times). Then the
combined organic extracts were washed with brine and dried with sodium sulfate, filtered,
and concentrated. The residue was purified by silica gel column chromatography using
pentane as eluent (R, = 0.44) to afford the desired diazirine D2.2 (216 mg, 0.77 mmol, 48%
over two steps) as a pale-yellow oil. 'H NMR (500 MHz, CDCls) & 7.40 — 7.33 (m, 2H),
7.19 — 7.12 (m, 3H), 7.04 — 7.01 (m, 2H), 7.01 — 6.97 (m, 2H). *C NMR (126 MHz,
CDCl3) & 159.09, 156.11, 130.14, 128.45, 124.40, 123.34, 119.83, 118.56, 29.86. '°F
NMR (471 MHz, CDCl3) & —65.52. UV (n-hexane): Amax, diazirine = 369 nm. IR (diamond-
ATR) v: 3044, 2927, 2856, 1614, 1589, 1512, 1489, 1344, 1232, 1186, 1148, 937, 691.
GC-MS m/z (% relative intensity) [ion]: 291 (70) [M — N2 + CH3CN]", 250 (40) [M —
No]¥, 157 (100) [CsH4F3]", 137 (10) [CsHsF2]", 76 (45) [CsH4]™. [M = CisHoF3N>O
(278.06)].



Figure S2.7 'H, 13C, and '°F NMR spectra of D2.2 in CDCls.

60



61
Synthesis of 1-(4-(tert-butyl)phenyl)-2,2,2-trifluoroethan-1-one (S2.9).

) 0O
TBAF (5 mol%)
OCH;  TMSCF; (1.2 equiv.) CF,4
>
t-Bu THF (0.5 M) t-Bu
-10°C tor.t. S2.9

In a flame-dried flask, to a stirring solution of commercially available methyl
4-(tert-butyl)benzoate (1.0 mL, 5.2 mmol, 1 equiv.) in distilled THF (8.2 mL) under
argon atmosphere at —10 °C, TMSCF3 (0.92 mL, 6.24 mmol, 1.2 equiv.) and then TBAF
(0.26 mL, 1 M in THF, 5 mol%) were slowly added dropwise. The resulting solution was
allowed to warm to room temperature with continued stirring for an hour and the colour
changed from transparent to orange. The reaction was left stirring for 16 h and then
quenched with NH4Cl, extracted with diethyl ether (2 times) and the combined organic
extracts were washed with brine and dried with sodium sulfate. The filtered and
concentrated orange oil was purified by silica gel column chromatography using pentane:
chloroform (6:4, Ry= 0.62) as eluent to afford the desired ketone S2.9 (446 mg, 1.94
mmol, 37%) as a yellow oil, in accordance with literature data.'*® "H NMR (300 MHz,
CDCls) 6 8.02 (d, J = 8.8 Hz, 2H), 7.56 (d, J = 8.8 Hz, 2H), 1.36 (s, 9H). '’F NMR (283
MHz, CDCls) 6 —71.34.

Synthesis of 1-(4-(tert-butyl)phenyl)-2,2,2-trifluoroethan-1-one oxime (S2.10) (mixture

of E-, Z-isomers).

0 NOH
NH,OH+HCI (3 equiv.)
CF3 Pyridine (6 equiv.) - CF;
t-Bu EtOH (0.2 M) t-Bu
S2.9 reflux $2.10

To a stirred solution of compound S2.9 (400 mg, 1.74 mmol, 1 equiv,) in ethanol
(0.2 M), hydroxylamine hydrochloride (363 mg, 5.22 mmol, 3 equiv.) and pyridine (0.9
mL, 10.42 mmol, 6 equiv.) were added and the reaction mixture was heated to reflux for
21 h. The mixture was then cooled to room temperature and the mixture was treated with
2 M HCI and extracted with diethyl ether (3 times). The combined organic layers were
washed with distilled water until the pH of the washing layer became neutral, and then

dried with sodium sulfate, filtered, and concentrated. The residue was dried under high
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vacuum for a prolonged time to afford the desired crude oxime S2.10 (as a mixture of
geometric isomers) as a white solid (410 mg, 96%). The compound was submitted to the
next step without further purification. 'H NMR (300 MHz, CDCl3) §7.47 (d, J = 2.3 Hz,
2H), 7.43 (s, 2H), 1.33 (s, 9H). '°F NMR (283 MHz, CDCl3) § —62.36 (minor isomer), —
66.44.

Synthesis of 1-(4-(tert-butyl)phenyl)-2,2,2-trifluoroethan-1-one O-tosyl oxime (S2.11)

(mixture of E-, Z-isomers).

TsCl (1 equiv.)
NOH NOT
DMAP (5 mol%) S
/©)kCF3 NEt3 (1 .5 equlV) /©)kCF3
t-Bu CHCI; (0.2 M) t-Bu
$2.10 0°C S2.11

Compound S2.10 (410 mg, 1.67 mmol, 1 equiv.) was dissolved in CH>Cl> (0.8
mL), and triethylamine (0.35 mL, 2.5 mmol, 1.5 equiv.), DMAP (10 mg, 0.083 mmol, 5
mol%) and tosyl chloride (319 mg, 1.67 mmol, 1 equiv.) were successively added at 0 °C.
The ice bath was removed after 5 min, and the reaction mixture was stirred at room
temperature for 1 h. The mixture was then treated with sat. aq. NH4ClI and extracted with
CH2Clo. The combined organic extracts were dried with magnesium sulfate, filtered, and
concentrated to afford the desired crude tosyl oxime S2.11 (587 mg, 91%) as a yellow oil,
which was submitted to the next step without further purification. '"H NMR (300 MHz,
CDCl3) 6 7.95 — 7.84 (m, 2H), 7.80 (d, J = 8.3 Hz, 2H), 7.48 (d, J = 8.8 Hz, 2H), 7.42 —
7.29 (m, 2H), 2.45 (s, 3H), 1.34 (s, 9H). ’F NMR (283 MHz, CDCl3) 6 —61.49 (minor
isomer), —66.46.
Synthesis of 3-(4-(tert-butyl)phenyl)-3-(trifluoromethyl)diaziridine (S2.12).

NOTs HN—NH
CF, NH; (excess) CF,
o
By TH!: 0.02 M By
$2.11 —20°Cfor3 h $2.12

then r.t. for 12h
Tosyl oxime S2.11 (533 mg, 1.3 mmol, 1 equiv.) was transferred to a flame-dried
3-neck flask under argon in anhydrous THF (65 mL) and cooled to —20°C. Anhydrous
gaseous ammonia was bubbled into the stirred solution for 3 h. Then, the reaction was

left stirring for 12 h, during which time it was allowed to warm from —20°C to room
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temperature. The mixture was quenched with sat. aq. NH4Cl and extracted with CH>Cl,
(3 times). The combined organic layers were washed with brine and then dried with
sodium sulfate, filtered and concentrated to afford the desired crude diaziridine S2.12,
which was submitted to the next step without further purification. '"H NMR (300 MHz,
CDCl) 6 7.54 (d, J= 8.3 Hz, 2H), 7.43 (d, J = 8.7 Hz, 2H), 2.76 (d, /= 9.1 Hz, 1H), 2.19
(d, J=9.1 Hz, 1H), 1.32 (s, 9H). '°F NMR (283 MHz, CDCl3) & —75.59.

Synthesis of 3-(4-(tert-butyl)phenyl)-3-(trifluoromethyl)-3 H-diazirine (D2.3).

HN—NH . N=N
I> (1.1 equiv.)
CF3 NEt3 (3 equiv.) CF3
t-Bu CH2C|2 (01 M) t-Bu
S$2.12 D2.3

To a solution of the crude diaziridine S2.12 (318 mg, 1.3 mmol, 1 equiv.) in
CHxCl, (10 mL) at 0 °C were added successively triethylamine (0.54 mL, 3.9 mmol, 3
equiv.) and iodine (363 mg, 1.43 mmol, 1.1 equiv.). The colored mixture was stirred at
0°C for 1 h. The mixture was diluted with CH2Cl, and washed with sat. aq. sodium
thiosulfate. The aqueous layer was re-extracted with CH2Cl, (3 times). Then the
combined organic extracts were washed with brine and dried with sodium sulfate, filtered,
and concentrated. The residue was purified by silica gel column chromatography using
pentane as eluent to afford the desired diazirine D2.3 (282 mg, 1.16 mmol, 80%) as a
pale-yellow oil. "H NMR (500 MHz, CDCls) 8 7.41 (d, J = 8.6 Hz, 2H), 7.13 (d, J = 8.1
Hz, 2H), 1.31 (s, 9H). 3C NMR (126 MHz, CDCl3) & 153.08, 126.36, 126.32, 125.96,
122.38 (q, J = 274.7, 274.3 Hz), 34.88, 31.27, 29.87. 'F NMR (283 MHz, CDCls) & —
65.30. UV (n-hexane): Amax, diazirine = 360 nm. IR (diamond-ATR) v: 2960, 2925, 2855,
1616, 1514, 1464, 1344, 1238, 1188, 1158, 941, 703. HRMS (ESI-) m/z [M — N> + HO]
calculated for [Ci12H14F30]: 231.1002, found: 231.1006.



Figure S2.8 'H, 1*C, and '°F NMR spectra of D2.3 in CDCls.
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Synthesis of 1-(4-bromophenyl)-2,2,2-trifluoroethan-1-one (S2.13).

Br 1) Mg (1.5 equiv.)
/@/ THF (0.33 M) CF,
’
Br 2) TFAA (1 GQUiV.) Br
THF (0.5 M) $2.13
-20°C tor.t.

To a suspension of magnesium turnings (250 mg, 10.4 mmol, 1.5 equiv.) in
anhydrous THF (11 mL) stirred under argon was added drop wise a solution of 1,4-
dibromobenzene (1.63 g, 6.9 mmol, 1 equiv.) in anhydrous THF (9 mL). The reaction
was left for 2 h stirring and the product, (4-bromophenyl)magnesium bromide (16 mL of
0.33 M solution in THF fresh-made, 5.4 mmol) was added drop wise to a solution of
trifluoroacetic anhydride (TFAA, 0.83 mL, 5 mmol, 1 equiv.) in anhydrous THF at —
20 °C. The reaction was stirred at —20 °C for 2 h, then it was quenched with NH4Cl and it
was extracted with diethyl ether (x 3) and the combined organic layers were washed with
brine and dried over magnesium sulfate. The crude compound S2.13 was purified by
silica gel column chromatography using petroleum ether: EtOAc (9:1, Ry/= 0.40) as eluent
to afford the desired ketone S2.13 (898 mg, 3.55 mmol, 71%) as a pale-yellow oil with
spectroscopic data in accordance with the literature.'*! '"H NMR (300 MHz, CDCI3) &
7.93 (d, J = 8.7 Hz, 2H), 7.71 (d, J = 8.7 Hz, 2H). '°F NMR (283 MHz, CDCl3) 6 —71.54.
Synthesis of 1-(4-bromophenyl)-2,2,2-trifluoroethan-1-one oxime (S2.14) (mixture of E-,

Z-isomers).
O NOH
NH,OH+HCI (3 equiv.)
F Pyridine (6 equiv. F
CF; y (6 eq ) > CF3
Br EtOH (0.2 M) Br
S2.13 reflux S2.14

To a stirred solution of compound S2.13 (815 mg, 3.22 mmol, 1 equiv.) in ethanol
(0.2 M), hydroxylamine hydrochloride (672 mg, 9.66 mmol, 3 equiv.) and pyridine (1.5
mL, 19.3 mmol, 6 equiv.) were added and the reaction mixture was heated to reflux for
21 h. The mixture was then cooled to room temperature and the mixture was treated with
2 M HCI and extracted with diethyl ether (3 times). The combined organic layers were
washed with distilled water until the pH of the washing layer became neutral, and then

dried with sodium sulfate, filtered, and concentrated. The residue was dried under high
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vacuum for a prolonged time to afford the desired crude oxime S2.14 (as a mixture of
geometric isomers) as a yellow oil, with spectroscopic data in accordance with the

literature. 42

The compound was submitted to the next step without further
purification. '"H NMR (300 MHz, CDCls) & 8.61 (s, OH), 8.34 (s, OH, minor isomer),
7.60-7.53 (m, 2H), 7.40-7.37 (m, 2H). '°F NMR (283 MHz, CDCl3) 6 —62.32, —66.60
(minor isomer).

Synthesis of 1-(4-bromophenyl)-2,2,2-trifluoroethan-1-one O-tosyl oxime (S2.15)

(mixture of E-, Z-isomers).

NOH TsClI (1 equiv.) NOTs
DMAP (5 mol%)
CF3 NEt; (1.5 equiv.) - CF3
Br CH,ClI, (0.2 M) Br
S2.14 0°C S2.15

Compound S2.14 (787 mg, 2.94 mmol, 1 equiv.) was dissolved in CH>Cl (0.2 M),
and triethylamine (0.20 mL, 4.41 mmol, 1.5 equiv.), DMAP (18 mg, 0.14 mmol, 5 mol%)
and tosyl chloride (560 mg, 2.94 mmol, 1 equiv.) were successively added at 0 °C. The
ice bath was removed after 5 min, and the reaction mixture was stirred at room
temperature for 1 h. The mixture was then treated with sat. aq. NH4ClI and extracted with
CHxCl,. The combined organic extracts were dried with sodium sulfate, filtered, and
concentrated to afford the desired crude tosyl oxime S2.15 as a white solid, with
spectroscopic data in accordance with the literature.'*?
the next step without further purification. 'H NMR (300 MHz, CDCls) § 7.87 (d, J = 8.3
Hz, 2H), 7.58 (d, J = 8.6 Hz, 2H), 7.37 — 7.42 (m, 2H), 7.27 (d, J = 8.6 Hz, 2H), 2.46 (s,
3H). '”F NMR (283 MHz, CDCl3) § —61.53 (minor isomer), —66.70.

The compound was submitted to
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Synthesis of 3-(4-bromophenyl)-3-(trifluoromethyl)diaziridine (S2.16).

NOTs HN—NH
CF, NH3 (excess) CF;
>
Br THF 0.02 M Br
S2.15 —20°C for 3 h S2.16

then r.t. for 12h

Tosyl oxime S2.15 (1.22 g, 2.89 mmol, 1 equiv.) was transferred to a flame-dried
3-neck flask under argon in anhydrous THF (0.02 M) and cooled to —20°C. Anhydrous
gaseous ammonia was bubbled into the stirred solution for 3 h. Then, the reaction was
left stirring for 12 h, during which time it was allowed to warm from —20°C to room
temperature. The mixture was quenched with sat. aq. NH4Cl and extracted with diethyl
ether (3 times). The combined organic layers were washed with brine and then dried with
sodium sulfate, filtered and concentrated to afford the desired crude diaziridine S2.16 as a
colourless solid, which was submitted to the next step without further purification. The
analytical data were in accordance with literature.'*> '"H NMR (300 MHz, CDCl3) & 7.56
(d, /J=8.6 Hz, 2H), 7.49 (d, /= 8.6 Hz, 2H), 2.21 (d, /= 8.4 Hz, 1H), 2.81 (d, /= 8.4 Hz,
1H). '°F NMR (283 MHz, CDCls) & —75.48.
Synthesis of 3-(4-bromophenyl)-3-(trifluoromethyl)-3 H-diazirine (D2.5).

HN—NH =
I> (1.1 equiv.) N=N
CF3 NEt; (3 equiv.) - CF3
Br CH,Cl, (0.2 M) Br
S2.16 D2.5

To a solution of the crude diaziridine S2.16 (774 mg, 2.89 mmol, 1 equiv.) in
CHxCl; (0.2 M) at 0 °C were added successively triethylamine (1.21 mL, 8.69 mmol, 3
equiv.) and iodine (809 mg, 3.18 mmol, 1.1 equiv.). The colored mixture was stirred at
0 °C for 1 h. The mixture was diluted with CH>Cl, and washed with sat. aq. sodium
thiosulfate. The aqueous layer was re-extracted with CH2Cl, (3 times). Then the
combined organic extracts were washed with brine and dried with sodium sulfate, filtered,
and concentrated. The residue was purified by silica gel column chromatography using
pentane as eluent (Ry= 0.75) to afford the desired diazirine D2.5 (742 mg, 2.80 mmol,
96%) as a pale-yellow oil, with spectroscopic data in accordance with the literature.'#> 'H

NMR (500 MHz, CDCls) §7.54 (d, J = 8.7 Hz, 2H), 7.07 (d, J = 8.1 Hz, 2H).3C NMR
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(126 MHz, CDCl3) 6 132.13, 124.28, 121.92 (q, J = 274.8 Hz), 28.22 (q, J =43.2, 41.9
Hz). 'F NMR (283 MHz, CDCls) & —65.33. IR (diamond-ATR) v: 2928, 1614, 1497,
1339, 1232, 1185, 1151, 936, 814, 747, 532.

Figure S2.9 'H, 13C, and '°F NMR spectra of D2.5 in CDCls.



69
Synthesis of 2,2,2-trifluoro-1-(3-methoxyphenyl)ethan-1-one (S2.17).
)

H3CO\©/MgBr TFAA (1 equiv)  H3CO CFs
THF (0.5 M)

(1.1 equiv.) -20°Ctor.t. $2.17

In a round bottom flask equipped with a magnetic stir bar and a condenser, to a
stirring mixture of trifluoroacetic anhydride (0.66 mL, 4.76 mmol, 1 equiv.) in distilled
THF (0.5 M) at —20°C, 3-methoxyphenyl magnesium Grignard (5.2 mL, 1 M in THF, 1.1
equiv.) was added. The mixture was stirred for 4 h and then quenched with NH4CI and
extracted with EtOAc (3 times). Then the combined organic extracts were washed with
brine and dried with magnesium sulfate, filtered, and concentrated. The crude compound
S2.17 was purified by silica gel column chromatography using petroleum ether: EtOAc
(8:2, Rr=0.6) as eluent to afford the desired ketone S2.17 (766 mg, 3.75 mmol, 79%) as a
yellow oil. 'TH NMR (300 MHz, CDCl3)  7.66 (d, J= 7.7 Hz, 1H), 7.57 (s, 1H), 7.46 (t, J
=8.0 Hz, 1H), 7.03 — 6.88 (m, 1H), 3.88 (s, 3H). !°F NMR (283 MHz, CDCls) § —71.22.
Synthesis of 2,2,2-trifluoro-1-(3-methoxyphenyl)ethan-1-one oxime (S2.18) (mixture of

E-, Z-isomers).

0 OH-HOI ) NOH
NH,OH+-HCI (3 equiv.
H300\©)‘\CF3 Pyridine (6 equiv.) HSCO\©)‘\CF3
EtOH (0.2 M)
$2.17 reflux $2.18

To a stirred solution of compound S2.17 (673 mg, 3.3 mmol, 1 equiv,) in ethanol
(0.2 M), hydroxylamine hydrochloride (688 mg, 9.9 mmol, 3 equiv.) and pyridine (1.6
mL, 19.8 mmol, 6 equiv.) were added and the reaction mixture was heated to reflux for
1 h. The mixture was then cooled to room temperature and the mixture was treated with 2
M HCI and extracted with diethyl ether (3 times). The combined organic layers were
washed with distilled water until the pH of the washing layer became neutral, and then
dried with sodium sulfate, filtered, and concentrated. The residue was dried under high
vacuum for a prolonged time to afford the desired crude oxime S2.18 (as a mixture of
geometric isomers) as a white solid (720 mg). The compound was submitted to the next

step without further purification. The analytical data were in accordance with literature.”
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"H NMR (300 MHz, CDCl3) & 9.64 (br-s, 1H), 9.33 (s, 0.3H, minor isomer), 7.47 — 7.28
(m, 1H and 0.3H minor isomer), 7.14 — 6.80 (m, 3H and 0.9H minor isomer), 3.83 (s, 3H),
3.78 (s, 1H, minor isomer)."’F NMR (283 MHz, CDCl3) 6 —62.37, —66.67.
Synthesis of 2,2,2-trifluoro-1-(3-methoxyphenyl)ethan-1-one O-tosyl oxime (S2.19)

(mixture of E-, Z-isomers).

NOH TsCI (1 equiv.) NOTs
DMAP (5 mol%)
H,CO H,CO
3 \©)‘\CF3 NEt; (1.5 equiv.) 3 \©)‘\CF3
CH,Cl, (0.2 M)
S2.18 0°C S$2.19

Compound S2.18 (720 mg, 3.3 mmol, 1 equiv.) was dissolved in CH2Cl, (0.2 M),
and triethylamine (0.69 mL, 4.95 mmol, 1.5 equiv.), DMAP (20 mg, 0.165 mmol, 5
mol%) and tosyl chloride (629 mg, 3.3 mmol, 1 equiv.) were successively added at 0 °C.
The ice bath was removed after 5 min, and the reaction mixture was stirred at room
temperature for 1 h. The mixture was then treated with sat. aq. NH4ClI and extracted with
CHxCl,. The combined organic extracts were dried with sodium sulfate, filtered, and
concentrated to afford the desired crude tosyl oxime S2.19 (1.05 g) as a yellow oil, which
was submitted to the next step without further purification. The analytical data were in
accordance with literature.”® "TH NMR (300 MHz, CDCls) 8 7.92 — 7.85 (m, 2H), 7.41 —
7.36 (m, 2H), 7.34 — 7.29 (m, 1H), 7.08 — 7.02 (m, 1H), 6.97 — 6.91 (m, 1H), 6.90 — 6.84
(m, 1H), 3.82 (s, 3H), 2.48 (s, 3H). '’F NMR (283 MHz, CDCl3) 6 —61.51 (minor isomer),
—66.93.
Synthesis of 3-(3-methoxyphenyl)-3-(trifluoromethyl)diaziridine (S2.20).

NOTs HN—NH
H,CO H,CO
3 CF,4 NH3 (excess) . 3 CF,4
THF (0.02 M)
$2.19 —20°Cfor 3 h S2.20

then r.t. for 12h
Tosyl oxime S2.19 (1 g, 2.68 mmol, 1 equiv.) was transferred to a flame-dried 3-
neck flask under argon in anhydrous THF (30 mL) and cooled to —20°C. Anhydrous
gaseous ammonia was bubbled into the stirred solution for 3 h. Then, the reaction was
left stirring for 12 h, during which time it was allowed to warm from —20°C to room

temperature. The mixture was quenched with sat. aq. NH4Cl and extracted with CH>Cl,
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(3 times). The combined organic layers were washed with brine and then dried with
sodium sulfate, filtered and concentrated to afford the desired crude diaziridine S2.20,
which was submitted to the next step without further purification. The analytical data
were in accordance with literature.”” "H NMR (300 MHz, CDCl3) & 7.34 (t, J = 8.0 Hz,
1H), 7.20 (d, J = 7.7 Hz, 1H), 7.15 (s, 1H), 7.02 — 6.93 (m, 1H), 3.83 (s, 3H)."”F NMR
(283 MHz, CDCls) & —75.49.
Synthesis of 3-(3-methoxyphenyl)-3-(trifluoromethyl)-3 H-diazirine (D2.8).

HN—NH L (11 equiv) N=N
2 . .
H3CO\©)<CF3 NEts; (3 equiv.) >H3CO\©)<CF3
CH,Cl, (0.2 M)
S$2.20 D2.8

To a solution of the crude diaziridine S2.20 (585 mg, 2.68 mmol, 1 equiv.) in
CHxCl; (0.2 M) at 0 °C were added successively triethylamine (1.1 mL, 8.04 mmol, 3
equiv.) and iodine (748 mg, 2.94 mmol, 1.1 equiv.). The colored mixture was stirred at
0 °C for 1 h. The mixture was diluted with CH>Cl, and washed with sat. aq. sodium
thiosulfate. The aqueous layer was re-extracted with CH2Cl, (3 times). Then the
combined organic extracts were washed with brine and dried with sodium sulfate, filtered,
and concentrated. The residue was purified by silica gel column chromatography using
pentane: EtOAc (9:1) as eluent to afford the desired diazirine D2.8 (241 mg, 1.1 mmol,
42%) as a pale-yellow oil, in accordance with literature data.”” '"H NMR (500 MHz,
CDCl3) 6 7.31 (t, J= 8.0 Hz, 1H), 6.95 (ddd, J = 8.3, 2.6, 0.9 Hz, 1H), 6.78 (ddq, J = 7.8,
1.7, 0.9 Hz, 1H), 6.69 (t, J = 2.3 Hz, 1H), 3.81 (s, 3H). '3C NMR (126 MHz, CDCl;3) &
159.94, 130.70, 130.17, 122.25 (d, J = 274.7 Hz), 118.89, 115.35, 112.39, 55.48, 29.86.
F NMR (283 MHz, CDCl3) & —65.16. UV (n-hexane): Amax, diazirine = 355 nm. IR
(diamond-ATR) v: 2959, 2929, 2874, 2860, 1606, 1462, 1265, 1247, 1115, 1100, 1019,
729.



Figure S2.10 'H, 13C, and 'F NMR spectra of D2.8 in CDCls.
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Synthesis of 3-(3-hydroxyphenyl)-3-(trifluoromethyl)-3 H-diazirine (D2.9).

N=N N=N
H4;CO . HO
3 \©)<CF3 BBr; (1.5 equiv.) . \©)<CF3
CH,Cl, (0.3 M)
D2.8 0°C D2.9

The reaction was carried out in dim light: to a solution of compound D2.8
(400 mg, 1.85 mmol, 1 equiv.) in CH2CL (0.3 M) at 0 °C were added successively a
solution of 1 M boron tribromide in CH>Cl (2.8 mL, 2.78 mmol, 1.5 equiv.). The colored
mixture was stirred at 0 °C and slowly warm up to room temperature for 4 h. Water
(5 mL) was added to the reaction mixture followed by CH>Cl,. The aqueous layer was re-
extracted with CH>Cl, (2 times). Then the combined organic extracts were dried with
sodium sulfate, filtered, and concentrated. The residue was characterized directly without
further purification, affording the desired diazirine D2.9 (365 mg, 1.81 mmol, 98%) as a
brown-yellow oil. The analytical data were in accordance with literature.”” "H NMR (500
MHz, CD>Cl») & 7.28 (t, J = 8.0 Hz, 1H), 6.90 (dd, J = 8.2, 2.4 Hz, 1H), 6.74 (d, J= 7.8
Hz, 1H), 6.68 (s, 1H), 5.42 (s, 1H). 3C NMR (126 MHz, CD,Cl,) 8§ 156.69, 131.20,
130.86, 122.67 (q, J = 274.8 Hz), 119.22, 117.46, 114.02, 30.28. '°F NMR (283 MHz,
CD:Clz) 8 —65.60. IR (diamond-ATR) v: 3343.8, 2954, 2924, 2854, 1588, 1456, 1158.



Figure S2.11 'H, 13C, and '"F NMR spectra of D2.9 in CD,Cl..
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Synthesis of methyl 3,5-dimethoxybenzoate (S2.21).

0 0
HCO OH SOCl, (2 equiv.)  HaCO OCH,
’ o
MeOH (0.28 M
ref(lux : s2.21
OCHg OCHj,

To a stirring solution of commercially available 3,5-dimethoxybenzoic acid (1.06
g, 5.8 mmol, 1 equiv.) in MeOH (40 mL), thionyl chloride (0.84 mL, 11.6 mmol, 2 equiv.)
was slowly added dropwise. The suspension was heated to reflux for 16 h. The mixture
was then cooled to room temperature and it was treated with NaHCO3 until pH is around
7-8. The organic layer was extracted with diethyl ether (3 times) and washed with sat.
NaHCOs3 and brine, and then dried over anhydrous sodium sulfate. Solvent was removed
to afford the desired ester S2.21 as a white solid (1.07 g, 5.49 mmol, 95%), in accordance
with literature data.'** "TH NMR (300 MHz, CDCls) 8 7.19 (d, J = 2.4 Hz, 2H), 6.65 (t, J =
2.4 Hz, 1H), 3.91 (s, 3H), 3.83 (s, 6H).
Synthesis of 1-(3,5-dimethoxyphenyl)-2,2,2-trifluoroethan-1-one (S2.22).

0 0
TBAF (8 mol%)
H : H
3CO OCH;  TMSCF; (2 equiv.) . 30 CF3
THF (0.5 M)
S2.21 o S2.22

In a flame-dried flask, to a stirring solution of S2.21 (1 g, 5.48 mmol, 1 equiv.) in
distilled THF (1 M) under argon atmosphere at —10 °C, TMSCF3 (1.2 mL, 8.2 mmol, 2
equiv.) and then TBAF (0.43 mL, 1 M in THF, 8 mol%) were slowly added dropwise.
The resulting solution was allowed to warm to room temperature with continued stirring
for an hour. The reaction was left stirring for 1 h and then quenched with NH4Cl,
extracted with diethyl ether (2 times) and the combined organic extracts were washed
with brine and dried with sodium sulfate to afford the desired ketone S2.22, which was
submitted to the next step without further purification. The analytical data were in
accordance with literature."** "H NMR (300 MHz, CDCls) & 6.71 (d, J = 2.2 Hz, 2H),
6.45 (t,J = 2.1 Hz, 1H), 3.83 ppm (s, 6H). ’F NMR (283 MHz, CDCl3) § —71.19.
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Synthesis of 1-(3,5-dimethoxyphenyl)-2,2,2-trifluoroethan-1-one oxime (S2.23) (mixture

of E-, Z-isomers).

0] NOH
NH,OH+HCI (3 equiv.)
H5CO CF3 Pyridine (6 equiv.) >H3CO CF3
S$2.22 Etoif(lgf M) S$2.23
OCH; OCH;

To a stirred solution of compound S2.22 in ethanol (0.2 M), hydroxylamine
hydrochloride (1.14 g, 16.5 mmol, 3 equiv.) and pyridine (2.6 mL, 33 mmol, 6 equiv.)
were added and the reaction mixture was heated to reflux for 21 h. The mixture was then
cooled to room temperature and the mixture was treated with 2 M HCI and extracted with
diethyl ether (3 times). The combined organic layers were washed with distilled water
until the pH of the washing layer became neutral, and then dried with sodium sulfate,
filtered, and concentrated. The residue was dried under high vacuum for a prolonged time
to afford the desired crude oxime S2.23 (as a mixture of geometric isomers) as a yellow
oil. The compound was submitted to the next step without further purification. The
analytical data were in accordance with literature.'* "H NMR (300 MHz, CDCl3) 6 7.18
(d, J=2.4 Hz, 2H), 6.64 (t, J = 2.4 Hz, 1H), 3.82 (s, 6H). '’F NMR (283 MHz, CDCls) &
—62.35, -66.61.

Synthesis of 1-(3,5-dimethoxyphenyl)-2,2,2-trifluoroethan-1-one O-tosyl oxime (S2.24)

(mixture of E-, Z-isomers).

NOH TsCl (1 equiv.) NOTs
DMAP (5 mol%)
HsCO H3CO
3 CF; NEt; (1.5 equiv.) 3 CFj
2 M
$2.23 CH2C(')2°(COZ ) S2.24
OCHg OCHj

Compound S2.23 (1.3 g, 5.49 mmol, 1 equiv.) was dissolved in CH2Cl, (0.2 M),
and triethylamine (1.15 mL, 8.2 mmol, 1.5 equiv.), DMAP (34 mg, 0.27 mmol, 5 mol%)
and tosyl chloride (1.05 g, 5.49 mmol, 1 equiv.) were successively added at 0 °C. The ice
bath was removed after 5 min, and the reaction mixture was stirred at room temperature
for 1 h. The mixture was then treated with sat. aq. NH4ClI and extracted with CH>Cl,. The
combined organic extracts were dried with sodium sulfate, filtered, and concentrated to

afford the desired crude tosyl oxime S2.24 (714 mg) as a colourless solid, which was
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submitted to the next step without further purification. The analytical data were in
accordance with literature."** "H NMR (300 MHz, CDCls) & 7.89 (d, J = 8.1 Hz, 2H),
7.38 (d, J= 8.2 Hz, 2H), 6.56 (t, J = 2.0 Hz, 1H), 6.44 (d, J = 2.1 Hz, 2H), 3.81 (s, 6H),
2.46 ppm (s, 3H). 'F NMR (283 MHz, CDCl3) § —61.55, —67.11 (minor isomer).
Synthesis of 3-(3,5-dimethoxyphenyl)-3-(trifluoromethyl)diaziridine (S2.25).

NOTs HN—NH
H5;CO H5;CO
3 CF,4 NH; (excess) . 3 CF,
THF 0.02 M
S2.24 —20°C for3 h S2.25
CH, then r.t. for 12h OCH,

Tosyl oxime S2.24 (1 equiv.) was transferred to a flame-dried 3-neck flask under
argon in anhydrous THF (0.02 M) and cooled to —20 °C. Anhydrous gaseous ammonia
was bubbled into the stirred solution for 3 h. Then, the reaction was left stirring for 12 h,
during which time it was allowed to warm from —20 °C to room temperature. The
mixture was quenched with sat. aq. NH4Cl and extracted with diethyl ether (3 times). The
combined organic layers were washed with brine and then dried with sodium sulfate,
filtered and concentrated to afford the desired crude diaziridine S2.25, which was
submitted to the next step without further purification. The analytical data were in
accordance with literature."** "H NMR (300 MHz, CDCls) & 6.77 (d, J = 2.0 Hz, 2H),
6.51 (d, J=2.0 Hz, 1H), 3.81 (s, 6H), 2.74 (d, /= 9.0 Hz, 1H), 2.21 ppm (d, J = 9.0 Hz,
1H). 'F NMR (283 MHz, CDCls) § —75.41.
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Synthesis of 3-(3,5-dimethoxyphenyl)-3-(trifluoromethyl)-3 H-diazirine (D2.10).

HN—NH b (1.1 equiv.) N=N
H,CO 2\ 1 v H,CO
3 CF,4 NEt; (3 equiv.) »3 CF,4
S2.25 CH2Cl; (0.2 M) D2.10
OCHj OCHj

To a solution of the crude diaziridine S2.25 (1.3 g, 5.48 mmol, 1 equiv.) in
CHxCl; (0.2 M) at 0 °C were added successively triethylamine (2.2 mL, 16.4 mmol, 3
equiv.) and 1odine (1.5 g, 6.04 mmol, 1.1 equiv.). The colored mixture was stirred at 0 °C
for 1 h. The mixture was diluted with CH>Cl» and washed with sat. aq. sodium thiosulfate.
The aqueous layer was re-extracted with CH>Cl> (3 times). Then the combined organic
extracts were washed with brine and dried with sodium sulfate, filtered, and concentrated.
The residue was purified by silica gel column chromatography using pentane: diethyl
ether (8:2, Ry=0.76), as eluent mixture to afford the desired diazirine D2.10 (1.16 g, 4.72
mmol, 86%) as a pale-yellow oil, in accordance with literature data.'** '"H NMR (500
MHz, CDCl3) § 6.48 (t, J = 2.2 Hz, 1H), 6.32 — 6.27 (m, 2H), 3.78 (s, 6H). '*C NMR
(126 MHz, CDCI3) 6 161.25, 131.32, 104.90, 122.20 (q, J = 274.3 Hz), 101.72, 55.59,
28.67 (d, J = 40.1 Hz). "°F NMR (283 MHz, CDCl3) 6 —65.07. UV (n-hexane): Amax,
diazirine = 353 nm. IR (diamond-ATR) v: 2963, 2942, 2846, 1595, 1460, 1429, 1288, 1207,
1151, 999, 704.



Figure S2.12 'H, 13C, and '°F NMR spectra of D2.10 in CDCl;.
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Synthesis of methyl 4-(trifluoromethyl)benzoate (S2.26).

) 0]
/©)J\OH SOCl, (2 equiv.) /©)‘\OCH3
'
F4C MeOH (0.28 M) FsC
reflux S$2.26

To a stirring solution of commercially available 4-(trifluoromethyl)benzoic acid
(1 g, 5.26 mmol, 1 equiv.) in MeOH (20 mL), thionyl chloride (0.76 mL, 10.5 mmol, 2
equiv.) was slowly added dropwise. The suspension was heated to reflux for 2 h. The
mixture was then cooled to room temperature and it was treated with NaHCO3 until pH is
around 7-8. The organic layer was extracted with diethyl ether (3 times) and washed with
sat. NaHCOs and brine, and then dried over anhydrous magnesium sulfate. Solvent was
removed to afford the desired ester S2.26 as pale-yellow oil (1.2 g, 5 mmol, 95%), in
accordance with literature data.'*> 'TH NMR (300 MHz, CDCl3) 6 8.16 (d, J = 8.1 Hz, 2H),
7.71 (d, J = 8.2 Hz, 2H), 3.96 (s, 3H). '’F NMR (471 MHz, CDCls) § —63.13.
Synthesis of 2,2,2-trifluoro-1-(4-(trifluoromethyl)phenyl)ethan-1-one (S2.27).

o) 0]
TBAF (8 mol%)
OCH;  TMSCF3 (1.5 equiv.) CF,4
>
F5C THF (0.5 M) F5C
S$2.26 -10°C to r.t. S$2.27

In a flame-dried flask, to a stirring solution of compound S2.26 (1.1 g, 5.5 mmol,
1 equiv.) in distilled THF (11 mL) under argon atmosphere at —10 °C, TMSCF3 (1.2 mL,
8.22 mmol, 1.5 equiv.) and then TBAF (0.5 mL, 1 M in THF, 8 mol%) were slowly
added dropwise. The resulting solution was allowed to warm to room temperature with
continued stirring for 2 h. The reaction was quenched with NH4Cl, extracted with diethyl
ether (2 times) and the combined organic extracts were washed with brine and dried with
sodium sulfate. The filtered and concentrated oil was purified by silica gel column
chromatography using pentane: ethyl acetate (9:1, Ry = 0.42) as eluent to afford the
desired ketone S2.27 (892 mg, 3.68 mmol, 67%) as a colourless oil, in accordance with
literature data.!*¢ 'TH NMR (300 MHz, CDCls) & 8.14 (d, J = 8.4 Hz, 2H), 7.77 (d, J = 8.4
Hz, 2H). 'F NMR (283 MHz, CDCl3) § —63.63 (p-CF3), —71.83.
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Synthesis of 2,2,2-trifluoro-1-(4-(trifluoromethyl)phenyl)ethan-1-one oxime (S2.28)

(mixture of E-, Z-isomers).

o) NOH
NH,OH<HCI (3 equiv.)
CF3 Pyridine (6 equiv.) - CF3
F,C EtOH (0.2 M) F,C
S2.27 reflux S2.28

To a stirred solution of compound S2.27 (892 mg, 3.68 mmol, 1 equiv.) in ethanol
(0.2 M), hydroxylamine hydrochloride (767 mg, 11.4 mmol, 3 equiv.) and pyridine (1.8
mL, 22 mmol, 6 equiv.) were added and the reaction mixture was heated to reflux for
21 h. The mixture was then cooled to room temperature and the mixture was treated with
2 M HCI and extracted with diethyl ether (3 times). The combined organic layers were
washed with distilled water until the pH of the washing layer became neutral, and then
dried with sodium sulfate, filtered, and concentrated. The residue was dried under high
vacuum for a prolonged time to afford the desired crude oxime S2.28 (as a mixture of
geometric isomers) as a colorless oil. The compound was submitted to the next step
without further purification. 'H NMR (300 MHz, CDCls) 6 8.62 (d, J = 1.8 Hz, 1H, OH),
8.60 (d, /= 1.6 Hz, 1H, OH, minor isomer), 7.74 (d, J = 7.9 Hz, 2H), 7.39 — 7.32 (m, 2H).
F NMR (283 MHz, CDCl3) § —62.36 (minor isomer), —62.96 (minor isomer, p-CF3), —
63.13 (p-CF3;), —66.24.
Synthesis of 2,2,2-trifluoro-1-(4-(trifluoromethyl)phenyl)ethan-1-one O-tosyl oxime
(S2.29) (mixture of E,Z-isomers).

NOH TsCl (1 equiv.) NOTs
DMAP (5 mol%)
CF NEt; (1.5 iv. CF
3 3 (1.5 equiv.) - 3
F5C CH,CI, (0.2 M) FsC
S2.28 0°C S2.29

Compound S2.28 (789 mg, 3.07 mmol, 1 equiv.) was dissolved in CH>Cl (0.2 M),
and triethylamine (0.65 mL, 4.6 mmol, 1.5 equiv.), DMAP (19 mg, 0.15 mmol, 5 mol%)
and tosyl chloride (585 mg, 3.07 mmol, 1 equiv.) were successively added at 0 °C. The
ice bath was removed after 5 min, and the reaction mixture was stirred at room
temperature for 1 h. The mixture was then treated with sat. aq. NH4ClI and extracted with

CHxCl,. The combined organic extracts were dried with sodium sulfate, filtered, and
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concentrated to afford the desired crude tosyl oxime S2.29 as a yellow oil. The compound
was submitted to the next step without further purification. 'H NMR (300 MHz, CDCl3) &
7.90 (d, J = 8.5 Hz, 2H, minor isomer), 7.89 (d, J = 8.4 Hz, 2H), 7.76 (d, J = 8.2 Hz, 2H),
7.70 (d, J = 8.3 Hz, 2H, minor isomer), 7.58 (d, J = 8.7 Hz, 2H, minor isomer), 7.51 (d, J
= 8.4 Hz, 1H), 7.44 — 7.33 (m, 4H, both isomers), 2.49 (s, 3H), 2.47 (s, 3H, minor
isomer). ’F NMR (283 MHz, CDCl3) & —61.53 (minor isomer), —63.26 (minor isomer, p-
CF3), —63.36 (p-CF3), —66.93.

Synthesis of 3-(trifluoromethyl)-3-(4-(trifluoromethyl)phenyl)diaziridine (S2.30).

NOTs HN—NH
CF, NH3 (excess) CF;
v o
F.C THF 0.08 M F.C
S2.29 —20°C for 3 h $2.30

then r.t. for 12h

Tosyl oxime S2.29 (1.2 g, 3 mmol, 1 equiv.) was transferred to a flame-dried 3-
neck flask under argon in anhydrous THF (0.08 M) and cooled to —20 °C. Anhydrous
gaseous ammonia was bubbled into the stirred solution for 3 h. Then, the reaction was
left stirring for 12 h, during which time it was allowed to warm from —20 °C to room
temperature. The mixture was quenched with sat. aq. NH4Cl and extracted with diethyl
ether (3 times). The combined organic layers were washed with brine and then dried with
sodium sulfate, filtered, and concentrated to afford the desired crude diaziridine S2.30 as
a colourless oil, which was submitted to the next step without further purification. 'H
NMR (300 MHz, CDCls) 6 7.78 (d, J = 8.5 Hz, 2H), 7.70 (d, J = 8.4 Hz, 2H), 2.88 (d, J =
8.8 Hz, 1H, NH), 2.26 (d, J = 8.8 Hz, 1H, NH). '’F NMR (283 MHz, CDCl3) § —63.03 (p-
CF3), -75.23.
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Synthesis of 3-(trifluoromethyl)-3-(4-(trifluoromethyl)phenyl)-3 H-diazirine (D2.11).

HN—NH =
I (1.1 equiv.) NN
CF3 NEt; (3 equiv.) -~ CFs
FsC CH,CI; (0.2 M) FsC
$2.30 D2.11

To a solution of the crude diaziridine S2.30 (644 mg, 2.5 mmol, 1 equiv.) in
CHxCl; (0.2 M) at 0 °C were added successively triethylamine (1.1 mL, 7.5 mmol, 3
equiv.) and iodine (702 mg, 2.8 mmol, 1.1 equiv.). The colored mixture was stirred at
0 °C for 1 h. The mixture was diluted with CH>Cl, and washed with sat. aq. sodium
thiosulfate. The aqueous layer was re-extracted with CH>Cl, (3 times). Then the
combined organic extracts were washed with brine and dried with sodium sulfate, filtered,
and concentrated (the title compound is very volatile and decomposes very easily). The
residue was purified by silica gel column chromatography using pentane (R = 0.86) as
eluent to afford the desired diazirine D2.11 (400 mg, 1.57 mmol, 63%) as a colourless oil.
"H NMR (300 MHz, CDCls) 8 7.67 (d, J = 8.2 Hz, 1H), 7.32 (dd, J= 8.3, 0.7 Hz, 1H).1*C
NMR (126 MHz, CDCls) & 133.13, 132.00 (d, J = 33.0 Hz), 127.05(d, J = 1.5 Hz),
126.00 (q, J = 3.7 Hz), 124.74, 123.07, 122.58, 120.89, 34.29, 29.86. '°F NMR (471 MHz,
CDCl) 6 —63.09 (p-CF3), —65.09. IR (diamond-ATR) v: 2959, 2928, 2860, 1265, 1247,
1115, 1101, 1019, 729. GC-MS m/z (% relative intensity) [ion]: 254 (2) [M]", 226 (100)
[M — Nz, 207 (40) [CoH4Fs]", 187 (20) [CoH3F4]", 176 (60) [CsH4Fs]", 157 (60)
[CsH4F3]", 138 (18) [CsH4F2]", 137 (32) [CsH3sF2]", 126 (18) [C7H4F2]", 107 (26)
[C7H4F1]", 87 (20) [C7H3]", 81 (10) [C2F3]", 69 (12) [CF3]". [M = CoH4FsN2 (254.03)].



Figure S2.13 'H, 13C, and '°F NMR spectra of D2.11 in CDCl;.
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Synthesis of 4-[3-(Trifluoromethyl)-3H-diazirin-3-yl]benzaldehyde (D2.12).

N=N . N=N
TfOH (2 equiv.)
CF, TiCly (1.5 equiv.) - CF3
CI,CHOCH; (3 equiv.) OHC
D2.4 D2.12

Following the procedure reported by Hatanaka,®' in a flame dried two-neck flask
under argon a yellow bright solid was prepared mixing TfOH (1.8 mL, 20 mmol, 2 equiv.)
and TiCls (1.6 mL, 15 mmol, 1.5 equiv.). The fuming solid was added portion wise to a
second flame dried flask containing a mixture of 3-phenyl-3-(trifluoromethyl)-3H-
diazirine D2.4 (1.86 g, 10 mmol, 1 equiv.) and dichloromethyl methyl ether (2.7 mL, 30
mmol, 3 equiv.) (Warning: acute toxicity, carcinogens). The colour changed from pale
yellow to dark brown and the reaction mixture started bubbling. The reaction was
allowed to proceed for 1 h and quenched with a cold water at —20 °C. The resulting
mixture was neutralized with Na>CO3, left stirring for 1 hour, and extracted with pentane.
The organic phase was washed with brine and dried over magnesium sulfate. After
removal of solvent, the residue was purified by chromatography using pentane: diethyl
ether (gradient 10:0 to 8:2, Ry= 0.62 (8:2)) to afford compound D2.12 as a pale-yellow
oil (899 mg, 4.2 mmol, 42%). The analytical data were in accordance with literature.!4’
"H NMR (500 MHz, CDCl3) 6 10.04 (s, 1H), 7.92 (d, J = 8.6 Hz, 2H), 7.35 (d, J = 8.1 Hz,
2H). 3C NMR (126 MHz, CDCl3) & 191.19, 136.95, 135.41, 130.00, 127.14, 121.95 (d, J
= 274.9 Hz), 22.49. '°F NMR (283 MHz, CDCl3) 6 —64.82. IR (diamond-ATR) v: 2833,
2744, 1707, 1609, 1342, 1187, 1153, 939, 737.



Figure S2.14 'H, 13C, and '°F NMR spectra of D2.12 in CDCl;.
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Synthesis of 2,2,2-trifluoro-1-(4-nitrophenyl)ethan-1-one (S2.31).

@) @)
TBAF (8 mol%)
OCHg; TMSCF3 (2 equiv.) .~ CF,4
O,N THF (0.5 M) O,N
-10°Ctor.t. S$2.31

In a flame-dried flask, to a stirring solution of commercially available methyl 4-
nitrobenzoate (1 g, 5.52 mmol, 1 equiv.) in distilled THF (11 mL) under argon
atmosphere at —10 °C, TMSCF3 (1.6 mL, 11 mmol, 2 equiv.) and then TBAF (0.44 mL, 1
M in THF, 8 mol%) were slowly added dropwise. The resulting solution was allowed to
warm to room temperature with continued stirring for an hour and the colour changed
from transparent to orange. The reaction was left stirring for 16 h and then quenched with
NH4Cl., extracted with diethyl ether (2 times) and the combined organic extracts were
washed with brine and dried with sodium sulfate to afford the desired ketone S2.31,
which was submitted to the next step without further purification. The analytical data are
in accordance with the literature.'*® '"H NMR (300 MHz, CDCl3) 8.39 (d, J = 8.9 Hz, 1H),
8.23 (d, J=9.0 Hz, 2H). '’F NMR (283 MHz, CDCl3) § —71.92.

Synthesis of 2,2,2-trifluoro-1-(4-nitrophenyl)ethan-1-one oxime (S2.32) (mixture of E-,

Z-isomers).
o] NOH
NH,OH-HCI (3 equiv.)
CF; Pyridine (6 equiv.) - CF;
O,N EtOH (0.2 M) O,N
$2.31 reflux $2.32

To a stirred solution of compound S2.31 (1.2 g, 5.5 mmol, 1 equiv,) in ethanol
(0.2 M), hydroxylamine hydrochloride (1.15 g, 16.5 mmol, 3 equiv.) and pyridine (2.6
mL, 33 mmol, 6 equiv.) were added and the reaction mixture was heated to reflux for
21 h. The mixture was then cooled to room temperature and the mixture was treated with
2 M HCI and extracted with diethyl ether (3 times). The combined organic layers were
washed with distilled water until the pH of the washing layer became neutral, and then
dried with sodium sulfate, filtered, and concentrated. The residue was dried under high
vacuum for a prolonged time to afford the desired crude oxime S2.32 (as a mixture of
geometric isomers) as a yellow oil (1.3 g). The compound was submitted to the next step

without further purification. 'H NMR (300 MHz, CDCls) & 8.30 (d, J = 8.9 Hz, 2H), 8.25
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(d, J=9.0 Hz, 1.6H, minor isomer), 7.68 (d, J = 8.6 Hz, 3.6H, major and minor isomers).
F NMR (283 MHz, CDCl3) 8 —62.28, —66.06.
Synthesis of 2,2,2-trifluoro-1-(4-nitrophenyl)ethan-1-one O-tosyl oxime (S2.33) (mixture

of E-, Z-isomers).

TsCI (1 equiv.)
NOH NOT
© DMAP (5 mol%) S
/©)LCF3 NEt; (1.5 equiv.) /©)‘\CF3
>
O,N CH,Cl, (0.2 M) O,N
S$2.32 0°C S$2.33

Compound S2.32 (1.2 g, 5.5 mmol, 1 equiv.) was dissolved in CH>Cl> (28 mL),
and triethylamine (1.15 mL, 8.25 mmol, 1.5 equiv.), DMAP (34 mg, 0.275 mmol, 5
mol%) and tosyl chloride (1.05 g, 5.5 mmol, 1 equiv.) were successively added at 0 °C.
The ice bath was removed after 5 min, and the reaction mixture was stirred at room
temperature for 1 h. The mixture was then treated with sat. aq. NH4ClI and extracted with
CH2Clo. The combined organic extracts were dried with magnesium sulfate, filtered, and
concentrated to afford the desired crude tosyl oxime S2.33 (1.5 g), which was submitted
to the next step without further purification. "H NMR (300 MHz, CDCls) § 8.36 (d, J =
8.9 Hz, 2H), 8.30 (d, J = 8.9 Hz, 1.7H, minor isomer), 7.91 (d, J = 8.3 Hz, 1.6H, minor
isomer), 7.89 (d, J = 8.3 Hz, 2H), 7.66 (d, J = 8.6 Hz, 1.8H, minor isomer), 7.59 (d, J =
8.8 Hz, 2H), 7.42 (d, J = 8.2 Hz, 2H), 7.40 (d, J = 8.3 Hz, 1.8H, minor isomer), 2.50 (s,
3H), 2.48 (s, 2.6H, minor isomer). '°F NMR (283 MHz, CDCl3) § —61.43 (minor isomer),
—66.82.
Synthesis of 3-(4-nitrophenyl)-3-(trifluoromethyl)diaziridine (S2.34).

NOTs HN—NH
CF, NH; (excess) CF,
'
ON THF (0.02 M) ON
$2.33 —20°Cfor3 h S2.34

then r.t. for 12h
Tosyl oxime S2.33 (1.5 g, 4.4 mmol, 1 equiv.) was transferred to a flame-dried 3-
neck flask under argon in anhydrous THF (200 mL) and cooled to —20 °C. Anhydrous
gaseous ammonia was bubbled into the stirred solution for 3 h. Then, the reaction was
left stirring for 12 h, during which time it was allowed to warm from —20 °C to room

temperature. The mixture was quenched with sat. aq. NH4Cl and extracted with CH>Cl,
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(3 times). The combined organic layers were washed with brine and then dried with
sodium sulfate, filtered and concentrated to afford the desired crude diaziridine S2.34
(930 mg), which was submitted to the next step without further purification. 'H NMR
(300 MHz, CDCls) ¢ 8.29 (d, J = 8.9 Hz, 2H), 7.84 (d, J = 8.6 Hz, 2H), 2.95 (d, J = 8.6
Hz, 1H), 2.33 (d, J= 9.0 Hz, 1H)."F NMR (283 MHz, CDCls) § —74.92.
Synthesis of 3-(4-nitrophenyl)-3-(trifluoromethyl)-3 H-diazirine (D2.13).

HN—NH ) N=N
I, (1.1 equiv.)
NEt; (3 equiv.
CF, 3 (3 equiv.) -~ CF,4
S2.34 D2.13

To a solution of the crude diaziridine S2.34 (930 mg, 4 mmol, 1 equiv.) in CH>Cl»
(20 mL) at 0 °C were added successively triethylamine (1.7 mL, 12 mmol, 3 equiv.) and
iodine (1.12 g, 4.4 mmol, 1.1 equiv.). The colored mixture was stirred at 0 °C for 1 h.
The mixture was diluted with CH2Cl> and washed with sat. aq. sodium thiosulfate. The
aqueous layer was re-extracted with CH>Cl> (3 times). Then the combined organic
extracts were washed with brine and dried with sodium sulfate, filtered, and concentrated.
The residue was purified by silica gel column chromatography using pentane: EtOAc (0
to 20%) as eluent to afford the desired diazirine D2.13 (632 mg, 2.7 mmol, 68%) as a
pale-yellow oil, in accordance with literature data.'*® '"H NMR (300 MHz, CDCl3) & 8.27
(d, J = 8.8 Hz, 2H), 7.37 (d, J = 8.6 Hz, 2H). '3C NMR (126 MHz, CDCl3) & 148.57,
135.95, 127.58, 124.12, 120.59 (q, J = 274.8 Hz), 28.45 (q, J = 41.0 Hz). '°F NMR (283
MHz, CDCl3) 6 —64.81. UV (n-hexane): Amax, diaziine = 340 nm. IR (diamond-ATR) v:
3089, 1604, 1525, 1352, 1338, 1225, 1185, 1151, 1046. HRMS (ESI-) m/z [M — Nz +
HO] calculated for [CsHsF3NOs]: 220.0227, found: 220.0228.



Figure S2.15 'H, 13C, and '°F NMR spectra of D2.13 in CDCl;.
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Synthesis of 3-(4-bromophenyl)-3-chloro-3H-diazirine (D2.14).

NH _
HCl  |icl (12 equiv.) NN
NH,  DMSO/Pentane (0.07 M) _ /©)<CI
Br NaCl (23 equiv.) Br
NaOCI (0.07 M) D2.14

In a three-neck flask fitted with a dropping funnel and thermometer, to a mixture
of lithium chloride (1 g, 25.4 mmol, 12 equiv.) and DMSO (15 mL), commercially
available 4-bromobenzamidine hydrochloride (500 mg, 2.21 mmol, 1 equiv.) and pentane
(15 mL) were added and the reaction was cooled to 0 °C. Aqueous NaOCI solution (30
mL, 8.25% hypochlorite) saturated with sodium chloride (2.8 g, 48.7 mmol, 23 equiv.)
was added slowly, maintaining the temperature between 35 and 40 °C with an ice bath.
After 5 min, 15 mL of DMSO, 15 mL of pentane, and 40 mL of aqueous NaOCl were
added, and the mixture was allowed to stir for 1 h at room temperature. The reaction
solution was poured into a separatory funnel containing ice water, and the pentane layer
was separated, washed with brine (4 times), and dried over CaCl,. The crude was purified
by silica gel column chromatography using pentane (Ry/= 0.72), as eluent mixture to
afford the desired diazirine D2.14 (351 mg, 1.51 mmol, 71%) as a colourless oil, in
accordance with literature data.'>® '"H NMR (300 MHz, CDCl3) 6 7.53 (d, J = 8.9 Hz, 2H),
6.98 (d, J = 8.9 Hz, 2H). >*C NMR (126 MHz, CDCls) & 134.92, 131.87, 127.72, 124.00,
29.86. IR (diamond-ATR) v: 2925, 2853, 1594, 1578, 1491, 1398, 1080, 1020, 905, 814,
536. GC-MS m/z (% relative intensity) [ion]: 243/245/247 (42) [M — N, + CH3CNY]",
208/210 (52) [C7H4Br + CHiCNJ', 202/204/206 (68) [C7H4BrCl]*, 167/169 (20)
[C7H4Br]", 164/166 (48) [C7H4Cl + CH3CN]Y, 155/157 (18) [CsH4Br]", 123/125 (100)
[C7H4CI]", 88 (50) [C7H4]", 76 (44) [CeH4]". [M = C7H4BrCIN; (229.92)].
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Figure S2.16 'H and '*C NMR spectra of D2.14 in CDCls.
Synthesis of 3-(4-bromophenyl)-3H-diazirine (D2.15).

(0] N=N
/©)‘\H PIDA (3 equiv.) /©)<H
'
Br NH3 in MeOH (17.5 equiv.) g,
0°Ctor.t. D2.15

(Diacetoxyiodo)benzene (PIDA, 7.5 mmol, 3 equiv.) was added in one portion to
a stirred solution of 4-bromobenzaldehyde (2.5 mmol, 1 equiv.) in NH3 in MeOH 7 M
(6.3 mL, 17.5 equiv.) at 0 °C under argon. After 30 minutes at 0 °C, the batch was
allowed to reach room temperature and was left stirred for 2 h. After completion
(monitored by TLC and '"H NMR), the batch was concentrated under reduced pressure
and the crude was purified by flash chromatography on silica gel. Pentane was employed
to afford diazirine D2.15 (122 mg, 0.618 mmol, 25% yield) as a pale-yellow oil. '"H NMR
(500 MHz, CDCls) & 7.44 (d, J = 8.5 Hz, 2H), 6.78 (d, J = 8.5 Hz, 2H), 2.03 (s, 1H). *C
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NMR (126 MHz, CDCls) 6 135.55, 131.63, 126.86, 122.23, 23.17. IR (diamond-ATR) v:

3054, 1622, 1608, 1490, 1013, 831, 818, 782, 535. GC-MS m/z (% relative intensity)
[ion]: 209/211 (25) [M — N + CH3CNT", 208/210 (25) [C7H4Br + CH;CNT*, 168/170 (10)
[C7HsBr]", 130 (64) [C7Hs + CH3CNT*, 89 (100) [C7Hs]*. [M = C7HsBrN, (195.96)].

Figure S2.17 'H and '*C NMR spectra of D2.15 in CDCls.
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Synthesis of 3-(4-bromophenyl)-3-methyl-3H-diazirine (D2.16).

(0] N=N
/©)‘\ PIDA (3 equiv.) ﬁ
'
Br NH3 in MeOH (17.5 equiv.) g,
0°Ctor.t. D2.16

(Diacetoxyiodo)benzene (PIDA, 10.5 mmol, 3 equiv.) was added in one portion to
a stirred solution of 4-bromoacetophenone (3.5 mmol, 1 equiv.) in NH3 in MeOH M
(8.8 mL, 17.5 equiv.) at 0 °C under argon. After 30 minutes at 0 °C, the batch was
allowed to reach room temperature and was left stirred for 2 h. After completion
(monitored by TLC and '"H NMR), the batch was concentrated under reduced pressure
and the crude was purified by flash chromatography on silica gel. Pentane was employed
to afford diazirine D2.16 (150 mg, 0.711 mmol, 20% yield) as a pale-yellow oil. '"H NMR
(500 MHz, Chloroform-d) & 7.51 — 7.42 (m, 2H), 6.85 — 6.75 (m, 2H), 1.50 (s, 3H). *C
NMR (126 MHz, CDCIl3) 6 138.96, 131.48, 127.24, 121.82, 26.10, 17.68. IR (diamond-
ATR) v: 2964, 2930, 1607, 1591, 1494, 1404, 1082, 1008, 829, 728, 540. HRMS (ESI+)
m/z [M+H] calculated for [CsHsBrN2]": 210.9865, found: 210.9864.



Figure S2.18 'H and '*C NMR spectra of D2.16 in CDCls.
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Synthesis of 3-(4-bromophenyl)-3-fluoro-3 H-diazirine (D2.17).

N=N N=N

/@)QCI TBAF in THF (1.1 equiv.) /@)QF
Br 0°C Br

D2.14 D2.17

To a stirred solution of TBAF (4.4 mL, 1 M in THF, 1.1 equiv.) under argon at
0 °C, 3-(4-bromophenyl)-3-chloro-3H-diazirine D2.14 (107 mg, 0.4 mmol, 1 equiv.) was
added dropwise. The reaction mixture was stirred for 2 h and then quenched with NH4Cl.
The resulting mixture was extracted with pentane (3 times). The combined organic layers
were dried over magnesium sulfate. The desired diazirine D2.17 was afforded as a clean
colourless oil (86 mg, 0.39 mmol, 99%), in accordance with literature data.'”' "H NMR
(500 MHz, CDCI3) 8 7.56 (d, J = 7.9 Hz, 2H), 6.90 (d, J = 8.6 Hz, 2H). '3C NMR (126
MHz, CDCl3) 6 129.39 (q, J = 258.0 Hz). '3C NMR (126 MHz, CDCls) & 132.66, 132.11,
129.39 (q, J = 258.0 Hz), 126.37 (q, J = 4.1 Hz), 124.53, 29.85. '°F NMR (283 MHz,
CDClI3) 6 —154.09. IR (diamond-ATR) v: 2957, 2925, 2854, 1601, 1491, 1400, 1021, 817,
552, 537. GC-MS m/z (% relative intensity) [ion]: 227/229 (80) [M — N, + CH3CN]*,
212/214 (10) [M — N2 + CNJ', 186/188 (10) [M — N»]*, 148 (100) [C7H4F + CH3CN]",
107 (95) [C7H4F]", 76 (50) [CeHa]". [M = C7H4BrFN; (213.95)].



Figure S2.19 'H, 13C, and '°F NMR spectra of D2.17 in CDCl;.
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2.5.3 General protocols for insertion reactions

(A) Thermal C-H insertion reaction: a 15 mM solution of the desired diazirine
in anhydrous, degassed cyclohexane was prepared in a heavy wall pressure vessel with
PTFE bushing as pressure seal. Glassware was previously flame dried and kept under
argon pressure. After sealing the vessel, the reaction was immerged in an oil bath at
140 °C and stirred at that temperature for 2 h. After cooling the mixture to room
temperature, the reaction was transferred into a round bottom flask and concentrated in
vacuo to provide crude product.

(B) Photochemical C—H insertion reaction: a 15 mM solution of the desired
diazirine in anhydrous, degassed cyclohexane was prepared in a long neck round bottom
flask. Glassware was previously flame dried and kept under argon pressure. The flask
was sealed with a septum and placed under a balloon of argon to maintain an inert
atmosphere. The flask was suspended into a Rayonet UV chamber that was equipped
with eight 350 nm UV lamps and an operating fan. The reaction contents were irradiated
for 4 h. The reaction was then concentrated in vacuo to provide crude product.

(C) Thermal insertion reaction in a “wet environment”: a 15 mM solution of
the desired diazirine in a specific, moisture-containing solvent was prepared in a heavy
wall pressure vessel with PTFE bushing as pressure seal. The reaction was prepared
under air. After sealing the vessel, the reaction was immerged in an oil bath at 140 °C and
stirred at that temperature for 2 h. After cooling the mixture to room temperature, the
reaction was transferred into a round bottom flask and concentrated in vacuo to provide
crude product.

(D) Photochemical insertion reaction in a “wet environment”: a 15 mM
solution of the desired diazirine in a specific, moisture-containing solvent was prepared
in a long neck round bottom flask. The reaction was prepared under air. The flask was
sealed with a septum and suspended into a Rayonet UV chamber that was equipped with
eight 350 nm UV lamps and an operating fan. The reaction contents were irradiated for
2 h. The reaction was then concentrated in vacuo to provide crude product.

Crude "F NMR (CDClIs) spectra were collected and compared to show the effect
of aryl substituent electronics on the type of insertion products. The crude materials were

purified by chromatography using petroleum ether as eluent, unless otherwise specified.
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Several 2—4 mL fractions were collected in 12 x 75 mm test tubes. Fractions that

contained the desired product were combined and concentrated.

2.5.3.1 Insertion reactions in cyclohexane

Preparation of 1-(1-cyclohexyl-2,2,2-trifluoroethyl)-4-(trifluoromethyl)benzene (S2.35).

N=N O H
F4C 15 mM FsC

D2.11 140°C or 350 nm S2.35

Following the above general protocols (A and B) for insertion experiments, the
reaction was performed using: A) Thermal insertion: diazirine D2.11 (55.5 mg, 0.218
mmol) dissolved in cyclohexane (14 mL). The desired product S2.35 (4 mg, 0.013 mmol,
6%) was isolated following chromatography. B) Photochemical insertion: diazirine
D2.11 (29 mg, 0.114 mmol) dissolved in cyclohexane (7.6 mL). The desired product
$2.35 (9.2 mg, 0.029 mmol, 25%) was isolated following chromatography. '"H NMR (500
MHz, CDCl3) 6 7.60 (d, J = 8.1 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 3.12 (qd, J = 9.6, 8.5
Hz, 1H), 2.05 — 1.93 (m, 2H), 1.82 — 1.74 (m, 1H), 1.68 — 1.58 (m, 2H), 1.49 — 1.41 (m,
1H), 1.36 — 1.30 (m, 1H), 1.15 — 1.03 (m, 3H), 0.82 — 0.75 (m, 1H). 3C NMR (126 MHz,
CDCl) ¢ 129.71, 125.59 (q, J = 3.8 Hz), 56.21 (q, J = 26.0 Hz), 38.65, 31.54, 30.82,
29.85, 26.21, 26.12, 26.02. 'F NMR (471 MHz, CDCls) § —62.65 (p-CF3), —63.23. IR
(diamond-ATR) v: 2954, 2920, 2851, 1464, 1267, 1168, 1131, 1116, 730. GC-MS m/z (%
relative intensity) [ion]: 310 (10) [M], 291 (8) [CisHieFs]", 177 (14) [CsHsF4]", 159 (8)
[CsHeF3]", 83 (100) [CsH11]", 67 (15) [CsH7]", 55 (96) [C4H7]". [M = CisHi6F6(310.12)].
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Figure S2.20 'H, '3C, and 'F NMR spectra of cyclohexane adduct S2.35 in CDCl;.
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Figure S2.21 Crude ""F NMR spectra: under thermal (top) and photochemical (bottom)

insertion conditions.
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Preparation of (1-cyclohexyl-2,2,2-trifluoroethyl)benzene (S2.36).

N=N O H
CF3 o CF3
15 mM

D2.4 140°C or 350 nm S2.36

Following the above general protocols (A and B) for insertion experiments, the
reaction was performed using: A) Thermal insertion: diazirine D2.4 (66 mg, 0.35 mmol)
dissolved in cyclohexane (24 mL). The desired product S2.36 (12.7 mg, 0.053 mmol,
15%) was isolated following chromatography. B) Photochemical insertion: diazirine
D2.4 (66 mg, 0.35 mmol) dissolved in cyclohexane (24 mL). The desired product S2.36
(30.1 mg, 0.124 mmol, 35%) was isolated following chromatography. The analytical data
were in accordance with literature.!>? "H NMR (300 MHz, CDCl3) 8 7.39 — 7.28 (m, 3H),
7.26 — 7.20 (m, 2H), 3.03 (qd, /= 10.2, 8.0 Hz, 1H), 2.06 — 1.98 (m, 1H), 1.98 — 1.89 (m,
1H), 1.84 — 1.71 (m, 1H), 1.70 — 1.57 (m, 2H), 1.52 — 1.41 (m, 1H), 1.39 — 1.27 (m, 1H),
1.21 - 1.03 (m, 3H), 0.85 — 0.72 (m, 1H). 3C NMR (126 MHz, CDCls) § 129.34, 128.58,
127.84, 38.69, 30.90, 29.86, 26.31, 26.23, 26.15. '°’F NMR (283 MHz, CDCl3) § —63.31.
IR (diamond-ATR) v: 2931, 2857, 1169, 1104, 700.
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Figure S2.22 'H, 3C, and "F NMR spectra of cyclohexane adduct S2.36 in CDCl;.
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Figure S2.23 Crude '"F NMR spectra: under thermal (top) and photochemical (bottom)

insertion conditions.
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Preparation of 1-(1-cyclohexyl-2,2,2-trifluoroethyl)-3-methoxybenzene (S2.37).

N=N O H
H,CO H,CO
3 CF, 8 CF,
>
15 mM

D2.8 140°C or 350 nm S$2.37

Following the above general protocols (A and B) for insertion experiments, the
reaction was performed using: A) Thermal insertion: diazirine D2.8 (64.3 mg, 0.3 mmol)
dissolved in cyclohexane (20 mL). The desired product S2.37 (14.7 mg, 0.054 mmol,
18%) was isolated following chromatography. B) Photochemical insertion: diazirine
D2.8 (45.1 mg, 0.208 mmol) dissolved in cyclohexane (14 mL). The desired product
S2.37 (11 mg, 0.04 mmol, 19%) was isolated following chromatography. "H NMR (500
MHz, CDCl3) & 7.25 (t,J= 7.9 Hz, 1H), 6.85 (ddd, J= 8.3, 2.6, 1.0 Hz, 1H), 6.82 (d, J =
7.7 Hz, 1H), 6.78 (t, J = 2.1 Hz, 1H), 3.81 (s, 3H), 3.00 (qd, J = 10.1, 8.3 Hz, 1H), 2.03 —
1.96 (m, 1H), 1.96 — 1.88 (m, 1H), 1.81 — 1.72 (m, 1H), 1.68 — 1.58 (m, 2H), 1.48 (dt, J =
14.0, 3.4 Hz, 1H), 1.32 — 1.24 (m, 1H), 1.20 — 1.07 (m, 3H), 0.83 (qd, J = 12.1, 3.3 Hz,
1H). 3C NMR (126 MHz, CDCl3) § 159.68, 129.52, 121.79, 115.43, 112.76, 56.31 (q, J
=25.3 Hz), 55.34, 38.69, 31.61, 30.93, 26.30, 26.24, 26.15. '’F NMR (283 MHz, CDCls)
0 —63.28. IR (diamond-ATR) v: 2928, 2855, 1603, 1586, 1251, 1156, 1132, 712.
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Figure S2.24 'H, 3C, and "F NMR spectra of cyclohexane adduct S2.37 in CDCl;.
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Figure S2.25 Crude ""F NMR spectra: under thermal (top) and photochemical (bottom)

insertion conditions.
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Preparation of 1-(1-cyclohexyl-2,2,2-trifluoroethyl)-4-phenoxybenzene (S2.38).

N=N O H
PhO 15 mM PhO

D2.2 140°C or 350 nm S2.38

Following the above general protocols (A and B) for insertion experiments, the
reaction was performed using: A) Thermal insertion: diazirine D2.2 (51 mg, 0.183
mmol) dissolved in cyclohexane (12 mL). The desired product S2.38 (45.9 mg, 0.137
mmol, 75%) was isolated following chromatography. B) Photochemical insertion:
diazirine D2.2 (22.9 mg, 0.082 mmol) dissolved in cyclohexane (5.5 mL). The desired
product S2.38 (21.2 mg, 0.063 mmol, 77%) was isolated following chromatography. 'H
NMR (500 MHz, CDCl3) § 7.40 — 7.31 (m, 2H), 7.18 (d, /= 8.5 Hz, 2H), 7.12 (t, /= 7.4
Hz, 1H), 7.03 (d, /= 7.6 Hz, 2H), 6.96 (d, J = 8.7 Hz, 2H), 3.02 (qd, /= 9.9, 8.5 Hz, 1H),
1.98 (d, J=13.9 Hz, 1H), 1.95 — 1.88 (m, 1H), 1.83 — 1.72 (m, 1H), 1.70 — 1.59 (m, 2H),
1.50 (s, 1H), 1.37 — 1.28 (m, 1H), 1.20 — 1.04 (m, 3H), 0.83 — 0.76 (m, 1H). '3*C NMR
(126 MHz, CDCls) 6 157.11, 156.94, 130.62, 129.94, 123.68, 119.39, 118.53, 38.70,
31.63, 30.86, 26.31, 26.24, 26.15. '°F NMR (283 MHz, CDCIl3) & —63.60. IR (diamond-
ATR) v: 2925, 2854, 1508, 1489, 1238, 1154, 1099. GC-MS m/z (% relative intensity)
[ion]: 334 (90) [M], 315 (2) [C20H21F20]%, 252 (76) [CisHuiF30]%, 251 (72)
[C14H10F30]", 183 (32) [Ci3H11O]", 159 (16) [CsHeF3]", 83 (100) [CeHi1]", 77 (46)
[CeHs]™, 55 (96) [C4H7]™. [M = C20H21F30 (334.15)].
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Figure S2.26 'H, '3C, and 'F NMR spectra of cyclohexane adduct S2.38 in CDCl;.
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Figure S2.27 Crude '"F NMR spectra: under thermal (top) and photochemical (bottom)

insertion conditions.
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Preparation of 1-(1-cyclohexyl-2,2,2-trifluoroethyl)-4-methoxybenzene (S2.39).

N=N O H
H4CO 15 mM HaCO

D2.1 140°C or 350 nm S$2.39

Following the above general protocols (A and B) for insertion experiments, the
reaction was performed using: A) Thermal insertion: diazirine D2.1 (108 mg, 0.5 mmol)
dissolved in cyclohexane (35 mL). The desired product S2.39 (124 mg, 0.455 mmol, 91%)
was isolated following chromatography. B) Photochemical insertion: diazirine D2.1
(56.1 mg, 0.259 mmol) dissolved in cyclohexane (17 mL). The desired product S2.39
(66.4 mg, 0.244 mmol, 94%) was isolated following chromatography. Spectroscopic data
are in accordance with the literature.!'?> '"H NMR (500 MHz, CDCl3) & 7.15 (d, J = 8.6 Hz,
2H), 6.87 (d, J = 8.7 Hz, 2H), 3.81 (s, 3H), 3.01 (qd, J = 10.0, 8.4 Hz, 1H), 1.96 (d, J =
14.0 Hz, 1H), 1.90 (ddt, J = 11.4, 6.8, 3.3 Hz, 1H), 1.81 — 1.72 (m, 1H), 1.67 — 1.57 (m,
2H), 1.50 (d, J=13.6 Hz, 1H), 1.36 — 1.23 (m, 1H), 1.22 — 1.02 (m, 3H), 0.87 — 0.75 (m,
1H). 3C NMR (126 MHz, CDCls) & 159.20, 130.38, 113.96, 55.35, 38.68, 31.66, 30.82,
26.33, 26.26, 26.17. '’F NMR (283 MHz, CDCl3) 8 —63.74. IR (diamond-ATR) v: 2927,
2855, 1515, 1247, 1153, 1134, 1099, 831, 820.
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Figure S2.28 'H, '3C, and 'F NMR spectra of cyclohexane adduct S2.39 in CDCl;.
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Figure S2.29 Crude '"F NMR spectra: under thermal (top) and photochemical (bottom)

insertion conditions.
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Figure S2.30 Comparison of crude '"F NMR spectra under thermal C-H insertion

experiments.
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Figure S2.31 Comparison of crude '’F NMR spectra under photochemical C—H insertion

experiments.
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2.5.3.2 Insertion reactions in a wet environment

Insertion to cyclohexane:water (9:1)

N=N O +Hz0 H
/©)<CF3 9:1) . CF5
HaCO 15 mM HaCO

D2.1 140°C or 350 nm S$2.39

Following the above general protocols (C and D) for insertion experiments, the
reaction was performed using: C) Thermal insertion: diazirine D2.1 (8.5 mg, 0.039
mmol) dissolved in cyclohexane:water (9:1, 2.6 mL). The desired product S2.39 (9.8 mg,
0.0359 mmol, 92%) was isolated following chromatography. D) Photochemical
insertion: diazirine D2.1 (10 mg, 0.046 mmol) dissolved in cyclohexane:water (9:1, 3
mL). The desired product S2.39 (11.2 mg, 0.041 mmol, 90%) was isolated following
chromatography. Spectroscopic data are consistent with the ones reported above for

compound S2.39.

Figure S2.32 Crude 'H NMR spectra of insertion reaction in cyclohexane:water 9:1 (top:

thermal; bottom: photochemical).
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Insertion to tert-Butanol
N=N H ok H OH

t-BuOH
H4CO 15 mM H4CO H,CO

D2.1 140°C or 350 nm S2.40 S2.41
Following the above general protocols (C and D) for insertion experiments, the

reaction was performed using: C) Thermal insertion: diazirine D2.1 (10.7 mg, 0.049
mmol) dissolved in tert-butanol (3.2 mL). Compound S2.40 (8.1 mg, 0.031 mmol, 63%)
and compound S2.41 (2.3 mg, 0.017 mmol, 23%) were isolated following
chromatography using petroleum ether: diethyl ether (9:1, Ry/= 0.72 (S2.40) and R/= 0.25
(S2.41)). D) Photochemical insertion: diazirine D2.1 (16.2 mg, 0.075 mmol) dissolved
in tert-butanol (5 mL). Compound S2.40 (12.5 mg, 0.048 mmol, 64%) and compound
S2.41 (4.2 mg, 0.020 mmol, 27%) were isolated following chromatography.

1-(1-(tert-Butoxy)-2,2,2-trifluoroethyl)-4-methoxybenzene (S2.40): 'H NMR
(500 MHz, CDCls) ¢ 7.38 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 4.73 (q, J = 7.0
Hz, 1H), 3.81 (s, 3H), 1.18 (s, 9H). 3C NMR (126 MHz, CDCIs) & 160.07, 129.15,
113.81, 72.29 (q, J = 31.1 Hz), 55.38, 29.85, 28.29. '’F NMR (283 MHz, CDCl3) 6 —
77.22. IR (diamond-ATR) v: 2960, 2928, 2858, 1613, 1514, 1269, 1249, 1129. GC—
MS m/z (% relative intensity) [ion]: 262 (10) [M]", 193 (24) [Ci2H1702]", 189 (30)
[CoHgF30]", 137 (100) [CsHeO:]", 107 (5) [C7H7O]", 77 (10) [CeHs]™, 57 (30) [C4Ho]".
[M = Ci3H17F302(262.12)].

(4-(2,2,2-Trifluoro-1-hydroxyethyl)phenoxy)methylium (S2.41): 'H NMR
(500 MHz, CDCls) & 7.48 — 7.33 (m, 2H), 6.94 (d, J = 8.8 Hz, 2H), 4.98 (q, J = 6.7 Hz,
1H), 3.83 (s, 3H), 2.08 (d, J = 5.0 Hz, 1H, OH). '°F NMR (283 MHz, CDCl;3) & — 78.59.

Spectroscopic data in accordance with the literature.''?
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Figure S2.33 'H, 13C, and '°F NMR spectra of S2.40 in CDCl;.
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Figure S2.34 'H and '°F NMR spectra of S2.41 in CDCl;.
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Figure S2.35 Crude 'H NMR spectra of insertion reaction in tert-butanol (top: thermal;

bottom: photochemical).

2.5.4 Monitoring of diazo-isomer formation during thermal activation of diazirines

Diazirines are known to undergo partial rearrangement to linear diazo species
upon excitation, although this isomerization is known to be less significant for o-
trifluoromethyl diazirines than for other diazirine species,’® and is also known to be less
significant under conditions of thermal activation compared with photochemical
activation.’® The weak correlation between experimentally determined activation
temperature and calculated activation energy observed in led us to question
whether the a-H, -CH3 and -Cl substrates may have followed a different reaction pathway
(possibly involving the diazo-isomer) in the DSC experiment, compared to the a-CF3
substrate. Therefore, we carried out thermal activation experiments on four representative
a-substituted diazirines while monitoring the progress of the reaction by UV/Vis
spectroscopy, in order to determine if the formation of the diazo-isomer during thermal

activation could be detected.

Traces of diazo-isomer formation (indicated by a signal in the characteristic diazo

absorption region of 450-550 nm) were observed only with the a-CH3 sample. We
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observed a gradual consumption of the a-CF3 diazirine over the course of 20 mins,

whereas the other three a-substituted diazirines were consumed in less than 6 mins.

Decomposition of D2.14, D2.15, D2.16, and D2.5 under thermal activation.

A SpectraMax M5 multi-channel platereader was used for all spectral
measurements. The diazirine solution in cyclohexane was prepared as described above
for the cyclohexane C—H insertion experiment. For each substrate, thermal activation was
performed in ten high-pressure glass tubes, under an atmosphere of argon, at 140 °C.
Each tube was withdrawn from the heating bath at the appropriate time, and the UV/Vis

spectrum was recorded.

Figure S2.36 UV absorbance spectra of D2.14 showing consumption of starting material
over time. The diazirine was consumed over the first 6 mins, and examination of the

spectrum between 400-600 nm (inset) indicated the absence of the diazo-isomer.
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Figure S2.37 UV absorbance spectra of D2.15 showing consumption of starting material
over time. The diazirine was consumed over the first 6 mins, and examination of the

spectrum between 400-600 nm (inset) indicated only trace amounts of the diazo-isomer.

Figure S2.38 UV absorbance spectra of D2.16 showing consumption of starting material
over time. The diazirine was consumed over the first 6 mins, and examination of the
spectrum between 400-600 nm (inset) indicated the diazo-isomer as a transient

isomerization product.
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Figure S2.39 UV absorbance spectra of D2.5 showing consumption of starting material
over time. The diazirine was consumed over the first 20 mins, and examination of the

spectrum between 400-600 nm (inset) indicated the absence of the diazo-isomer.

2.5.5 Differential scanning calorimetry (DSC)
General Protocol for DSC analysis

A sample of the substance to be analyzed (typically 2 to 7 mg) was placed in a
Tzero aluminum hermetic pan and sealed by a matching lid. The pan was pierced with a
small pinhole to allow evolution of nitrogen gas. The pan was placed in the oven of a
DSC25 device (TA instruments) and heated from 40 °C to 200 °C at a rate of 5 °C/min,
with an identical empty pan as a reference. The oven was constantly flushed by a 50
mL/min flow of nitrogen. The device recorded the difference in heat flow between the
reference and the studied sample, allowing the assignment of Tonset and Tpeak. NoO
significant differences were observed in the Tonset and Tpeax values when the DSC
experiment was repeated using stainless steel high-pressure capsules sealed with gold-
plated copper sealing disks. The Tonset Value is determined from the intersection of the
computed baseline in the DSC trace, with the tangent of the upward slope corresponding
to the diazirine activation exotherm. Tonset 18 typically ca. 20-30 °C higher than the true

initiation temperature (7init), but is more reliably determined experimentally.
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DSC analysis for each aryl diazirine substrate was conducted in triplicate. A

representative plot for each diazirine is reported in Appendix B.

Figure S2.40 Representative DSC data for D2.1, illustrating the positions of Tinit, Tonset

and Tpeak.
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2.5.6 Computational details

2.5.6.1 General considerations

Geometry optimization and frequency calculations were performed using M06-
2XU1-D3121/6-31G(d,p) at 298 K and 1 atm. A minima point was confirmed when all of
the vibrations associated with a molecule’s normal modes were positive, and a transition
state (TS) structure was characterized by the presence of only one imaginary frequency
that connects reactants to products. Additional single-point energies were calculated
using the 6-31+G(d,p) basis set for data in Table 2.1 and Table 2.2. All DFT results were
obtained with the Gaussian 16 package.l’!

For Figure 2.6, DLPNO-CCSD(T)#/CBS with TightPNO option single-point
energies were included, using the extrapolation scheme of cc-pVDZ and cc-pVTZ
recommended in the ORCA manual.’! All these calculations were carried out using the
ORCA 4.2.1 package.!%

The computational techniques used here were chosen on the basis of parallel work
from DiLabio group,’! wherein it is shown that M06-2X-D3 had some of the lowest
absolute errors and lowest mean errors in computed barrier heights and energies for 449
reactions amongst the 12 common functionals tested. It is also shown that complete basis
set DLPNO-CCSD(T) produced barrier heights and reaction energies for a cross-section
of the 449 reactions that were within 0.5 kcal/mol of canonical, complete basis set

CCSD(T).



126
Table S2.1 Summary of the calculated free energy barriers (298 K, 1 atm) of carbene
formations at M06-2X-D3/6-31+G(d,p)//M06-2X-D3/6-31G(d,p) for X=CF; diazirines.
The units of single-point energies and free energy corrections are in Ep, and the barriers

are in kJ/mol. These data are used in Table 2.1.

X=CF3 diazirine carbene formation TS carbene formation
Tonset # R single-point thermal single-point thermal barrier (kJ/mol)
88.0 1 4-0OCHs -831.0795518 0.114832 -831.0213133 0.110526 141.6
90.2 2 4-OPh -1022.754237 0.161346 -1022.695422 0.155958 140.3
100.0 3 4-t-Bu -873.7851535 0.192149 -873.724229 0.187219 147.0
103.3 4 4-H -716.5958686 0.085054 -716.5340457 0.080302 149.8
105.6 5 4-Br -3287.800083 0.072023 -3287.738626 0.066862 147.8
106.8 6 4-CH,0H -831.0852765 0.112979 -831.0244056 0.108895 149.1
102.0 7 4-CH2Br -3327.092416 0.097804 -3327.030973 0.092775 148.1
108.7 8 3-OCHs3 -831.0792245 0.114743 -831.0165079 0.110092 152.5
110.5 9 3-OH -791.7974855 0.087953 -791.7346427 0.083055 152.1
112.5 10 3,5-OCHs -945.5620573 0.144616 -945.5006585 0.140083 149.3
115.7 11 4-CF3 -1053.549729 0.08415 -1053.486691 0.078515 150.7
113.2 12 4-CHO -829.8813742 0.091449 -829.8185819 0.086989 153.2
117.6 13 4-NO» -921.0272248 0.084011 -920.9637568 0.079302 154.3

Table S2.2 Summary of the calculated free energy barriers (298 K, 1 atm) of carbene
formations at M06-2X-D3/6-31+G(d,p)//M06-2X-D3/6-31G(d,p) for R=Br diazirines.
The units of single-point energies and free energy corrections are in Ep, and the barriers

are in kJ/ mol. These data are used in Table 2.2.

R=Br diazirine carbene formation TS carbene formation
Tonset # X single-point thermal single-point thermal barrier (kJ/mol)
76.5 1 cl -3410.41549 0.059615 -3410.353335 0.055608 152.7
84.6 2 H -2950.84887 0.07169 -2950.787209 0.066082 147.2
93.5 3 CHs -2990.15124 0.098135 -2990.087606 0.093075 153.8
105.6 4 CF3 -3287.80008 0.072023 -3287.738626 0.066862 147.8
108.4 5 F -3050.06402 0.062596 -3050.000009 0.058312 156.8
N/A 6 OCH3s -3065.33306 0.100734 -3065.285585 0.097526 116.2
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Table S2.3 Summary of the calculated free energy (298 K, 1 atm) S-T gaps!® and barriers
of carbene formation, singlet carbene insertion, and triplet carbene abstraction using
MO06-2X-D3/6-31G(d,p) for X=CF3, Cl, F, and OMe. The central C—H bond in propane is
targeted for insertion or abstraction reaction modeling. The units are in kJ/mol. These

data are used in Figure 2.5 and Figure 2.7.

X=CFs3
op* R S-T gap formation barrier | insertion barrier | abstraction barrier
-1.7 NMe2 10.4 138.2 102.6 49.1
-1.3 NH> 7.3 140.0 103.0 49.3
-0.92 OH 19.7 145.4 87.6 483
-0.78 OMe 18.8 145.4 81.6 47.2
-0.31 CHs 27.1 147.6 77.1 49.0
-0.26 t-Bu 29.9 150.6 69.2 47.0
0 H 34.1 153.0 65.6 47.9
0.11 Cl 339 151.5 63.5 46.7
0.61 CFs3 43.1 153.2 59.6 47.4
0.66 CN 45.6 155.3 53.0 45.6
0.79 NO. 46.7 156.5 49.8 44.4
slope = +7.2
X=Cl
op* R S-T gap formation barrier | insertion barrier | abstraction barrier
-1.7 NMe> -38.9 146.6 157.1 53.3
-1.3 NH> -39.1 148.2 158.6 52.3
-0.92 OH -28.4 150.9 147.1 53.1
-0.78 OMe -28.1 151.5 146.6 51.7
-0.31 CHs -18.8 153.2 139.2 52.6
-0.26 t-Bu -18.7 153.7 138.6 52.2
0 H -15.5 153.2 135.8 52.5
0.11 Cl -14.6 152.9 133.9 51.4
0.61 CFs3 -6.3 153.7 126.4 50.5
0.66 CN -2.3 152.7 124.4 49.9
0.79 NO. 0.8 152.9 121.8 49.7
slope = +2.4
X=F
op* R S-Tgap formation barrier | insertion barrier | abstraction barrier
-1.7 NMe2 -75.1 153.4 185.2 52.0
-1.3 NH> -73.7 154.8 183.8 50.1
-0.92 OH -66.6 155.8 174.2 51.8
-0.78 OMe -66.2 155.2 174.5 49.2
-0.31 CHs -59.0 157.5 168.5 49.3
-0.26 t-Bu -57.8 156.4 166.7 49.1
0 H -54.7 156.6 163.0 48.4
0.11 Cl -54.4 155.8 161.0 46.3
0.61 CFs3 -48.1 155.8 154.6 47.0
0.66 CN -42.4 154.6 149.0 44.8
0.79 NO. -39.6 154.3 145.5 44.2
slope = +0.3
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X=0Me

op* R S-T gap formation barrier | insertion barrier | abstraction barrier
-1.7 NMe2 -97.8 118.4 2314 64.7
-1.3 NH> -95.4 118.6 226.7 63.5
-0.92 OH -92.3 118.6 220.6 62.4
-0.78 OMe -91.3 118.0 2204 62.5
-0.31 CHs -83.8 117.5 213.2 64.7
-0.26 t-Bu -85.4 117.6 211.8 62.8

0 H -84.2 118.0 206.3 61.9
0.11 Cl -84.0 116.8 205.9 60.9
0.61 CFs3 -79.4 115.5 201.2 59.2
0.66 CN -72.6 113.8 192.8 60.0
0.79 NO. -70.7 112.8 188.8 58.6

slope = -2.0

lal A positive S-T gap indicates that the ground state is in a triplet state.
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Table S2.4 Summary of the calculated (298 K, 1 atm) isodesmic free energies (of the
parent reaction or TS reaction) using M06-2X-D3/6-31G(d,p) for X=CF3, Cl, F, and OMe.

The units are in kJ/mol. These data are used in Figure S2.3.

X=CF3
oot R isodesmic free energy isodesmic free energy
’ (parent) (TS)
-1.7 NMe; 6.6 21.4
-1.3 NH 4.3 17.2
-0.92 OH 1.1 8.7
-0.78 OMe 1.7 9.3
-0.31 CHs 0.6 6.0
-0.26 t-Bu 1.6 4.0
0 H 0.0 0.0
0.11 Cl -3.6 -2.2
0.61 CF3 -5.8 -6.1
0.66 CN -6.5 -8.8
0.79 NO. -7.7 -11.2
slope = -54 -12.5
X=Cl
oot R isodesmic free energy isodesmic free energy
P (parent) (TS)
-1.7 NMe; 7.8 14.3
-1.3 NH 4.7 9.7
-0.92 OH 1.7 3.9
-0.78 OMe 3.0 4.8
-0.31 CHs 1.4 1.4
-0.26 t-Bu 3.2 2.7
0 H 0.0 0.0
0.11 Cl -2.9 -2.7
0.61 CF3 -2.9 -3.3
0.66 CN -5.6 -5.1
0.79 NO. -6.8 -6.5
slope = -51 -7.5
X group=F
oot R isodesmic free energy isodesmic free energy
’ (parent) (TS)
-1.7 NMe; 6.6 9.8
-1.3 NH> 4.0 5.8
-0.92 OH 0.9 1.6
-0.78 OMe 1.3 2.6
-0.31 CHs 1.1 0.2
-0.26 t-Bu 1.7 1.9
0 H 0.0 0.0
0.11 Cl -3.4 -2.6
0.61 CF3 -4.4 -3.7
0.66 CN -6.0 -4.0
0.79 NO: -7.3 -5.1
slope = -4.9 -53
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X=0OMe
oot R isodesmic free energy isodesmic free energy

P (parent) (TS)
-1.7 NMe; 3.7 3.3
-1.3 NH 2.3 1.7
-0.92 OH 0.6 0.1
-0.78 OMe 0.9 0.9
-0.31 CHs 0.8 1.3
-0.26 t-Bu 0.7 1.2
0 H 0.0 0.0
0.11 Cl -1.6 -0.4
0.61 CF3 -2.6 0.0
0.66 CN -2.2 2.0
0.79 NO2 -3.1 2.1

slope = -2.5 -0.4

Table S2.5 Summary of the calculated free energy of carbene formations AG (298 K, 1
atm) at DLPNO-CCSD(T)/CBS//M06-2X-D3/6-31G(d,p) using cc-pV(D-T)Z for X=CF3,
Cl, F, and OMe. The high-level corrected free energy of N» is —109.435558328013 Eh.

The units of final Gibbs free energies are in Ep, and AG are in kJ/mol. These data are used

in Figure 2.6.

X=CF3

op* R diazirine singlet carbene triplet carbene AG (singlet) AG (triplet)
-1.7 NMe: -849.7679547 -740.3430655 -740.3361249 -28.0 -9.8
-1.3 NH2 -771.3194645 -661.8928763 -661.88708 -23.6 -8.3
-0.92 OH -791.1941893 -681.7627094 -681.7609716 -10.7 -6.1
-0.78 OMe -830.4123156 -720.9812062 -720.9789479 -11.7 -5.8
-0.31 CH3 -755.267888 -645.8340032 -645.8347959 -4.4 -6.5
-0.26 t-Bu -872.9716236 -763.5363741 -763.53786 -0.8 -4.7
0 H -716.0275523 -606.5900275 -606.5940309 5.2 -5.3
0.11 cl -1175.212266 -1065.775821 -1065.779023 2.3 -6.1
0.61 CFs -1052.856771 -943.4153379 -943.4230487 15.4 -4.8
0.66 CN -808.163276 -698.7216225 -698.7308207 16.0 -8.1
0.79 NO2 -920.3539023 -810.9120569 -810.9198491 16.5 -4.0

X=Cl

op* R diazirine singlet carbene triplet carbene AG (singlet) AG (triplet)
-1.7 NMe: -972.1260473 -862.7179391 -862.6964872 -72.1 -15.7
-1.3 NH2 -893.677363 -784.2686337 -784.2488785 -70.4 -18.6
-0.92 OH -913.5521539 -804.1411027 -804.1237454 -64.3 -18.8
-0.78 OMe -952.7705419 -843.3590024 -843.3420274 -63.1 -18.5
-0.31 CH3 -877.6259946 -768.2113494 -768.1985676 -54.9 -21.3
-0.26 t-Bu -995.3299626 -885.9148193 -885.9015305 -53.6 -18.7
0 H -838.3853105 -728.9697445 -728.9583101 -52.5 -22.5
0.11 cl -1297.570446 -1188.155095 -1188.14348 -53.1 -22.6
0.61 CFs -1175.215881 -1065.797208 -1065.788261 -44.3 -20.8
0.66 CN -930.5217074 -821.1036191 -821.0966442 -45.9 -27.6
0.79 NO2 -1042.71229 -933.2937615 -933.2860351 -44.7 -24.4
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X=F

op* R diazirine singlet carbene triplet carbene AG (singlet) AG (triplet)
-1.7 NMe: -612.1358394 -502.7252733 -502.6894244 -65.6 28.5
-1.3 NH:2 -533.6874531 -424.2763436 -424.2420508 -64.2 25.8
-0.92 OH -553.5618957 -444.1493504 -444.1170748 -60.4 24.3
-0.78 OMe -592.7799314 -483.3675455 -483.3354003 -60.8 23.6
-0.31 CH3 -517.6359311 -408.2202432 -408.1919048 -52.2 22.2
-0.26 t-Bu -635.3394467 -525.9235265 -525.8950691 -51.6 23.2

0 H -478.3953286 -368.9785601 -368.9521205 -49.3 20.1
0.11 cl -937.5801908 -828.1639494 -828.1371375 -50.7 19.7
0.61 CF3 -815.2250991 -705.8070995 -705.7822079 -46.1 19.3
0.66 CN -570.5312352 -461.1127491 -461.090625 -44.8 13.3
0.79 NO2 -682.7217083 -573.3029851 -573.2799927 -44.2 16.2

X=0OMe

op* R diazirine singlet carbene triplet carbene AG (singlet) AG (triplet)
-1.7 NMe: -627.3266876 -517.937063 -517.8923537 -120.6 -3.2
-1.3 NH2 -548.878565 -439.4882194 -439.44495 -118.7 -5.1
-0.92 OH -568.753901 -459.3627794 -459.3204945 -116.7 -5.6
-0.78 OMe -607.9718126 -498.5807972 -498.5386439 -116.9 -6.3
-0.31 CH3 -532.8278622 -423.4343948 -423.3961121 -110.5 -10.0
-0.26 t-Bu -650.5310368 -541.1379472 -541.0985569 -111.5 -8.1

0 H -493.5873668 -384.1937892 -384.1556017 -110.2 -10.0
0.11 cl -952.7727654 -843.3798918 -843.3415037 -112.1 -11.3
0.61 CFs -830.4179481 -721.024299 -720.9870833 -110.0 -12.3
0.66 CN -585.7248119 -476.3309406 -476.2967454 -109.4 -19.7
0.79 NO2 -697.9154032 -588.5216064 -588.4858059 -109.6 -15.7
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Table S2.6 Summary of the calculated free energy S—T gaps!®! (298 K, 1 atm) of X=CF3,
Cl, F, and OMe carbenes using DLPNO-CCSD(T)/CBS//M06-2X-D3/6-31G(d,p). (D-
T)CBS stands for cc-pV(D-T)Z, and (T-Q) stands for cc-pV(T-Q)Z. The units are in
kJ/mol. Highlighted cells indicate the calculated singlet—triplet gap (at the two levels of
theory noted above) for para-methoxyphenyl trifluoromethyl diazirine. Good agreement
is found between the two methods, and in each case we find the singlet to be the lower-

energy carbene when R=4-OMe and X=CF3.

. X=CF3 X=Cl X=F X=0OMe

o R (D-T)CBS (T-Q)CBS (D-T)CBS (D-T)CBS (D-T)CBS
-1.7 NMe: -18.2 -19.5 -56.3 -94.1 -117.4
-1.3 NH2 -15.2 -16.8 -51.9 -90.0 -113.6
-0.92 OH -4.6 -5.2 -45.6 -84.7 -111.0
-0.78 OMe -5.9 -6.9 -44.6 -84.4 -110.7
-0.31 CHs 21 11 -33.6 -74.4 -100.5
-0.26 t-Bu 3.9 2.8 -34.9 -74.7 -103.4
0 H 10.5 9.7 -30.0 -69.4 -100.3
0.11 Cl 8.4 7.8 -30.5 -70.4 -100.8
0.61 CF3 20.2 19.7 -23.5 -65.4 -97.7
0.66 CN 24.1 22.9 -18.3 -58.1 -89.8
0.79 NO2 20.5 19.6 -20.3 -60.4 -94.0

[al A positive S-T gap indicates that the ground state is in a triplet state.
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Chapter 3: Electronically Optimized Diazirine-Based Polymer

Crosslinkers

This chapter has been adapted with permission from a previously published paper.
Stefania F. Musolino, Mahshid Mahbod, Rashid Nazir, Liting Bi, Hamish A. Graham,

Abbas S. Milani and Jeremy E. Wulff, Polym. Chem., 2022, 13, 3833-3839.
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fabrics.



135
3.1. Abstract

Topical application of diazirine-based crosslinkers can upgrade mechanical
properties of low-functionality commodity plastics by engaging in rapid C—H insertions
along the polymer chain. Here we describe an effective strategy to improve the
performance of diazirine reagents through electronic optimization of the trifluoromethyl
aryl diazirine warhead. A prototypically optimized bis-diazirine is shown to be >10-fold
more effective than earlier best-in-class crosslinkers. The superior performance—
attributed to better stabilization of intermediate singlet carbenes—confers increased tear
resistance and enhanced tensile strength to ultra-high molecular weight polyethylene
fabric, at lower loadings than was previously achievable for any crosslinking reagent.
Electronically optimized diazirines can also be activated at lower temperatures and longer
wavelengths than traditionally employed analogues, for the first time enabling fast, high-
yield crosslinking of unfunctionalized aliphatic substrates using visible light. These
advances pave the way for far-ranging improvements to the design of new diazirine-

containing crosslinkers, biological probes, adhesives, and related reagents.

3.2. Introduction

Incorporation of crosslinker molecules into a polymer network increases
mechanical strength and thermal stability, reduces material creep at high temperatures,
provides resistance to electrical discharge, offers increased stability to solvents and stress

4,153,154

cracking, and introduces new surface functionalities. Traditionally, however, each

polymer substrate required the use of a particular crosslinking technology (e.g.

vulcanization for rubber,” hydrosilylation for silicone,!>

etc.). Moreover, many types of
desirable polymer materials lack the functional groups required for coupling, and so
cannot be crosslinked using traditional technologies.

First popularized for use in biological target identification,’®!36-158 trifluoromethyl
aryl diazirines offer an attractive, and near-universal, solution to the challenge of polymer
crosslinking.'>® When activated with heat or light, the diazirine group loses an equivalent
of nitrogen gas to liberate a reactive carbene that can undergo rapid insertion into nearby

C-H, O-H, or N-H bonds.’33%160.161 Shortly after our report in 2019 of a rationally
designed bis-diazirine reagent (3.1) for crosslinking polyethylene, polypropylene, and
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other aliphatic polymers36°%67:162 the use of bis- and tetrakis-diazirines in materials
science experienced an explosion of interest (Figure 3.1). For example, Burgoon and co-
workers reported the use of bis-(benzyl) ether 3.2 for photopatterning of cycloolefin
polymers,%” while the Anzenbacher group developed bis-(aryl) ether 3.3 for crosslinking
the components of organic light-emitting diodes,®®’® and the Zhang lab used tetrakis-
diazirine 3.4 for photopatterning polymeric semiconductors.”> Meanwhile the Bao group
reported compound 3.5 (linked with an aliphatic tether) for use in patterning wearable
elastic circuits,”! while our lab developed 3.6 (linked with flexible perfluoroalkyl chains)
for adhesion of commodity plastics.®' Polymeric analogues (e.g. 3.7), created by adding
electrophilic diazirine reagents to nucleophilic polymer supports, have also been

62,64,83,163,164

extensively explored for biological wound healing applications and as primers

for fibre-reinforced polymer composites®* and enzyme—polymer assemblies.'®> Diazirine

99,166,167

reagents can also add functionality to commodity polymers; for example

porphyrin conjugate 3.8 can be used to generate antiviral coatings on woven
polypropylene filter material.!®

The aryl diazirines discussed above range from moderately electron rich (3.3) to
moderately electron poor (3.1 and 3.6), with the majority being electron neutral. This
raises an important but unaddressed question: what kind of aryl diazirine is preferred in
order to maximize the efficacy of polymer crosslinking? The optimal electron density of
the aryl diazirine unit has generally not been taken into account in the design of diazirine-
based crosslinkers. Instead, bis- and fetrakis-diazirines have largely been designed around

synthetic expedience and the availability of electron-neutral, diazirine-containing starting

materials.
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Figure 3.1 Examples of diazirine-based crosslinkers reported in the literature, and design
of an electronically optimized bis-diazirine. Adapted with permission from literature.'®8
As part of a comprehensive structure—function survey of aryl diazirines, we
recently examined the effect of aryl group electronics on spectral properties, activation
energy, activation temperature, singlet-triplet carbene gap, C—H insertion barriers, and
efficiency of insertion into an aliphatic substrate in Chapter 2.°° We found that electron-
poor and electron-neutral trifluoromethyl aryl diazirines were relatively inefficient at

reacting with unactivated C—H bonds, regardless of whether thermal or photochemical
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excitation was used to generate the reactive carbene intermediate. By contrast, the
addition of a para-alkoxy group to the aryl diazirine motif conferred a number of
important advantages: the UV/Vis absorbance spectrum was shifted to longer
wavelengths, the activation temperature was lowered, and—most significantly—the
efficiency of C—H insertion to a model aliphatic substrate was improved by up to an order
of magnitude.’® Here we apply these lessons toward the design of an electronically
optimized bis-diazirine crosslinker, and show that significantly enhanced mechanical
performance can be achieved through small changes to the structure of the crosslinking
reagent. Taken together, these findings represent the first concrete answer to the

molecular design question posed above.
3.3. Results and Discussion

3.3.1 Crosslinker design, synthesis, and characterization

We targeted crosslinker 3.9 (Figure 3.1C) as a representative electron-rich bis-
diazirine, in which an 8-carbon aliphatic tether is incorporated between two ether-linked
aryl diazirine motifs. The tether serves two distinct purposes. First, as with the flexible
tethers found in 3.5 and 3.6, it allows the diazirine units to effectively bridge polymer
strands that are >20 A apart, providing a competitive advantage for crosslinker 3.9 over
shorter, more rigid molecules like 3.1-3.4. At the same time, the simple aliphatic tether in
3.9 lacks the labile ester linkages found in 3.5 (which could present a liability for some
materials applications) and is easier to install than the perfluorinated alkyl tether in 3.6.
Second, the molecular weight of the tether was chosen specifically to reduce the risk of
explosion that is present for densely packed compounds like 3.3-3.4, in which the
energetic diazirine groups are insufficiently balanced by mass elsewhere in the molecule.

Trifluoromethyl aryl diazirines are typically synthesized from the corresponding
trifluoromethyl ketone, via a 4-step protocol: (1) condensation with hydroxylamine to
afford the corresponding oxime; (2) activation of the oxime with tosyl chloride; (3)
addition of ammonia to produce the diaziridine intermediate; and (4) oxidation to the
desired diazirine. In initial attempts to synthesize 3.9 using this route, we found that the
electron-rich aryl group favours formation of the E-isomer at the tosyloxime stage, and

makes this intermediate resistant to nucleophilic attack by ammonia. While the minor Z-
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isomer could be converted to the desired product, the overall yield of 3.9 using this
sequence was low. After considerable experimentation, we found that using nosyl
chloride in place of tosyl chloride (allowing reaction through the more electrophilic
nosyloxime intermediate) provided efficient conversion to the desired diaziridine,
affording 3.9 in good overall yield on multi-gram scale (refer to the section 3.5 for full
experimental details). Similar protocols were then used to produce bis-(aryl) ether 3.36%7°
as a rigid and less electron-rich control compound. The properties and crosslinking
performance of 3.1, 3.3, and 3.9 were then directly compared.

As anticipated from our earlier survey of differentially functionalized mono-
diazirines, crosslinker 3.9 absorbs light at significantly longer wavelengths than 3.1
(Figure 3.2A), while biaryl ether 3.3 was intermediate between the two. Perhaps most
importantly, the absorbance spectrum for 3.9 includes a discrete band at ca. 390 nm—
inside the visible region of the electromagnetic spectrum. This represents an important

advantage for industrial applications where UV light may be disallowed due to safety

concerns.
A ss B ss 31 C 1200 - == explosive propagation _-
. PP -
3 34 106 1i2 33 1000 shock sensitivity /,f’
25 lJ = 25 4 el
(J - 3.9 -
[ > l 800 4
e 24 393 2 24 = ’,’
g ; > e L ]
2 15 3 15 ~, 600 4 ,
2. T g /
T ] g 400 /
0.5 A T 05 K
0 o 4 : 200 ]
<« UV  visible & 81 97 o
300 350 400 450 60 80 100 120 140 160 180 0 20 40 60 8 100 120
Wavelength (nm) Temperature (°C) Tonset (°C)
D 25 - E 1% - [|:| after loading and curing [l following MeOH extraction]
&, @ o & 10% MeOH MeOH
c w
s 2qL°®3%3 . L4 S 8%
Q o c
x B R [ ] Q
= Lo £ o
; o Pt o«
s e e @ E %
et e ]
R e 2% A
L;:a' [ untreated control sample] =
1 T T T T 0%
0 mol% 5 mol% 10 mol% 15 mol% 20 mol% ~ 10wt% Swt%  1lwt% 10wt% Swt%  1wt%
-
Crosslinker Loading <,°° 3.1 3.9

Figure 3.2 Comparison of physicochemical properties and crosslinking efficiency for
crosslinkers 3.1, 3.3, and 3.9. (A) UV/Vis spectra recorded at 5 mM in hexane, showing
longer-wavelength absorbance for 3.9. (B) Collected DSC data, showing lower-
temperature activation for 3.9; dotted lines indicate tangents used to determine onset

temperatures. (C) Prediction of explosivity for the three representative crosslinkers;
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points on or above the curves indicate potentially hazardous reagents. (D) SEC data
showing increasing PEG molecular weight as a result of crosslinking. (E) Gravimetric
analysis following methanolic extraction of crosslinked UHMWPE fabric, revealing
significantly improved crosslinking by 3.9 relative to 3.1. Error bars indicate standard
error across a minimum of three replicate samples. Adapted with permission from
literature. '

With a Tonset of 81 °C, 3.9 can also be activated at much lower temperatures than
3.1 (Tonse=113 °C) or 3.3 (Tonse= 97 °C) as shown by the differential scanning
calorimetry (DSC) traces in Figure 3.2B—a feature advantageous for adhesion or topical
crosslinking applications using polyethylene, which softens above ca. 90 °C. With lower
activation temperatures, however, comes an intrinsically greater risk of explosion, if the
total molecular mass is too low. To interrogate the risk of shock sensitivity or explosive
propagation associated with the three prototypical bis-diazirines, we applied Yoshida’s
correlations!'® to the thermal data obtained from the DSC measurements. As shown in
Figure 3.2C, 3.9 falls below both the shock-sensitivity and explosive-propagation curves,
indicating that the C8 tether contains sufficient mass to offset the energetic diazirine
groups. By contrast, 3.3 (containing only a single-atom tether) lies above the shock-
sensitivity curve despite having a higher activation temperature. These data underscore
the need to balance energetics against molecular weight, in order to produce safe and
effective diazirine reagents. A complete list of thermal properties for 3.1, 3.3, and 3.9 is

provided in Table S3.3.

3.3.2 Benchmarking of crosslinker performance

To probe the crosslinking efficacy of 3.9 vs. 3.1 and 3.3, we first employed
cyclohexane as a molecular model for polyethylene. As shown in Table 3.1, the yield of
the bis-cyclohexane adduct generated from 3.1 was only 7%,%¢ similar to the yields
reported for cyclohexane crosslinking using 3.6a and 3.6b.%' By contrast, bis-(aryl) ether
3.3 afforded 54% yield of crosslinked cyclohexane, while the most electron-rich bis-
diazirine, 3.9, gave a 91% yield of the desired adduct. Based upon prior studies from

0,112

Sheridan and Raimer,’ as well as our recent Hammett experiments with mono-

diazirines in Chapter 2,°° we attribute the >10-fold increase in crosslinking efficiency for
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3.9 vs. 3.1 to the different degrees of stabilization of the singlet carbene that is generated
following diazirine activation. Significantly, despite the use of a flexible, non-fluorinated
tether, we observed no cyclization products forming from compound 3.9.

Table 3.1 Effect of aryl substituent electronics on crosslinking efficiency for a

representative aliphatic substrate

H H
N=N tether N=N ij H H
e " Vg™
Reagent Tether C—H insertion yield
3.1 —C(CF3)— 7% (ref- 35)
3.6a —~(CF2)s— 6% (ref- 58)
3.6b —(CF2)s— 7% (ref. 58)

33 -O0- 54%
3.9 —O(CH2)sO— 91%

To confirm the relative performance of the three proto-typical crosslinkers in the
context of a polymeric system, we added varying amounts (0—21 mol%) of 3.1, 3.3, and
3.9 to monodisperse polyethylene glycol (PEG; 1,000 g/mol) and analyzed the products
by SEC. Once again the electronically optimized crosslinker 3.9 significantly
outperformed first-generation bis-diazirine 3.1, with bis-(aryl) ether 3.3 occupying
second place. As shown in Figure 3.2D, 3.9 more than doubled the average molecular
weight of the polymer, while 3.1 and 3.3 triggered more modest increases. As expected,
crosslinking also leads to increased polydispersity (Figure S3.15); by this metric as well
the relative performance ranking was 3.9 > 3.3 > 3.1.

Diazirine reagents are known to be useful in bonding low-surface-energy
plastics.>*¢! To evaluate the performance of 3.1, 3.3, and 3.9 in adhesion, we painted
each crosslinker between two pieces of HDPE, heated (110 °C) to initiate diazirine
activation, and then challenged the resulting crosslinked polyethylene sandwich in a lap-
shear experiment. At low loadings (1 mg crosslinker in each 3.2 cm? overlap region), we
found that 3.9 and 3.3 afforded superior adhesion to 3.1 (Figure 3.3A), as would be
predicted from the molecular data in Table 3.1. At higher loadings, however (5 mg per
sample; Figure S3.16), 3.1 performed better, likely due to its ability to undergo
oligomerization.®! To confirm that the observed adhesion (at low loadings) was due to

interfacial crosslinking rather than simple surface functionalization, control experiments
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were conducted with mono-diazirine 3.10. As expected, lap-shear samples prepared with

3.10 showed no detectable adhesion.
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Figure 3.3 Mechanical characterization of crosslinked HDPE lap-shear samples and
crosslinked UHMWPE fabric. (A) Adhesion strength of HDPE—crosslinker—-HDPE lap-
shear composites; numerical values indicate the samples that were sufficiently well
adhered to be measured. (B) Tear strength of crosslinked 75 g/m> UHMWPE fabric (100
mm % 100 mm). (C) Tensile strength of crosslinked 75 g/m?> UHMWPE fabric (75 mm X

250 mm). Error bars in panels A and B indicate standard error. Curves in panel C indicate
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averaged data over 3 independent tests at 10 mm/min. Adapted with permission from

literature. '8

3.3.3 Mechanical testing of crosslinked polymer materials

One of the major applications for crosslinkers like 3.1 is the strengthening of
woven ultra-high molecular weight polyethylene (UHMWPE) fabric.'® To explore the
advantages of 3.9 in this context, we thermally crosslinked 75 g/m> UHMWPE fabric
with varying loadings of 3.1 vs. 3.9 (ca. 10 wt%, 5 wt% and 1 wt%), and then
exhaustively extracted the crosslinked product with methanol. In keeping with the modest
cyclohexane crosslinking yield shown in Table 3.1, we found that an average of 61% of
the mass added from 3.1 was lost upon methanolic extraction (Figure 3.2E and Table
§3.6), presumably due to ketone byproducts, oligomers, and other impurities. By
contrast, >95% of the mass added from 3.9 was retained following extraction—indicating
a much greater efficiency of bonding to the polyethylene matrix. Tear testing of
crosslinked UHMWPE samples further reinforced the trends observed above. While 3.1
is capable of significantly improving tear strength in woven UHMWPE fabric (Figure
3.3B), 3.3 and 3.9 both offer even greater performance. As expected, samples treated
with the mono-diazirine control, 3.10, performed equivalently to vehicle control samples
treated with crosslinker-free solvent and subjected to the same thermal conditions as the
other test samples.

Increasing the tensile strength of woven UHMWPE is more challenging than
improving the tear strength, because UHMWPE fabric is already extremely strong in the
warp and weft directions—a key factor underpinning its use in ballistic protection
garments. Our lab previously showed that loadings of 2 wt% 3.1 afforded only a modest
increase to warp/weft tensile strength.!® To probe whether more electron-rich diazirines
would perform better, we lowered the loading to 1 wt% and compared the effects of 3.1,
3.3, and 3.9 (Figure 3.30).

Unsurprisingly, at this low crosslinker loading, compound 3.1 had no effect, and
force—displacement curves of fabric treated with 1 wt% of 3.1 were indistinguishable
from curves of untreated UHMWPE or vehicle-control fabric. Crucially, however, much

better performance was observed for both 3.3 and 3.9. Peak force for fabric treated with
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3.3 was improved by 64% relative to vehicle-control fabric, and by 35% for fabric treated
with 3.9. The better performance of 3.3 in this experiment probably relates to its physical
properties. Compound 3.3 is an oil and so can be evenly dispersed throughout the fabric,
while 3.9 is a crystalline solid (mp. 49 °C). These data suggest that further improvements
to 3.9 may be possible through modification of the tether to disfavour crystal packing. In
any event, the ability to effect such significant enhancements to the tensile strength of a
material like UHMWPE that is already extremely strong—by simple topical application
at 1 wt%—represents an impressive validation of the power of chemical crosslinking. In
separate experiments (refer to section 3.5) we studied the performance of 3.1 and 3.9 in
apparel fabrics. We found that both crosslinkers were capable of increasing stretch

modulus within the fabric, but that 3.9 was the more effective of the two reagents.

3.3.4 Crosslinking under milder reaction conditions

The mechanical testing data reported above were obtained following thermal
crosslinking under conditions that were known to be applicable to first-generation bis-
diazirine 3.1, so that the mechanical upgrades offered by 3.1 and 3.9 could be directly
compared. However, the data in Figure 3.2B indicated that significantly lower
temperatures could be used to activate 3.9, while data in Figure 3.2A suggested the
tantalizing possibility of visible-light photocuring. To confirm the viability of these
desirable activation conditions using crosslinker 3.9, we turned once again to reaction
with cyclohexane, since this system (which serves as a useful model for low-functionality
polymers) allowed crosslinking progress to be followed over time by simply monitoring
the reaction by NMR spectroscopy.

Reaction of 3.9 with cyclohexane was found to proceed efficiently at 80 °C, with
75% of the desired bis-cyclohexane adduct being formed after 3 hours (Figure 3.4).
Increasing the temperature to 90 °C led to 82% conversion after only 2 hours. These
observations are consistent with the DSC data in Figure 3.2B, and indicate that not only
crosslinker activation but also the subsequent C—H insertion event can be induced at
modest temperatures. By contrast, efficient reaction of 3.1 with cyclohexane was

previously shown to require prolonged heating at 140 °C.3¢



145

3.9

thermal activation photochemical activation

100% A

80% 4

60%

40% +

Percent Conversion

20% A

0% -

I AN S &S S &L
NaAt N e \9@ e ~9®b°&
80°C 90°C 365 nm 395 nm

Figure 3.4 Low-temperature thermal crosslinking of cyclohexane using 3.9, and
photochemical crosslinking under UV and visible light. The 365 nm light-source operated
at 38 W/m?. The 395 nm light-source operated at 53 W/m?. Adapted with permission
from literature.'®8

Similarly, photoreaction of 3.9 in cyclohexane could be carried out using
inexpensive LED strip lights centred at 395 nm. Notably, the half-life for this reaction
was <l minute at room temperature (Figure 3.4), and 92% isolated yield of the desired
bis-adduct was obtained after allowing the reaction to proceed to completion. By contrast,
no reaction was observed for compound 3.1 under equivalent reaction conditions (Table
S3.2).

To further demonstrate the utility of visible light curing, we impregnated
UHMWPE fabric with varying amounts of crosslinker 3.9, and irradiated the material for
5 minutes at 395 nm (53 W/m?). Subsequent mechanical testing (Figure S3.19) indicated
that as little as 0.2 wt% of 3.9 was capable of significantly improving the tear-strength of
the UHMWPE fabric following photocuring. Using this low loading, no discoloration of

the fabric was observed (Figure S3.21).
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3.4. Conclusions

We rationally designed bis-diazirine 3.9 as a prototype to explore the use of
electronically optimized trifluoromethyl aryl diazirines in the crosslinking of commodity
polymers. Notwithstanding the use of a simple 8-carbon tether to link the two diazirine
warheads together, we found that 3.9 was >10-fold better at crosslinking a molecular
model of polyethylene than was crosslinker 3.1, and led to significant improvements in
the crosslinking of a representative linear polymer (PEG) and in the bonding of an
exemplary low-surface-energy plastic (HDPE). These improvements were attributed to
the stabilization of the intermediate singlet carbene, in such a way as to favour C-H
insertion over unwanted radical reactivity.

Topical application of crosslinkers represents an attractive and operationally
simple “top-down” method to improve the mechanical properties of commodity polymers
without the need to synthesize bespoke polymer or co-polymer precursors containing
functional groups that are amenable to traditional crosslinking chemistry. Crosslinker 3.9
was capable of increasing the tear resistance and tensile strength of a high-performance
UHMWPE material, to a degree that was significantly greater than that observed for the
first-generation crosslinker 3.1. It will be recognized that a range of simple modifications
to bis-diazirine 3.9 could be used to generate useful next-generation reagents. For
example, the 8-carbon tether could be increased in mass to further defend against the risk
of shock sensitivity, or could have branching installed to minimize crystallinity—thereby
making the reagent easier to apply onto surfaces. Likewise, the introduction of tethers
that undergo chemical or enzymatic cleavage would immediately afford new families of
degradable crosslinkers. At the same time, replacement of the aliphatic tether with
functional groups such as the photosensitizer used in porphyrin conjugate 3.8 would
provide reagents that are capable of effectively imbuing commodity polymers with useful
new functionality. Similarly, installation of electron-rich trifluoromethyl aryl diazirines
into polyamines would afford valuable polymer reagents with a wide range of enhanced
properties relative to existing polydiazirines like 3.7. Finally, the fact that 3.9 permitted
the fast crosslinking of a representative low-functionality aliphatic substrate in excellent

yield and with a half-life of <1 minute using inexpensive visible-light LEDs suggests
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numerous additional applications in the rapid, efficient patterning of photoresist materials

and other substrates.
3.5. Experimental and Supplementary Information

3.5.1 Materials and methods

3.5.1.1 General considerations

All commercial materials were used as received. THF was freshly dried over
Na/benzophenone. Anhydrous cyclohexane was used in crosslinking experiments.
Spectranalyzed™ pentane was used for purification of diazirines.

NMR spectra were acquired on either a Bruker AVANCE 300 (300.27 MHz for
'H, 282.54 MHz for '°F, 75.5 MHz for '*C) or a Bruker AVANCE Neo 500 (500.27 MHz
for 'H, 470.72 MHz for '°F, 125.7 MHz for '3C) spectrometer. Chemical shifts were
reported in parts per million (ppm) and were calibrated to the central peak of residual
NMR solvent (central peak of chloroform-d: 'H NMR & = 7.26 ppm, '3C NMR & = 77.16
ppm; dichloromethane-dz: '"H NMR & = 5.32 ppm, '3C NMR § = 53.84 ppm; acetone-de:
"H NMR & = 2.04 ppm, *C NMR & = 29.8 ppm; methanol-ds: '"H NMR & = 3.31 ppm).
13C spectra and '°F spectra were 'H decoupled. Data is reported as follows: chemical shift
(multiplicity [s = singlet, d = doublet, t = triplet, q = quartet, qd = quartet of doublet, p =
pentet, dt = doublet of triplet, tt = triplet of triplet, td = triplet of doublet, br-s = broad
singlet, m = multiplet], coupling constant in Hz, integration). Chemical shifts in '°F
spectra are reported in ppm and reported as obtained. Melting points were measured
using a Gallenkamp melting point apparatus and are uncorrected.

High resolution mass spectrometry (HRMS) data were acquired using field
desorption (FD) ionization on a JEOL AccuTOF GCx mass spectrometer. IR spectra
were recorded using a Perkin-Elmer ATR spectrometer. IR wave numbers (v) are
reported in cm™'. UV spotlight 365 nm (ThorLabs, 3685 lux, 38 W/m?) and LED Strip
Lights 395 nm (Waveform Lighting, 5129 lux, 53 W/m?) were used for photochemical
C-H insertion experiments. [lluminance readings were made using a wireless light sensor
from PASCO (PS-3213). Differential Scanning Calorimetry analysis was performed
using a DSC 25 TA instrument.
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All diazirine-forming reactions were performed in the dark. Removal of solvent

was done at 25 °C, avoiding the use of excessive vacuum.

3.5.1.2 Synthesis of aryl ether crosslinker 3.9 with a flexible aliphatic linker

Synthetic scheme for compound 3.9

o 0
Br- 1. KzCOS, DMF
W 2. n-Bulli, EtOCOCF; 3¢ 8 CF
Br Br + > H
OH ol Jo

S3.2

1. NH,OH-HCI
2. 0-NsCl, Et;N
3. NH3, —20°C to r.t.

HN—NH HN—NH

CH20I2 0°C
$3.5

Synthesis of 1,8-bis(4-bromophenoxy)octane (S3.1)
B i B B
oH Bri\ /Br DMF 0.18 M, 60°C oo

(2.2 equiv.) (1 equiv.) 48h S3.1

In a1 L round bottom flask equipped with a magnetic stir bar and a condenser, to

a stirring mixture of 4-bromophenol (14.8 g, 85.8 mmol, 2.2 equiv.) and potassium
carbonate (21.5 g, 155.9 mmol, 4 equiv.) in DMF (200 mL), 1,8-dibromooctane (10.6 g,
38.9 mmol, 1 equiv.) was added. The mixture was heated to 60 °C for two days. The
reaction mixture was cooled to room temperature, diluted with Et20 followed by water,
the aqueous layer was extracted with Et20 (3 times) and EtOAc (1 time). The organic
layers were combined, washed subsequently with brine, dried over Na2SO4, and
concentrated in vacuo. The crude compound S3.1 was obtained as colourless crystals
(17.6 g, 38.6 mmol, 99%). Melting point = 39-40 °C. 1H NMR (500 MHz, CDCI3) 6
7.36 (d, J = 8.9 Hz, 4H), 6.77 (d, J = 8.9 Hz, 4H), 3.91 (t, ] = 6.5 Hz, 4H), 1.77 (p, ] = 6.6
Hz, 4H), 1.46 (qt, J = 6.8, 2.9 Hz, 4H), 1.42 — 1.34 (m, 4H). 13C NMR (126 MHz,
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CDCI3) o 158.36, 132.33, 116.43, 112.72, 68.32, 29.40, 29.28, 26.07. HRMS (FD+) m/z
[Me]+ calculated for C20H24Br202: 454.0138, found: 454.0142.
Synthesis of 1,1'-((octane-1,8-diylbis(oxy))bis(4,1-phenylene))bis(2,2,2-trifluoroethan-1-
one) (S3.2)
0] O

1) nBuLi (2.4 equiv.)
8 > 8

S3.1 S3.2
To a stirring solution of compound S3.1 (1.2 g, 2.6 mmol, 1 equiv.) in dry THF

(15 mL) under argon atmosphere at —78 °C, n-butyllithium (2.5 ml, 6.3 mmol, 2.4 equiv.)
was slowly added and stirring was maintained at —78 °C for 1 h. Then ethyl
trifluoroacetate (0.6 mL, 5.3 mmol, 2 equiv.) was added dropwise, and the mixture was
stirred for a further 1 h at —78 °C and then allowed to warm to room temperature with
continued stirring. After 6 h the reaction was quenched with sat. aq. NH4Cl, and the
aqueous layer was extracted with diethyl ether (3 times) and dried over MgSQO4. The
dried organic layer was filtered and concentrated under reduced pressure. Flash-column
chromatography over silica gel using petroleum ether:Et,O (8:2) as eluent yielded pure
compound S3.2 as a white solid (1.2 g, 2.4 mmol, 92%). Melting point = 64—65 °C. 'H
NMR (500 MHz, CDCI3) ¢ 8.04 (d, J = 7.9 Hz, 4H), 6.98 (d, /= 9.0 Hz, 4H), 4.07 (t, J =
6.5 Hz, 4H), 1.88 — 1.79 (m, 4H), 1.56 — 1.46 (m, 4H), 1.44 — 1.40 (m, 4H)."*C NMR
(126 MHz, CDCls) & 165.15, 132.91, 122.77, 114.98, 68.67, 29.36, 29.11, 26.03. '°F
NMR (283 MHz, CDCl3) 6 —70.97. HRMS (FD+) m/z [M']" calculated for C24H24F6Os4:
490.1573, found: 490.1557.
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Synthesis of 1,1'-((octane-1,8-diylbis(oxy))bis(4,1-phenylene))bis(2,2,2-trifluoroethan-1-
one) dioxime (S3.3)

Q Q NH,OH-HCI (6 equiv.)  NoH NOH
8 8
EtOH (0.2 M)
OHO reflux o/n OHO
$3.2 $3.3

To a stirred solution of compound S3.2 (4.4 g, 8.97 mmol, 1 equiv.) in ethanol
(0.2 M), hydroxylamine hydrochloride (3.7 g, 53.83 mmol, 6 equiv.) and pyridine (5.8
mL, 71.77 mmol, 8 equiv.) were added and the reaction mixture was heated to reflux for
16 h. The mixture was then cooled to room temperature and the mixture was treated with
2M HCI and extracted with Et,O (3 times). The combined organic layers were washed
with distilled water until the pH of the washing layer became neutral, and then dried with
sodium sulfate, filtered and concentrated. The residue was dried under high vacuum for a
prolonged time to afford the desired crude bis-oxime S3.3 (as a mixture of geometric
isomers) as a white solid (4.6 g, 8.84 mmol, 99%). The compound was submitted to the
next step without further purification. '’F NMR (283 MHz, CDCl3) & —62.32, —66.26
(major isomer).

On one occasion, for the purpose of NMR characterization, the residue was
purified by flash-column chromatography over silica gel using pentane:EtOAc (7:3) to
afford the pure bis-oxime (major isomer). Melting point = 127-131 °C. 'H NMR (500
MHz, Acetone) & 7.53 (d, J = 8.8 Hz, 4H), 7.05 (d, J = 8.9 Hz, 4H), 4.08 (t, J = 6.4 Hz,
4H), 1.86 — 1.76 (m, 4H), 1.56 — 1.48 (m, 4H), 1.44 (p, J = 3.3 Hz, 4H). '°F NMR (471
MHz, Acetone) 6 —66.40. HRMS (FD+) m/z [M']" calculated for Ci4HasFsN2Os:
520.1791, found: 520.1773.
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Synthesis of 1,1'-((octane-1,8-diylbis(oxy))bis(4,1-phenylene))bis(2,2,2-trifluoroethan-1-
one) O,0-di((2-nitrophenyl)sulfonyl) dioxime (S3.4)

NOH NOH NsCI (2 equiv.) NONs NONs

DMAP (5 mol%)
F3C)1\©\ /©)‘\CF3 NEt; (3 equiv.) > F3C)‘\©\ /@*CH
8 8
o et 2 o

S§3.3 S3.4
Compound S3.3 (5.2 g, 10.0 mmol, 1 equiv.) was dissolved in CH,Cl> (50 mL),

and triethylamine (4.2 mL, 30.18 mmol, 3 equiv.), DMAP (61 mg, 0.50 mmol, 5 mol%)

and 2-nitrobenzenesulfonyl chloride (4.5 g, 20.0 mmol, 2 equiv.) were successively
added at 0 °C. The ice bath was removed after 5 min, and the reaction mixture was stirred
at room temperature for 1 h. The mixture was then treated with sat. ag. NH4Cl and
extracted with CH>Cl,. The combined organic extracts were dried with magnesium
sulfate, filtered, and concentrated to afford the desired crude bis-nosyloxime S3.4, which
was submitted to the next step without further purification.

On one occasion, for the purpose of NMR characterization, the residue was
purified by flash-column chromatography over silica gel using pentane:EtOAc (7:3) to
afford the pure bis-nosyloxime as an off-white solid (7.48 g, 8.39 mmol, 84%). Melting
point = 114-117 °C. '"H NMR (500 MHz, CDCls) § 8.27 (d, J = 7.8 Hz, 2H), 7.94 — 7.74
(m, 6H), 7.60 (d, J = 8.6 Hz, 4H), 7.00 (d, J = 8.9 Hz, 4H), 4.03 (t, J = 6.4 Hz, 4H), 1.88
—1.76 (m, 4H), 1.49 (q, J = 6.4, 5.5 Hz, 4H), 1.42 (p, J = 3.4 Hz, 4H). ’F NMR (471
MHz, CDCl3) 6 —65.59. HRMS (FD+) m/z [M']" calculated for CscH32FsN4O12So:
890.1357, found: 890.1341.

Synthesis of 1,8-bis(4-(3-(trifluoromethyl)diaziridin-3-yl)phenoxy)octane (S3.5)
NONs NONs HN—NH HN—NH
F3C)J\©\ /O)(CFs NH; (excess) »FSCXO\ /©)<CF3
o(’\)so THF 0.2 M o(’\)i)

—20°C for 30 min
S3.4 then r.t. for 1h 83.5

Bis-nosyloxime S3.4 (7.48 g, 8.39 mmol, 1 equiv.) in anhydrous THF (42 mL)

was transferred to a flame-dried 3-neck flask under argon and cooled to —20 °C.
Anhydrous gaseous ammonia was bubbled into the stirred solution for 30 min. Then, the
reaction was left stirring for 1 h, during which time it was allowed to warm from —20 °C

to room temperature. The mixture was quenched with sat. aq. NH4Cl and extracted with
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Et,0 (3 times). The combined organic layers were washed with brine and then dried with
magnesium sulfate, filtered and concentrated to afford the desired crude bis-diaziridine
S3.5, which was submitted to the next step without further purification.

On one occasion, for the purpose of NMR characterization, the residue was
purified by flash-column chromatography over silica gel using pentane:EtOAc (7:3) to
afford the pure bis-diaziridine as a white solid (4.2 g, 8.1 mmol, 96%). Melting point =
81-83 °C. 'H NMR (500 MHz, CDCl3) & 7.52 (d, J = 8.7 Hz, 4H), 6.91 (d, J = 8.8 Hz,
4H), 3.97 (t, J = 6.5 Hz, 4H), 2.74 (d, J = 8.8 Hz, 2H, N-H), 2.15 (d, J = 8.9 Hz, 2H, N-
H), 1.84 — 1.74 (m, 4H), 1.52 — 1.43 (m, 4H), 1.39 (p, J = 3.5 Hz, 4H). 1*C NMR (126
MHz, CDCls) & 160.55, 129.60, 123.65, 114.76, 68.21, 29.40, 29.26, 26.09. '°’F NMR
(471 MHz, CDCI3) 6 —75.78. IR (diamond-ATR) v: 3675, 3260, 2930, 2858, 1742, 1613,
1519, 1247, 1153, 1053, 939, 832, 755. HRMS (FD+) m/z [M']" calculated for
C24H28FsN4O2: 518.2111, found: 518.2091.

Synthesis of 1,8-bis(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)phenoxy)octane (3.9)
HN—NH HN—NH I, (2.2 equiv.) N=N N=N

F3C CF3 NEt3 ( 6 SQUiV.) FsC CF3
8 > 8
O(A)o CHACl2 (0.2 M) O(A)o
3.9

S§3.5 .
To a solution of bis-diaziridine S3.5 (4.2 g, 8.1 mmol, 1 equiv.) in CH2Cl; (41 mL)

at 0 °C were added successively triethylamine (6.8 mL, 48.6 mmol, 6 equiv.) and iodine
(4.52 g, 17.8 mmol, 2.2 equiv.). The coloured mixture was stirred at 0 °C for 1 h. The
mixture was diluted with CH>Cl> and washed with sat. aq. sodium thiosulfate. The
aqueous layer was re-extracted with CH>Cl> (3 times). Then the combined organic
extracts were washed with brine and dried with magnesium sulfate, filtered, and
concentrated. The residue was purified by silica gel column chromatography using
pentane: Et2O (8:2) as eluent to afford the desired bis-diazirine 3.9 (3.04 g, 5.91 mmol,
73%) as a pale-yellow solid. Melting point = 48-49 °C. '"H NMR (500 MHz, CDCl;) &
7.13 (d, J = 8.4 Hz, 4H), 6.88 (d, J = 8.9 Hz, 4H), 3.95 (t, J = 6.5 Hz, 4H), 1.78 (p, J =
6.6 Hz, 4H), 1.46 (dp, J = 12.4, 6.5 Hz, 4H), 1.43 — 1.35 (m, 4H). *C NMR (126 MHz,
CDCl) o 160.32, 129.55, 128.25, 123.50, 121.32, 120.85, 114.99, 68.22, 29.38, 29.23,
26.07. 'F NMR (283 MHz, CDCl3) & —65.63. IR (diamond-ATR) v: 2939, 2860, 1707,
1603, 1519, 1259, 1235, 1181, 1155, 939, 825, 626, 525. UV (n-hexane): Amax, diazirine =
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372 nm. HRMS (FD+) m/z [M’]" calculated for CisH24FsN4O2: 514.1798, found:
514.1779.

Figure S3.1 'H, 13C, and '°F NMR spectra of 3.9 in CDCls.
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3.5.1.3 Synthesis of rigid bis-aryl ether crosslinker 3.3

Synthetic scheme for compound 3.3

o) o)
Br Br
n-BuLi, EtOCOCF, F3C CF
'
0] 0

S3.6
1. NH,OH-HCI
2. 0-NsCl, EtzN
3. NHj3, —20°C to r.t.
HN—NH HN—NH
CH Cly, 0°C
S3.9

Synthesis of 1,1'-(oxybis(4,1-phenylene))bis(2,2,2-trifluoroethan-1-one) (S3.6)

1) nBuLi (2.4 equw
o THF, -78°C to r.t

S3.6

To a stirring solution of 4,4'-oxybis(bromobenzene) (5.12 g, 15.61 mmol, 1 equiv.)
in dry THF (90 ml) under argon atmosphere at —78 °C, n-butyllithium (15 mL, 37.48
mmol, 2.4 equiv., 2.5 M) was slowly added and stirring was maintained at —78 °C for 1 h.
Then ethyl trifluoroacetate (5.6 mL, 46.8 mmol, 3 equiv.) was added dropwise, and the
mixture was stirred for a further 1 h at —78 °C and then allowed to warm to room
temperature with continued stirring. After 6 h the reaction was quenched with sat. aq.
NH4Cl, and the aqueous layer was extracted with Et,O (3 times) and dried over MgSOa.
The dried organic layer was filtered and concentrated under reduced pressure. Flash-
column chromatography over silica gel using petroleum ether:Et;O (8:2) as eluent
yielded pure compound S3.6 as a colourless oil (5.46 g, 15.07 mmol, 97%) with
spectroscopic data in accordance with the literature.%® 'H NMR (300 MHz, CDCl3) & 8.14
(d, J = 8.0 Hz, 4H), 7.20 (d, J = 8.9 Hz, 4H). '°F NMR (283 MHz, CDCl3) § —71.32.
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Synthesis of 1,1'-(oxybis(4,1-phenylene))bis(2,2,2-trifluoroethan-1-one) dioxime (S3.7)

N
Q 9 NH,OH+HCI (6 equiv.) OH NOH
F3C)‘\©\ /©)‘\CF3 Pyridine (8 equiv.) . Fsc)J\©\ /O)‘\CF:;
o EtOH (0.2 M) o
reflux o/n
S3.6 S3.7

To a stirred solution of compound S3.6 (5.36 g, 14.8 mmol, 1 equiv.) in ethanol
(0.2 M), hydroxylamine hydrochloride (6.17 g, 88.85 mmol, 6 equiv.) and pyridine (9.5
mL, 118.4 mmol, 8 equiv.) were added and the reaction mixture was heated to reflux for
16 h. The mixture was then cooled to room temperature and the mixture was treated with
2M HCI and extracted with Et,O (3 times). The combined organic layers were washed
with distilled water until the pH of the washing layer became neutral, and then dried with
sodium sulfate, filtered, and concentrated. The residue was dried under high vacuum for a
prolonged time to afford the desired crude bis-oxime S3.7 (as a mixture of geometric
isomers) (5.8 g, 14.78 mmol, 99%) with spectroscopic data in accordance with the
literature.®® The compound was submitted to the next step without further purification. 'H
NMR (300 MHz, CDs0D) & 7.53 (d, J = 8.6 Hz, 4H), 7.13 (d, J = 8.8 Hz, 4H)."”F NMR
(283 MHz, CDCl;) 6 —62.26, —66.42.
Synthesis of 1,1'-(oxybis(4,1-phenylene))bis(2,2,2-trifluoroethan-1-one) O,0-di((2-
nitrophenyl)sulfonyl) dioxime (S3.8)

NOH NOH NsCl (2 equiv.) NONs NONs
DMAP (5 mol%)
F3CJ\©\ /©)‘\CF3 NEts (3 equiv.) F3CJ\©\ /©)\0F3
o CH,Cl, (0.2 M) o
0°C
$3.7 S3.8

Compound S3.7 (5.8 g, 14.8 mmol, 1 equiv.) was dissolved in CH,Cl> (74 mL),
and triethylamine (6.2 mL, 44.4 mmol, 3 equiv.), DMAP (90 mg, 0.74 mmol, 5 mol%)
and 2-nitrobenzenesulfonyl chloride (6.89 g, 31.8 mmol, 2.1 equiv.) were successively
added at 0 °C. The ice bath was removed after 5 min and the reaction mixture was stirred
at room temperature for 1 h. The mixture was then treated with sat. aq. NH4Cl and
extracted with CH>Cl,. The combined organic extracts were dried with magnesium
sulfate, filtered, and concentrated to afford the desired crude bis-nosyloxime S3.8 which

was submitted to the next step without further purification.
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On one occasion, for the purpose of NMR characterization, the residue was
purified by flash-column chromatography over silica gel using pentane:EtOAc (7:3) to
afford the pure bis-nosyloxime (10.91 g, 14.29 mmol, 96%) as a pale-yellow solid.
Melting point = 116-117 °C. '"H NMR (500 MHz, CDCls) 6 8.29 (d, J = 7.8 Hz, 2H),
7.96 — 7.79 (m, 6H), 7.65 (d, J = 8.7 Hz, 4H), 7.21 (d, J = 8.9 Hz, 4H). '3C NMR (126
MHz, CDCl3) & 159.11, 136.10, 133.80, 132.38, 131.32, 127.51, 125.13, 119.59. “F
NMR (471 MHz, CDCIl3) & —66.09. HRMS (FD+) m/z [M’] * calculated for
CasH16FsN4O11S2: 762.0156, found: 762.0176.
Synthesis of 3,3'-(oxybis(4,1-phenylene))bis(3-(trifluoromethyl)diaziridine) (S3.9)

NONs NONs HN—=NH HN—NH
FsC CFsy NH; (excess) o FsC CF,
THF 0.02 M
° -20°C for1 h ©
S3.8 thenr.t. for 12 h S3.9

Bis-nosyloxime S3.8 (10.91 g, 14.29 mmol, 1 equiv.) in anhydrous THF (70 mL)
was transferred to a flame-dried 3-neck flask under argon and cooled to —20 °C.
Anhydrous gaseous ammonia was bubbled into the stirred solution for 1 h. Then, the
reaction was left stirring for 12 h, during which time it was allowed to warm from
—20 °C to room temperature. The mixture was quenched with sat. ag. NH4Cl and
extracted with Et:O (3 times). The combined organic layers were washed with brine and
then dried with magnesium sulfate, filtered, and concentrated to afford the desired crude
bis-diaziridine S3.9 (5.4 g, 13.83 mmol, 96%) with spectroscopic data in accordance with
the literature.%® The compound was submitted to the next step without further purification.
"H NMR (500 MHz, CDCl3) 6 7.61 (d, J = 8.7 Hz, 4H), 7.06 (d, J = 8.7 Hz, 4H), 2.80 (d,
J =9.1 Hz, 2H), 2.21 (d, J = 8.9 Hz, 2H)."°F NMR (283 MHz, CDCls) & -75.81. IR
(diamond-ATR) v: 3675, 3262, 2972, 2901, 1603, 1507, 1247, 1153, 884.



157
Synthesis of 3,3'-(oxybis(4,1-phenylene))bis(3-(trifluoromethyl)-3H-diazirine) (3.3)

HN—NH HN—NH N=N N=N

I, (2.2 equiv.)
FSC)KO\ /O)QCFS "= © cau) > F3C)K©\ /©)<CF3
O CH,Cl, (0.2 M) o)

S3.9 3.3
To a solution of bis-diaziridine S3.9 (5.77 g, 14.8 mmol, 1 equiv.) in CH>Cl, (74

mL) at 0 °C were added successively triethylamine (12.4 mL, 88.8 mmol, 6 equiv.) and
iodine (7.5 g, 29.6 mmol, 2 equiv.). The coloured mixture was stirred at 0 °C for 1 h. The
mixture was diluted with CH>Cl> and washed with sat. aq. sodium thiosulfate. The
aqueous layer was re-extracted with CH>Cl> (3 times). Then the combined organic
extracts were washed with brine and dried with magnesium sulfate, filtered, and
concentrated. The residue was purified by silica gel column chromatography using
pentane as eluent to afford the desired bis-diazirine 3.3 (4.66 g, 12.06 mmol, 81%) as a
colourless liquid. '"H NMR (300 MHz, CDCl3) 8 7.20 (d, J = 8.8 Hz, 4H), 7.01 (d, /= 8.9
Hz, 4H). 3C NMR (126 MHz, CDCl3) § 157.79, 128.67, 124.52, 119.45, 29.86. '’F NMR
(283 MHz, CDCI3) 6 —65.45. IR (diamond-ATR) v: 2971, 1603, 1508, 1251, 1154, 938,
827, 539. UV (n-hexane): Amax, diazirine = 360 nm. HRMS (FD+) m/z [M’]" calculated for
C28H32F60: 386.0597, found: 386.0599.
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Figure S3.2 'H, 13C, and '°F NMR spectra of 3.3 in CDCls.
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3.5.1.4 Synthesis of molecular control 3.10
Synthesis of 2,2,2-trifluoro-1-(4-((8-phenoxyoctyl)oxy)phenyl)ethan-1-one (S3.10)

0]

4y,

S3.10

During the purification of 1,1'-((octane-1,8-diylbis(oxy))bis(4,1-
phenylene))bis(2,2,2-trifluoroethan-1-one) S3.2 described above, the corresponding
mono-ketone S3.10, precursor of molecular control 3.10, was isolated in small amounts
(260 mg, 0.6591 mmol). 'H NMR (300 MHz, CD,Cl,) & 8.04 (d, J = 8.0 Hz, 2H), 7.26 (t,
J =125, 2.3 Hz, 2H), 7.01 (d, J = 9.0 Hz, 2H), 6.97 — 6.82 (m, 3H), 4.08 (t, J = 6.5 Hz,
2H), 3.95 (t, J = 6.5 Hz, 2H), 1.90 — 1.69 (m, 4H), 1.51 — 1.35 (m, 8H). '3C NMR (126
MHz, CD:Cl,) 6 182.61, 165.66, 159.63, 133.05, 129.77, 122.84, 120.77, 115.31, 114.80,
69.14, 68.23, 29.68, 29.63, 29.35, 26.37, 26.23. 'F NMR (283 MHz, CDCl3) & —70.95.
HRMS (FD+) m/z [M’]" calculated for C22H2sF303: 394.1750, found: 394.1771.
Synthesis of 2,2,2-trifluoro-1-(4-((8-phenoxyoctyl)oxy)phenyl)ethan-1-one oxime (S3.11)

Q NH,OH-HCI (1.5 equiv.)  NoH
F3C)‘\©\ /© e eqUiV')» F3C)‘\©\ /©
8 8
EtOH (0.2 M)
O(/\)O reflux o/n O(/\)O
$3.10 $3.11

To a stirred solution of compound S3.10 (260 mg, 0.6591 mmol, 1 equiv.) in
ethanol (0.2 M), hydroxylamine hydrochloride (65.6 mg, 0.943 mmol, 1.5 equiv.) and
pyridine (0.16 mL, 1.97 mmol, 3 equiv.) were added and the reaction mixture was heated
to reflux for 16 h. The mixture was then cooled to room temperature and the mixture was
treated with 2M HCI and extracted with Et;O (3 times). The combined organic layers
were washed with distilled water until the pH of the washing layer became neutral, and
then dried with sodium sulfate, filtered, and concentrated. The residue was dried under
high vacuum for a prolonged time to afford the desired crude oxime S3.11 (as a mixture
of geometric isomers) as a white solid (261.3 mg). 'H NMR (500 MHz, Acetone) & 11.63
(s, 1H), 7.52 (d, J = 8.8 Hz, 2H), 7.26 (dd, J = 8.8, 7.2 Hz, 2H), 7.05 (d, J = 8.9 Hz, 2H),
6.93 — 6.85 (m, 3H), 4.07 (t, J = 6.5 Hz, 2H), 3.99 (t, J = 6.5 Hz, 2H), 1.85 — 1.73 (m,
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4H), 1.51 (q, J = 6.8, 6.3 Hz, 4H), 1.43 (dt, J = 14.5, 7.4 Hz, 4H). '’F NMR (471 MHz,
Acetone) 60 —63.02, —66.41.

Synthesis  of  2,2,2-trifluoro-1-(4-((8-phenoxyoctyl)oxy)phenyl)ethan-1-one ~ O-((2-
nitrophenyl)sulfonyl) oxime (S3.12)

NsCI (1 equiv.)
NOH DMAP (5 mol%) NONs
o(/\)o CH?C(')%(CO'Z M) o(/\)o
$3.11 $3.12

Compound S3.11 (261 mg, 0.638 mmol, 1 equiv.) was dissolved in CH>Cl, (4
mL), and triethylamine (0.133 mL, 0.957 mmol, 1.5 equiv.), DMAP (4 mg, 0.032 mmol,
5 mol%) and nosyl chloride (141.4 mg, 0.638 mmol, 1 equiv.) were successively added at
0 °C. The ice bath was removed after 5 min, and the reaction mixture was stirred at room
temperature for 30 min. The mixture was then treated with sat. aq. NH4Cl and extracted
with CH2Cl. The combined organic extracts were dried with magnesium sulfate, filtered,
and concentrated to afford the desired crude nosyloxime S3.12 (380 mg), which was
submitted to the next step without further purification. 'H NMR (500 MHz, CDCls) &
8.28 (d, J= 7.8 Hz, 1H), 7.93 — 7.78 (m, 3H), 7.60 (d, J = 8.7 Hz, 2H), 7.31 — 7.25 (m,
2H), 7.00 (d, J = 8.9 Hz, 2H), 6.92 — 6.86 (m, 3H), 4.00 — 3.91 (m, 4H), 1.87 — 1.73 (m,
8H), 1.65 — 1.57 (m, 2H), 1.52 — 1.45 (m, 8H)."F NMR (471 MHz, CDCl3) § —61.16,
65.60 (major isomer).
Synthesis of 3-(4-((8-phenoxyoctyl)oxy)phenyl)-3-(trifluoromethyl)diaziridine (S3.13)

NONs HN—NH
F3CJ\©\ /@ NH; (excess) . F3Cx©\ /@
O(Afg THF 0.02 M O(Afg

—20°C for 30 min
§3.12 then r.t. for 30 min $3.13

Nosyloxime S3.12 (380 mg, 0.63 mmol, 1 equiv.) in anhydrous THF (20 mL) was
transferred to a flame-dried 3-neck flask under argon and cooled to —20 °C. Anhydrous
gaseous ammonia was bubbled into the stirred solution for 30 min. Then, the reaction was
left stirring for 30 min, during which time it was allowed to warm from —20 °C to room
temperature. The mixture was quenched with sat. agq. NH4Cl and extracted with Et2O (3

times). The combined organic layers were washed with brine and then dried with
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magnesium sulfate, filtered, and concentrated to afford the desired crude diaziridine
S3.13 (256 mg) as yellow solid, which was submitted to the next step without further
purification. "H NMR (500 MHz, CDCI3) 6 7.52 (d, J = 8.5 Hz, 2H), 7.31 — 7.25 (m, 2H),
6.98 — 6.84 (m, 5H), 3.96 (q, J = 6.3 Hz, 4H), 2.74 (d, J = 8.8 Hz, 1H), 2.16 (d, J = 8.9
Hz, 1H), 1.79 (p, J = 6.7 Hz, 4H), 1.54 — 1.44 (m, 4H), 1.43 — 1.36 (m, 4H). *C NMR
(126 MHz, CDCI3) 6 160.56, 159.24, 129.58, 129.55, 123.61, 122.51 (d, J = 41.7 Hz),
120.62, 114.76, 114.63, 68.21, 67.94, 29.85, 29.46, 29.44, 29.41, 29.26, 26.15, 26.08. '°F
NMR (471 MHz, CDCl3) 6 —75.87. IR (diamond-ATR) v: 3258, 2928, 2856, 1727, 1613,
1518, 1471, 1245, 1152, 1033, 754, 692.

Synthesis of 3-(4-((8-phenoxyoctyl)oxy)phenyl)-3-(trifluoromethyl)-3 H-diazirine (3.10)
HN=NH 1, (1.1 equiv.) N=N
F3Cx©\ /@ NEt; (3 equiv.) . F:;Cx@\ /@
O(’\)SO CH,Cl, g).Z M) O’(’\)SO

S§3.13 0 3.10

To a solution of the crude diaziridine S3.13 (256 mg) in CH>Cl, (4 mL) at 0 °C
were added successively triethylamine (0.27 mL, 1.91 mmol, 3 equiv.) and iodine (178
mg, 0.702 mmol, 1.1 equiv.). The coloured mixture was stirred at 0 °C for 1 h. The
mixture was diluted with CH>Cl> and washed with sat. aq. sodium thiosulfate. The
aqueous layer was re-extracted with CH>Cl> (3 times). Then the combined organic
extracts were washed with brine and dried with magnesium sulfate, filtered, and
concentrated. The residue was purified by silica gel column chromatography using
pentane: Et;0O (8:2, R,=0.71) as eluent to afford the desired diazirine 3.10 (250 mg, 0.62
mmol, 98%) as a yellow solid. Melting point = 41-42 °C. '"H NMR (500 MHz, CD,Cl,) §
7.26 (dd, J= 8.7, 7.2 Hz, 2H), 7.15 (d, J = 8.7 Hz, 2H), 6.98 — 6.89 (m, 1H), 6.95 (d, J =
9.0 Hz, 2H), 3.95 (q, J/ = 6.5 Hz, 4H), 1.81 — 1.73 (m, 4H), 1.52 — 1.43 (m, 4H), 1.40 (dt,
J=6.7,4.6 Hz, 4H). *C NMR (126 MHz, CD>Cl») & 160.81, 159.63, 129.77, 128.50,
123.86, 120.78, 120.76, 120.74, 115.28, 114.80, 68.63, 68.25, 29.70, 29.68, 29.48, 26.38,
26.29. F NMR (471 MHz, CDCl3) & —65.67. IR (diamond-ATR) v: 2929, 2857, 1723,
1601, 1518, 1497, 1244, 1180, 1154, 1054, 939, 754, 692. HRMS (FD+) m/z [M']*
calculated for C2oH2s5F3N203: 406.1863, found: 406.1877.
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Figure S3.3 'H and '3C NMR spectra of 3.10 in CD>Cl», and '°F NMR spectrum of 3.10
in CDCls.
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3.5.1.5 Evaluation of crosslinker efficacy by crosslinking of cyclohexane

Cyclohexane crosslinking with bis-diazirine 3.9

N=N N=N O H H
Fsc)n /O)QC% o FiC CFs
8 8
o(’\)o 15mM o(’\)o
3.9

2 h, 140°C
S3.14

In a flame-dried sealed tube, bis-diazirine 3.9 (11.3 mg, 0.022 mmol, 1 equiv.) in

cyclohexane (15 mM), flushed gently with argon and capped, was heated at 140 °C for 2
h. After cooling the mixture to room temperature, the reaction mixture was transferred
into a round bottom flask and concentrated in vacuo to provide crude product (14 mg).
Flash-column chromatography over silica gel using 100% petroleum ether afforded 1,8-
bis(4-(1-cyclohexyl-2,2,2-trifluoroethyl)phenoxy)octane S3.14 (12 mg, 0.02 mmol) in 91%
yield. "H NMR (300 MHz, CDCl3) & 7.13 (d, J = 8.6 Hz, 4H), 6.85 (d, J = 8.7 Hz, 4H),
3.94 (t,J = 6.5 Hz, 4H), 2.97 (qd, J = 10.3, 7.9 Hz, 2H), 2.04 — 1.86 (m, 4H), 1.84 — 1.65
(m, 8H), 1.68 — 1.57 (m, 4H), 1.45 — 1.35 (m, 8H), 1.34 — 1.28 (m, 2H), 1.20 — 1.02 (m,
6H), 0.84 — 0.72 (m, 2H). *C NMR (126 MHz, CDCls3) & 158.78, 132.34, 130.34, 128.94
(q, /=118.0 Hz), 114.45, 68.01, 55.31 (q, J = 25.8 Hz), 38.68, 31.67, 30.81, 29.85, 29.46,
29.43, 26.34, 26.26, 26.17. ’F NMR (283 MHz, CDCl3) & —63.73. HRMS (FD+) m/z
[M*]" calculated for C3sHasFeO2: 626.3553, found: 626.3565.
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Figure S3.4 'H, 13C, and 'F NMR spectra of S3.14 in CDCl;.
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Cyclohexane crosslinking with bis-diazirine 3.3

N=N N=N O H H
F3Cx©\ /O)QCF:; o FC CF5
o 15 mM o

33

2h,140°C
S3.15

In a flame-dried sealed tube, bis-diazirine 3.3 (24.9 mg, 0.064 mmol, 1 equiv.) in

cyclohexane (15 mM), flushed gently with argon and capped, was heated at 140 °C for 2
h. After cooling the mixture to room temperature, the reaction mixture was transferred
into a round bottom flask and concentrated in vacuo to provide crude product (34.6 mg).
Flash-column chromatography overs silica gel 100% petroleum ether afforded 4,4'-oxy-
bis((1-cyclohexyl-2,2,2-trifluoroethyl)benzene) S3.15 (17.6 mg, 0.034 mmol) in 54%
yield. 'H NMR (300 MHz, CDCl3) § 7.20 (d, J = 8.7 Hz, 4H), 6.98 (d, J = 8.7 Hz, 4H),
3.03 (qd, /=10.4, 9.9 Hz, 2H), 2.03 — 1.84 (m, 5H), 1.84 — 1.71 (m, 2H), 1.68 — 1.59 (m,
5H), 1.22 — 1.01 (m, 8H), 0.85 — 0.72 (m, 2H)."*C NMR (126 MHz, CDCls) 8 156.68,
130.69, 118.92, 55.61 (q, J = 25.2 Hz), 38.69, 31.63, 30.85, 29.85, 26.30, 26.24, 26.15.
F NMR (283 MHz, CDCl3) § —63.60. HRMS (FD+) m/z [M"]" calculated for C2sH3:FO:
498.2352, found: 498.2340.
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Figure S3.5 'H, 13C, and 'F NMR spectra of $3.15 in CDCl;.
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3.5.1.6 Crosslinking of cyclohexane under mild conditions

General protocols for insertion reactions

A) Thermal insertion reaction: a 15 mM solution of the desired crosslinker in
cyclohexane was prepared in a vial. The reaction was immersed in an oil bath at the
desired temperature and stirred at that temperature for the desired time. After cooling the
mixture to room temperature, the reaction was concentrated in vacuo to provide the crude
product.

B) Photochemical insertion reaction (365 nm): a 15 mM solution of the desired
crosslinker in cyclohexane was prepared in a vial. The reaction was irradiated with a 365
nm UV spotlight (ThorLabs, 3685 lux, 38 W/m?) for the desired time. The reaction was
concentrated in vacuo to provide the crude product.

C) Photochemical insertion reaction (395 nm): a 15 mM solution of the desired
crosslinker in cyclohexane was prepared in a vial. The reaction was irradiated with 395
nm LED Strip Lights (Waveform Lighting, 5129 lux, 53 W/m?) for the desired time. The
reaction was concentrated in vacuo to provide the crude product.

All reactions were conducted under an air atmosphere. Crude '’F NMR (CDCls)

spectra were collected and compared.
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Cyclohexane crosslinking of bis-diazirine 3.9 at low temperatures

N=N N=N O H H
8 8
o(’\)o 15mM o(’\)o
3.9

80°C or 90°C
S3.14

Following the above general protocol (A), three reactions (a, b, ¢) were performed
at 80 °C, and two reactions were performed at 90 °C using compound 3.9 (12.4 mg, 0.024
mmol) dissolved in cyclohexane (1.6 mL). The reactions were heated for 1 h (a and d); 2
h (b and e); 3 h (¢). Silica plug filtration using petroleum ether as eluent afforded bis-
adduct product S3.14; yields are reported in the following table. Spectroscopic data are
consistent with those reported above for compound S3.14.

Table S3.1 Thermal insertion reactions at low temperatures

temperature (°C)  time (h)  bis-adduct (%)

a 80 1 46
b 80 2 73
c 80 3 75
d 90 1 52
e 90 2 82
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C-H insertion

Diazirine
1h )

2h \ L

3h ‘ N e

T T T T T T T T T T T T T T T
57 -58 -59 -60 -61 -62 -63 -64 -65 -66 -67 -68 -69 -70 -71 -72 -73 -74 -75 -76
f1 (ppm)

Figure S3.6 Crude 'F NMR spectra of compound 3.9 under thermal C-H insertion
condition at 80 °C.

C-H insertion

Diazirine
1h
2h | | N W —

T T
-57 -58 -59 -60 -61 -62 -63 -64 -65 -66 -67 -68 <-69 -70 -71 -72 -73 -74 -75 -7
f1 (ppm)

Figure S3.7 Crude '"F NMR spectra of compound 3.9 under thermal C—H insertion
condition at 90 °C.
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Cyclohexane crosslinking of bis-diazirines 3.9 and 3.1 at 365 and 395 nm.

N=N N=N O H H
8 8
o(’\)o 15mM o(’\)o
3.9

365 nm or 395 nm
S3.14

Following the above general protocol (B), three reactions (a, b, ¢) were performed

under 365 nm light using compound 3.9 (12.6 mg, 0.024 mmol) dissolved in cyclohexane
(1.6 mL). The reactions were irradiated for 1 min (a); 5 min (b); 10 min (c).

Following the above general protocol (C), three reactions (d, e, f) were performed
under 395 nm light using compound 3.9 (12.4 mg, 0.024 mmol) dissolved in cyclohexane
(1.6 mL). The reactions were irradiated for 1 min (d); 5 min (e); 10 min (f); 60 min (g).

Following the above general protocol (C), two reactions (h, i) were performed
under 395 nm light using compound 3.1 (12.5 mg, 0.024 mmol) dissolved in cyclohexane
(1.6 mL). The reactions were irradiated for 1 min (k); 10 min (7). Bis-adduct product was
not observed.

Conversions of bis-adduct product S3.14 are reported in the following table.
Product S3.14 in reaction (g) was isolated after filtration through a silica plug, using
petroleum ether as eluent. Spectroscopic data are consistent with the ones reported above
for compound S3.14.

Table S3.2 Photochemical insertion reactions

compound A (nm) time (min) bis-adduct (%)

a 3.9 365 1 40
b 39 365 5 75
c 39 365 10 76
d 3.9 395 1 67
e 39 395 5 75
f 39 395 10 81
g 39 395 60 93 (92)"
h 3.1 395 1 ]
i 3.1 395 10 ;

*Numbers in parentheses indicate isolated yield.
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Diazoisomer
C-Hinsertion
Diazirine

5 min

10 min

Figure S3.8 Crude

T
69 -70 -71 -72 -73 -74 -75 -7¢
f1 (ppm)

F NMR spectra of compound 3.9 under photochemical C-H

insertion condition, 365 nm.

1 min

Diazoisomer
C-H insertion
Diazirine

5 min

10 min

60 min

Figure S3.9 Crude

T T T T T T T T
69 -70 71 72 -73 -74 75 -76
f1 (ppm)

YF NMR spectra of compound 3.9 under photochemical C—H

insertion condition, 395 nm.
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Diazoisomer
Diazirine

T T T T T T T T
-55 -56 -57 -58 -59 -60 -61 -62 -63 -64 -65 -66 -67 -68 -69 -70 -71 -72 -73 -74 -75 -7t
1 (ppm)

Figure S3.10 Crude ""F NMR spectra of compound 3.1 under photochemical C-H

insertion condition, 395 nm.
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3.5.2 Assessment of thermal parameters for representative aryl ether crosslinkers
General Protocol for DSC analysis

A sample of the substance to be analyzed (typically 3—5 mg) was placed in a
Tzero aluminum hermetic pan and sealed by a matching lid. The pan was pierced with a
small pinhole to allow evolution of nitrogen gas. The pan was placed in the oven of a
DSC25 device (TA instruments) and heated from 40 °C to 200 °C at a rate of 5 °C/min,
with an identical empty pan as a reference. The oven was constantly flushed by a 50
mL/min flow of nitrogen. The device recorded the difference in heat flow between the
reference and the studied sample, allowing the assignment of Tonset and Tmax. DSC
analysis for each substrate was conducted 8 times for compound 3.9 and 7 times for
compound 3.3. Representative DSC traces for crosslinkers 3.9 and 3.3 are provided
below.

N=N N=N

FSC)n /©)<CF3
8
O%\)O
3.9

Figure S3.11 Representative DSC trace for crosslinker 3.9.
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N=N N=N

0L
@)

3.3

Figure S3.12 Representative DSC trace for crosslinker 3.3.
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Table S3.3 Collected thermal data for representative bis-diazirine crosslinkers?

N=N N=N

N=N N=N N=N N=N
FsC O O CF4 Fac)ﬁ /©)<CF3 ac)ﬁ /©)<CF3
8
O OHO
F3C CF;
3.1 3.3 3.9
MP? 34 °C n.d. 48.9+0.2 °C
Tonset 1128 +0.2°C 96.8+0.2 °C 81.2+1.3°C
Tyear’ 138.5+0.2 °C 121.9+0.1 °C 1058+ 1.5°C
AH (by mass)* 683+9J/g 920 + 35 J/g 680 £ 25 J/g
AH (by mole)* 355+ 5 kJ/mol 355+ 13 kJ/mol 350 + 13 kJ/mol
SS/ -0.17£0.01 +0.03 £ 0.02 -0.03 £0.02
EPs —0.20 £ 0.01 —0.03 +£0.02 -0.12 £ 0.02

“ Error bars indicate standard error across multiple DSC runs. n=15 for compound 3.1; n=7 for compound
3.3; n=8 for compound 3.9.

b The melting point (MP) for compound 3.1 was taken from reference 35. No melting point was determined

for compound 3.3, which was an oil at room temperature and did not freeze upon long term storage at —

18 °C. The melting point for compound 3.9 was taken as the peak of the endothermic melting transition

visible in the DSC trace.

The onset temperature (7onset) Was determined by extrapolation of the tangent of the upward slope in the

DSC experiment, to the fitted baseline of the plot.

The peak temperature (7peak) Was determined as the temperature at which the maximum heat flow was

observed in the DSC experiment.

AH refers to the total integrated peak area (per unit mass or per mole), for the exotherm associated with

diazirine activation.

7 The shock sensitivity metric (SS) was determined according to the method of Yoshida and co-workers.
SS = log (Qpbsc) — 0.72 x log (Tonset — 25) — 0.98; where Qpsc is the enthalpy of nitrogen release (in cal/g),
and Tonset s measured as described above. A value of >0 indicates a risk of shock sensitivity for the
compound.

¢ The explosive propagation metric (EP) was likewise determined according to Yoshida’s methods.
EP = log (Qpsc) — 0.38 x log (Tonset — 25) — 1.67; where Qpsc is the enthalpy of nitrogen release (in cal/g),
and Tonset is measured as described above. A value of >0 indicates a risk of explosive propagation for the
compound.

o
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Figure S3.13 Enthalpy output associated with thermal diazirine activation for three
representative bis-diazirines. a. Enthalpy per molar unit. b. Enthalpy per gram. The data
indicate that each trifluoromethyl aryl diazirine unit produces that same amount of energy
upon activation (within experimental error), regardless of the electron density associated
with the aromatic ring. However, the molecular weight of the tether plays a significant
role in the total energy output per unit mass. Thus, compounds 3.1 and 3.9, which have
similar molecular weights (520 and 514 g/mol, respectively), produce equivalent energy
per gram, while compound 3.3, which has a lower molecular weight (388 g/mol),
produces a proportionately higher energy per gram of material. It is this larger energy

output per unit mass that contributes to the potential explosion hazard associated with 3.3.
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Figure S3.14 Yoshida correlation data for compounds 3.1, 3.3, 3.9, 3.6a and 3.6b.
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Compounds for which Qpsc vs. Tonset falls above either of the two curves are predicted to

have an inherent risk of shock sensitivity or explosive propagation. For the compounds

analyzed herein, only compound 3.3 falls into this danger zone.
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3.5.3 Crosslinking of monodisperse poly(ethylene glycol) (PEG-1000 Da)

A series of samples was prepared by mixing monodisperse poly(ethylene glycol)
(PEG-1000 Da) (20 mg) with various amounts of 3.1, 3.9, or 3.3 in glass vials (Table
S3.4). Four different stock solutions with PEG-1000, 3.1, 3.9, or 3.3 in DCM were
prepared. All vials were mixed for 15 seconds on a vortex mixer, sonicated (280 W for 30
seconds), and left to dry in the fume hood overnight. The contents of the vials were
further dried by placing them under high vacuum (ca. 102 mbar) after mixing them for
15 seconds on a vortex mixer. The removal of solvents was monitored by measuring the
weights of each vial over the whole process. The samples were placed in a heat block and
heated at 110 °C for 16 hours. This induced crosslinking via thermal activation. Once
cooled, each sample was homogenized (vortex mixer) and 1 mg was dissolved in 1 mL
THF. The solutions were then filtered through a 0.2 um PTFE filter directly into vials for
SEC analysis. A vehicle control was prepared in the same way without the addition of
any crosslinker and an untreated sample was prepared by dissolving 1 mg of PEG-1000
into 1 mL of THF and filtering the resulting solution through a 0.2 um PTFE filter. All

filtered samples were clear solutions.

Size Exclusion Chromatography (SEC)

SEC was carried out using a Malvern Viscotek TDAmax system equipped with
two analytical SEC columns made from styrene-divinyl benzene (T5000 and T3000 Org
SEC Col). Measurements were carried out at 1.0 mL/min with HPLC-grade
tetrahydrofuran (Fisher) containing tetrabutylammonium bromide (0.1% w/w) as the
eluent at 35 °C. Results were calibrated against polystyrene standards. All samples were
dissolved in the eluent (1 mg/mL) and filtered with a polytetrafluoroethylene membrane

of 0.2 um pore size before analysis.
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Figure S3.15 SEC data showing increasing polydispersity (Mw/Mn) as a result of
crosslinking.

Table S3.4 Composition of samples prepared for crosslinking PEG-1000

MW loading PEG crosslinker crosslinker loading loading

vial _crosslinker  (g/mol) (umol/g) (mg) (pmol) (mg) (Wt%) (mol%)
Al 3.1 520.28 20 20 0.4 0.21 1.0% 2.1%

A2 3.1 520.28 40 20 0.8 0.42 2.1% 4.1%

A3 3.1 520.28 70 20 1.4 0.73 3.6% 7.2%

A4 3.1 520.28 100 20 2 1.04 5.2% 10.3%
A5 3.1 520.28 130 20 2.6 1.35 6.8% 13.4%
A6 3.1 520.28 160 20 32 1.66 8.3% 16.5%
A7 3.1 520.28 200 20 4 2.08 10.4% 20.6%
Bl 3.9 514.47 20 20 0.4 0.21 1.0% 2.1%

B2 3.9 514.47 40 20 0.8 0.41 2.1% 4.1%

B3 3.9 514.47 70 20 1.4 0.72 3.6% 7.2%

B4 3.9 514.47 100 20 2 1.03 5.1% 10.3%
B5 3.9 514.47 130 20 2.6 1.34 6.7% 13.4%
B6 3.9 514.47 160 20 32 1.65 8.2% 16.5%
B7 3.9 514.47 200 20 4 2.06 10.3% 20.6%
Cl 33 386.26 20 20 0.4 0.15 0.8% 2.1%

C2 33 386.26 40 20 0.8 0.31 1.5% 4.1%

C3 33 386.26 70 20 1.4 0.54 2.7% 7.2%

C4 33 386.26 100 20 2 0.77 3.9% 10.3%
C5 33 386.26 130 20 2.6 1.00 5.0% 13.4%
C6 33 386.26 160 20 32 1.24 6.2% 16.5%
C7 33 386.26 200 20 4 1.55 7.7% 20.6%
D1 vehicle ctrl N/A 0 20 0 0 0%

D2 untreated
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3.5.4 Adhesion testing
Preparation of HDPE-HDPE samples
Pairs of 4"x1"x"" bars of HDPE (Quadrant Engineering Plastics) were treated
with 1 or 5 mg of crosslinkers 3.1, 3.9, or 3.3, or 1 mg of molecular control 3.10. After
cutting the HDPE sheet into bars of the appropriate size, the edges were scraped to
smoothness using a utility knife and the bars were wiped with Kimwipes and a solution
of 70% isopropanol to remove grease/dust/plastic particles. Stock solution of crosslinkers
and molecular control in diethyl ether were prepared and 60 pL was deposited onto the
1"x 0.5" overlap zone using a micropipette. The solvent was allowed to evaporate at
room temperature, and then each pair of bars was held together with binder clamps and
placed into an oven pre-heated to 110 °C. After 4 h, the samples were removed from the
oven, cooled to room temperature, and challenged on a lap-shear experiment. Negative
(vehicle) controls were prepared in an identical manner, except that 60 pL of pure diethyl
ether was added to the bars in place of the crosslinker solution described above. Vehicle
control samples were incubated at the same temperature (110 °C) as the other samples,

for an identical length of time.

Lap-shear test

The lap-shear test was implemented according to ASTM D5868. The two trailing
ends of the adhered HDPE samples prepared as described above were clamped in a
universal testing system (Instron, Series 5969) and pulled apart at a rate of 5 mm/min

until breakage of the bond.
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Figure S3.16 Adhesion strength of HDPE—crosslinker—HDPE lap-shear composites;
numerical values indicate the number of samples that were sufficiently well adhered to be
measured.

Table S3.5 Adhesion data for HDPE—crosslinker—HDPE lap-shear composites

sample fraction bonded® adhesion (MPa)
vehicle control 2 /5 0.20 +  0.01
3.1 (1 mg) 3 /5 0.94 + 0.03
3.9 (1 mg) 4 / 4 1.91 + 025
3.3 (1 mg) 5 /5 1.76 + 037
3.10 (1 mg) 0 /5 0.00 + n/a
3.1 (5 mg) 5 /5 2.86 + 0.56
3.9 (5 mg) 5 /5 2.13 + 0.56
3.3 (S mg) 5 /5 1.80 + 027

“ The number of samples that were sufficiently well bonded to permit analysis.
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3.5.5 Crosslinking of apparel fabric

3.5.5.1 Loading of crosslinker into UHMWPE fabric

Irreversible crosslinking of ultra-high molecular weight polyethylene (UHMWPE)

Commercial 75 g/m> UHMWPE fabric was impregnated with either 3.1 or 3.9, by
placing 1" x 1" pieces of fabric into close-fitting aluminum pans filled with solutions of
the desired bis-diazirine in pentane. The concentration of the solution was calculated to
correspond to 1.25 wt%, 6.25 wt%, or 12.5 wt% of crosslinker, relative to the mass of
fabric being employed in the experiment. The bath was covered with aluminum foil and
incubated at room temperature for 30 min. The cover was then removed to allow the
pentane to evaporate in a fume hood for 20 min. After pentane evaporation, the
impregnated sheets were wrapped in aluminum foil and placed into an oven at 110 °C for
4 h. Control samples were prepared following an identical procedure, but without adding
crosslinker to the pentane bath.

Following thermal curing, the samples were weighed to determine the total mass
of reacted crosslinker that was associated with each square of fabric. Each sample was
then extracted for 5 min at room temperature using 20 mL of methanol, to remove any
reaction products that were not irreversibly attached to the fabric. After drying the treated
fabrics in an oven (5 min at 100 °C), each sample was weighed again to determine the
mass of reaction products that were lost to the methanol extraction.

Table S3.6 Gravimetric analysis following methanol extraction of crosslinked UHMWPE

fabric
nominal
loading percent retention percent retention
crosslinker  (wt%) after loading and curing after methanol extraction
vehicle ctrl 0% —0.27% + 0.03% —0.71% + 0.08%
3.1 12.5% 8.75% + 0.21% 0.14% + 0.40%
3.1 6.25% 4.17% + 0.07% 0.94% + 0.25%
3.1 1.25% 0.93% + 0.02% 0.13% + 0.12%
3.9 12.5% 8.08% + 0.49% 7.89% + 0.53%
39 6.25% 4.35% + 0.16% 3.79% + 0.19%
3.9 1.25% 0.92% + 0.07% 0.68% + 0.16%
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3.5.5.2 Loading of crosslinker into apparel fabric

Representative apparel fabric samples of low- and high-stretch modulus were
crosslinked with bis-diazirines 3.1 or 3.9 at a nominal loading of 1 wt% or 5 wt%,
following a similar protocol to that outlined above for UHMWPE fabric. Both types of
fabrics were comprised of nylon and Lycra, but were selected on the basis of their
different stretch moduli.

For each crosslinking experiment, fabric samples were cut to 5" x 6" rectangles,
which were matched exactly to fit inside of a 5" x 6" aluminum tray. Each portion of
fabric was weighed, and the appropriate amount of crosslinker was calculated. In order to
account for losses to the pan, a mass of 1.25 wt% crosslinker was used in order to achieve
a nominal loading of 1 wt% in the treated fabric. Likewise 6.25 wt% of crosslinker was
used to achieve a nominal loading of 5 wt% in the treated fabric. The crosslinker of
interest was dissolved in 75 mL of pentane. For vehicle control samples, 75 mL of
pentane containing no crosslinker was used.

The crosslinker solution (in 75 mL of pentane, or else pure pentane for vehicle
control samples) was then poured over the fabric sample in the close-fitting aluminum
pan. The pan was covered with aluminum foil for 30 minutes to allow the crosslinker to
penetrate into the fabric. The covering was then removed in a fume hood and the pentane
solvent was allowed to evaporate. Following evaporation, the impregnated fabric sample
was removed from the pan and weighed to confirm crosslinker adsorption (at ca. 1 wt%

or 5 wt%) within the material.

Crosslinking of apparel fabrics under thermal and photochemical conditions

Thermal activation was achieved by incubating the treated samples in a 110 °C
oven for 4 hours. Photochemical activation was achieved by suspending the treated
samples in a Rayonet photochemical reactor (RMR-600) equipped with eight 350 nm
bulbs. The light output measured at the sample location was 1640 lux (16 W/m?).
Photochemical activation was allowed to proceed for 4 hours. Following the 4-hour
curing time, the fabric samples were again weighed to confirm that no significant

material losses had occurred during the activation step.



184
Testing of crosslinked apparel fabric samples

The treated fabric samples were cut using scissors into 150 mm x 25 mm strips,
and then the mechanical performance was evaluated using a James Heal Titan fabric
testing machine. Each strip of fabric was pulled to 150% of its static extension, and then
allowed to relax. The extension/relaxation process was repeated for 10 cycles to assess
the performance of crosslinked vs. noncrosslinked material over repeated stretches.

For apparel fabric with a low starting stretch modulus (ca. 0.5 N peak force),
addition of 1 wt% of bis-diazirine 3.1 (followed by thermal activation) was capable of
doubling the stretch modulus (ca. 1 N peak force) while addition of 5 wt% 3.1 resulted in
another doubling of modulus (ca. 2 N peak force). For apparel fabric with a higher
starting stretch modulus, however (ca. 4 N peak force), 1wt% of 3.1 was ineffective at
improving stretch modulus relative to vehicle control samples (Figure S3.17b and c). For
this stronger starting fabric, Swt% of 3.1 was required in order to achieve a significant
increase in modulus (Figure S3.17c¢).

By contrast, 1 wt% of crosslinker 3.9 (following thermal activation) was found to
affect roughly the same increase to stretch modulus as Swt% of crosslinker 3.1 (compare
Figure S3.17b to c). These data confirm the superior crosslinking performance of 3.9
relative to 3.1. Data from photochemically crosslinked samples (also using fabric of high
starting modulus) likewise showed a greater increase in stretch modulus for fabric
samples treated with 3.9 than for fabric samples treated with 3.1 (Figure S3.17a).
However, the maximum stretch modulus was lower for photochemically activates
samples than for thermally activated samples, perhaps indicating incomplete activation

under the selected UV irradiation conditions.
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Figure S3.17 Increasing stretch modulus through crosslinking of apparel fabric with

crosslinkers 3.1 and 3.9.
3.5.6 Mechanical testing of crosslinked UHMWPE fabric

3.5.6.1 General fabric preparation procedure

A (thermo-activation): Commercial 75 g/m> UHMWPE fabric was impregnated with
each test compound, by placing a piece of fabric of desired dimensions into close-fitting
aluminum filled with a solution of the desired bis-diazirine or molecular control in
pentane/diethyl ether at the appropriate concentration. The concentration was calculated
to correspond to 1 wt% (plus an extra 0.25 wt% to compensate for crosslinker deposited
on the sides and bottom of the aluminum pan), relative to the mass of fabric being
employed in the experiment. The bath was covered with aluminum foil and incubated at
room temperature for 30 min. The cover was then removed to allow the solvent to
evaporate in a fume hood for 20 min. After solvent evaporation, the impregnated sheets
were wrapped in aluminum foil and placed into an oven at 110 °C for 4 h. Vehicle
control samples were prepared following the same procedure, but without adding
crosslinker in the solvent bath. Molecular control samples were prepared following the
same procedure but with the crosslinker replaced by the corresponding molecular control

3.10 bearing only one diazirine moiety.
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B (photo-activation): Commercial 75 g/m?> UHMWPE fabric was impregnated with each
test compound, by placing a piece of fabric of desired dimensions into close-fitting
aluminum filled with a solution of the desired bis-diazirine or molecular control in
pentane/diethyl ether at the appropriate concentration. The concentration was calculated
to correspond to 1 wt% and 0.2 wt% (plus an extra 0.25 wt% to compensate for
crosslinker deposited on the sides and bottom of the aluminum pan), relative to the mass
of fabric being employed in the experiment. The bath was covered with aluminum foil
and incubated at room temperature for 30 min. The cover was then removed to allow the
solvent to evaporate in a fume hood for 20 min. After solvent evaporation, the
impregnated sheets were placed into a home-built photoreactor, constructed from a 15 cm
diameter pyrex crystallizing dish (7.5 cm in height), wrapped laterally with 2.5 m of 395
nm LED Strip Lights, (Waveform Lighting) and irradiated for 5 min. Vehicle control
samples were prepared following the same procedure, but without adding crosslinker in

the solvent bath.
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Tensile testing of crosslinked fabric using procedure A (thermo-activation)

Tensile tests were conducted on samples 75 mm x 250 mm in size, using an
Instron 5969 dual column load frame. Each sample was inserted into the grips in such a
way that 50 mm from each end of the fabric was clamped within each grip. Consequently,
the area between the grips (i.e., the area upon which the tensile experiment was
performed) had dimensions of 150 mm x 75 mm. To ensure consistent results, three
samples were analyzed for each treatment condition. The loading rate was 5 mm/min.
The force-displacement curves (Figure 3.3) indicated that the maximum load was
considerably increased in UHMWPE that had been crosslinked with bis-diazirines 3.9

and 3.3, compared to both untreated and vehicle control samples.

Table S3.7 Composition of samples prepared for tensile test

wt. of wt. after
fabric wt. extractio
wt. of wt. of after gain n with wt.
loading  fabric  crosslinker  curing  /loss wt% pentane  gain/loss wt%
sample (Wt%) (2) (mg) (2) (mg) gain/loss (2) (mg) gain/loss
vehicle 0 3.4436 --- 3.4442 0.0 0.0% 3.4478 0.0 0.1%
control 3.4182 --- 3.4197 0.0 0.0% 3.4187 0.0 0.0%
3.4806 --- 3.4791 0.0 0.0% 3.4771 0.0 -0.1%
3.1 1.25 3.4034 42.5 34425  39.1 1.1% 3.4397 36.3 1.1%
3.4303 42.8 3.4509  20.6 0.6% 3.4492 18.9 0.6%
34214 42.7 3.4508 294 0.9% 3.4503 28.9 0.8%
3.9 1.25 3.4607 43.2 3.4948  34.1 1.0% 3.4948 34.1 1.0%
3.4224 43.7 34695  47.1 1.4% 3.4628 40.4 1.2%
3.4177 42.7 3.4476 299 0.9% 3.4485 30.8 0.9%
33 1.25 3.3969 42.5 34392 423 1.2% 3.427 30.1 0.9%
3.4284 42.8 34711 427 1.2% 3.4592 30.8 0.9%
3.4037 42.5 3.455 51.3 1.5% 3.4405 36.8 1.1%
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3.5.6.2 Tear test of crosslinked fabric using procedure A (thermo-activation)

Tear resistance of fabric was characterized according to ASTM D2261. In a
sample of 100 mm x 100 mm, a centered edge cut of 50 mm in length was introduced
using a hot wire cutter. The two “legs” of the sample were then clamped symmetrically,
over a length of 25 mm on each, in a universal testing system (Instron, Series 5969), and
pulled apart at a rate of 30 mm/min, while the force-extension curve was recorded. Five
samples of each group were tested. The force—displacement results are shown in Figure

S3.18.

Figure S3.18 Force-displacement curves obtained during tear testing of variously treated

UHMWPE samples.



Table S3.8 Composition of samples prepared for tear test
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wt. of
wt. fabric wt. after
of wt. of after extraction wt.
loading fabric crosslinker curing wt. gain wt% with gain/loss  wt%
sample  (wt%) (mg) (mg) (mg) /loss(mg) gain/loss pentane (mg) gain/loss
vehicle 0 796.8 --- 796.2 -0.6 -0.1% 795.2 -1.6 -0.2%
control 818.6 --- 805.4 -13.2 -1.6% 804.7 -13.9 -1.7%
816.7 --- 798.8 -17.9 -2.2% 799.7 -17 -2.1%
805.2 --- 809.6 4.4 0.5% 802.1 -3.1 -0.4%
809.5 - 808.2 -1.3 -0.2% 807.5 -2 -0.2%
3.1 1.25 8443 10.6 844 -0.3 0.0% 838.9 -5.4 -0.6%
820.4 10.4 850.1 29.7 3.6% 811.6 -8.8 -1.1%
915 11.4 942.2 27.2 3.0% 807.8 -107.2  -11.7%
830.6 10.4 839.4 8.8 1.1% 790.8 -39.8 -4.8%
825.8 10.3 805.6 -20.2 -2.4% 802.3 -23.5 -2.8%
3.9 1.25 7751 9.7 784.9 9.8 1.3% 783.8 8.7 1.1%
793.8 9.9 801.8 8 1.0% 801.8 8 1.0%
797.2 10 805.6 8.4 1.1% 805.1 7.9 1.0%
787 9.8 795.4 8.4 1.1% 795 8 1.0%
789.8 9.9 799.3 9.5 1.2% 798.7 8.9 1.1%
33 1.25  779.8 9.7 786.8 7 0.9% 787.7 7.9 1.0%
790.1 9.8 798.4 8.3 1.1% 799.2 9.1 1.2%
807.6 10.1 816.1 8.5 1.1% 815.3 7.7 1.0%
793.5 9.9 805.3 11.8 1.5% 801.7 8.2 1.0%
802.2 10 813.1 10.9 1.4% 812.6 10.4 1.3%
3.10 1.25 8163 10.4 811.1 -5.2 -0.6% 816.8 0.5 0.1%
822.7 10.3 811.1 -11.6 -1.4% 810.2 -12.5 -1.5%
792 9.9 795.6 3.6 0.5% 798.4 6.4 0.8%
735.6 9.2 769.6 34 4.6% 768.4 32.8 4.5%
790.3 9.9 790.7 0.4 0.1% 789.9 -0.4 -0.1%
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3.5.6.3 Integration of tear testing curves

To better compare the results from tear testing, the force—extension curves were
integrated over the first 50 mm of extension. This value was chosen because at this
extension, none of the fabric samples had exhibited failure. The resulting values of tear
energy, expressed in Joules (J), were then averaged for each type of crosslinked fabric.

Table S3.9 Integration of tear testing curves up to 50 mm extension

average

tear standard number of

treatment energy (J) deviation replicates
untreated 1.70 + 0.2 5
vehicle control 1.9 + 0.5 5
3.1 (1wt%) 34 + 0.7 5
3.9 (1wt%) 4.5 + 0.3 5
3.3 (1wt%) 4.2 + 0.6 5
3.10 (1wt%) 2.1 + 0.3 5
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3.5.6.3 Tear test of crosslinked fabric using procedure B (photo-activation)

Tear resistance of fabric was characterized according to ASTM D2261. In a
sample of 100 mm x 100 mm, a centered edge cut of 50 mm in length was introduced
using a hot wire cutter. The two “legs” of the sample were then clamped symmetrically,
over a length of 25 mm on each, in a universal testing system (Instron, Series 5969), and
pulled apart at a rate of 30 mm/min, while the force-extension curve was recorded. Five

samples of each group were tested. The force—displacement results are shown in Figure

S3.19.

Figure S3.19 Force-displacement curves obtained during tear testing of variously treated

UHMWPE samples.
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Figure S3.20 Photo-crosslinking of fabrics using a home-built photoreactor operating at

395 nm for 5 min (general procedure B).

Figure S3.21 Photocured fabrics with 1, 0.2, and 0 wt% of crosslinker 3.9.
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Chapter 4: A Cleavable Crosslinking Strategy for Commodity
Polymer Functionalization and Generation of Reprocessable

Thermosets

This chapter has been adapted with permission from a previously accepted paper.
Liting Bi, Benjamin Godwin, Miranda J. Baran, Rashid Nazir and Jeremy E. Wulff,

Angew. Chem. Int. Ed., 2023, e202304708.

Contributions:

Liting Bi contributed to the design and synthesis of the molecules, as well as to the
crosslinking/decrosslinking experiments and the preparation of crosslinked macroscale
samples and their dynamic mechanical thermal analysis. Benjamin Godwin performed
the parallel plate and scanning electron microscope experiments. Miranda J. Baran
contributed to the scale-up synthesis and data discussions. Rashid Nazir contributed to

the initial molecule synthesis route design.
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4.1. Abstract

Covalently crosslinked polymeric materials, known as thermosets, possess
enhanced mechanical strength and thermal stability relative to the corresponding
uncrosslinked thermoplastics. However, the presence of covalent inter-chain crosslinks
that makes thermosets so attractive is precisely what makes them so difficult to reprocess
and recycle. Here, we demonstrate the introduction of chemically cleavable groups into a
bis-diazirine crosslinker. Application of this cleavable crosslinker reagent to commercial
low-functionality polyolefins (or to a small-molecule model) results in the rapid, efficient
introduction of molecular crosslinks that can be uncoupled by specific chemical inputs.
These proof-of-concept findings provide one potential strategy for circularization of the
thermoplastic/thermoset plastics economy, and may allow crosslinked polyolefins to be
manufactured, used, reprocessed, and re-used without losing value. As an added benefit,
the method allows the ready introduction of functionality into non-functionalized

commodity polymers.

4.2. Introduction

The annual global production of thermoset polymers is over 65 million tons and
comprises about 18% of polymeric materials manufactured today.'®® Addition of covalent
crosslinks into polymer networks gives the resulting thermoset enhanced tensile strength,
as well as thermal and chemical resistance.!”’ However, this comes at the expense of
reprocessability and recyclability. Transforming thermoplastics into thermosets limits the
possibility of mechanical reprocessing (melt-and-remould) because the crosslinked

1

structures preclude flow, even at elevated temperatures.'’! Consequently, most

thermosets are incinerated or landfilled after their useful lifetimes.!!7>!73 Existing
strategies to create reprocessable thermosets have focused on the incorporation of

stimuli-triggered degradation or dynamic interactions such as the installation of silyl

4

ether linkages within polydicylopentadiene,'’ carbamate exchange in polyurethane

176 "and boronic ester

foams,!” reversible enamine linkages in polydiketoenamines,
hydrolysis in vitrimers.!”” None of these methods, however, combine on-demand

crosslinking with the ability to uncouple the key inter-chain bond, and most require that
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bespoke polymer substrates be synthesized, rather than permitting the upgrading of
existing, commodity polymer materials.

Traditional crosslinking methods include rubber vulcanization,” silicone

178 and epoxy resin polyamine curing.!” However, low-functionality

hydrosilylation
polymers such as polyethylene and polypropylene (the most widely produced polymers in
the world) lack intrinsically reactive functional groups for crosslinking. As a result,
industrial polyethylene crosslinking involves either high-energy radiation (y rays or
electron beams) or peroxide-induced radical reactions. Both methods are poorly
controlled, and are generally unsuitable for polypropylene (and even for certain forms of
polyethylene) due to competing chain-scission events.'8%-181

Recently, trifluoromethyl aryl diazirines have shown promising efficacy in

24,36,59.61,100,163,167 and photopatterning applications.”-6371.72.182 {Jpon

polymer crosslinking
exposure to heat or light, the strained diazirine heterocycle loses a molecule of nitrogen
gas (N2) to generate a highly reactive carbene, which in turn can insert into neighboring
C-H bonds.**>8 Thus, the use of bis-, tetrakis-, or poly-diazirines provides a convenient
and practical method to rationally install molecular crosslinks into commercial
polyolefins without the risk of competing fragmentation reactions, and without any
requirement for functional groups to be already present along the polymer chain.3%!6!
Recent structure—function studies in Chapter 2 revealed that trifluoromethyl aryl
diazirines bearing electron-rich aryl groups were much more efficient at undergoing C—H
insertion than the corresponding electron-neutral or electron-poor systems.>® This in turn
led to the design of a prototypical, electronically optimized bis-diazirine crosslinker
containing aryl ether linkages in Chapter 3, which showed improved performance in

crosslinking both polymers and small-molecule models.'®8
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Figure 4.1 A broadly applicable, cleavable bis-diazirine crosslinker strategy for
reprocessing thermosets. Adapted from literature. '3

In this chapter, we describe the design, synthesis, and testing of a series of
electronically optimized bis-diazirines that incorporate chemically cleavable functional
groups (Figure 4.1). These include a carbonate, an oxalate, and a silyl ether, each of
which can undergo bond cleavage/reformation under external stimuli (e.g., acid, base,
fluoride etc.), thereby allowing low-functionality commodity polymers to be reversibly
crosslinked through strong—yet selectively cleavable—covalent bonds. As with other
bis-diazirines, the suite of reagents described herein can be topically applied to
manufactured polymer materials without the need to melt or dissolve the polymer
substrate. The addition of a cleavable group adds the potential for thermoset

reprocessibility, together with facile polymer functionalization.
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4.3. Results and Discussion

4.3.1 Design and synthesis of cleavable crosslinkers

Carbonate functional groups have been widely used in polymeric networks to
establish reprocessable materials that can be degraded using specific chemical stimuli
such as hydroxide or alkoxide anions.'® %> Meanwhile, oxalate linkages, which benefit
from higher rates of cleavage, have also been built into polymer materials.'®® These have
been investigated for certain medical applications, such as drug delivery and medical
sutures.'®’ Silyl ether linkages have likewise been found to serve as robust and thermally
stable sites in polymeric materials, which can be cleaved following the addition of acid or
fluoride reagents. Such linkages can even be dynamic in nature, when amine groups are
positioned nearby to facilitate fast exchange.'8%1°!

We therefore set out to prepare a collection of cleavable crosslinkers with
carbonate, oxalate, or silyl ether linkages installed between two electron-rich
trifluoromethyl aryl diazirine warheads (4.4—4.6, Scheme 4.1b). Traditionally, bis-,
tetrakis-, or poly-diazirine crosslinkers have either been made by functionalizing a
suitable precursor with a commercially available diazirine-containing benzyl
bromide, 2462100163 benzyl alcohol,®”!7-"! or benzoic acid®®'%> (in which case the
synthesis is straightforward, but the product does not contain electronically optimized
diazirine groups) or else by first derivatizing a desirable aromatic core with
trifluoromethyl ketone groups and then elaborating the resulting product through a
tedious sequence of oxime formation (using hydroxylamine), activation (using either
tosyl chloride or nosyl chloride), diaziridine formation (through addition of ammonia)

36,59.61,68,72,168,182 Thjg latter approach

and finally oxidation to afford the desired diazirine.
allows one to exert more control over both the diazirine warhead and the linker group.
However, it necessarily means that each new diazirine reagent requires a 6—8 step linear
synthesis (Scheme S4.1). Seeking a faster and more efficient route to access the suite of
cleavable crosslinkers proposed here, we recognized that the parent trifluoromethyl
phenyl diazirine (4.1, Figure 4.1) was available from several different suppliers, and
could be sourced for as low as US$2/gram on multi-kilogram scale. We were therefore

attracted to the idea of functionalizing precursor 4.1 with a para-linked ethereal tether.
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As discussed above, the use of an electron-rich aromatic group (which would be
established through the addition of the para-oxygen) helps to stabilize the singlet carbene
following diazirine activation,’®!'!? which in turn affords up to 10-fold more efficient C—
H insertion than is observed using electron-neutral or electron-poor trifluoromethyl aryl
diazirines.’® If the ether linkage were to terminate in a functional group handle, this could
then be exploited for the ready introduction of the desired carbonate, oxalate, and silyl

ether cleavage sites.

Scheme 4.1 Crosslinker design. a) Synthesis of cleavable crosslinkers from a common,
readily accessible key intermediate. b) Structures of cleavable and non-cleavable bis-
diazirine crosslinkers used in the present study. Adapted from literature.'®3

While more step-economical than previous syntheses of electron-rich bis-

diazirines, this approach introduced an additional synthetic challenge: because
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trifluoromethyl aryl diazirines containing para-alkoxy groups on the aromatic ring
decompose above ca. 40 °C, we were unable to harness palladium couplings to install the
key aryl-oxygen bond, without resorting to prohibitively expensive ligand sets.
Fortunately, we found that a low-temperature copper coupling based upon methodology

from the Chae and Sun groups'?%'%3

provided an efficient and cost-effective solution.

In the event, treatment of 4.1 with N-iodosuccinimide in a mixture of
trifluoroacetic acid, acetonitrile, and sulfuric acid!** afforded para-iodo functionalized
aryl diazirine (4.2) on >100-gram scale in 93% yield (Scheme 4.1a). Subsequent reaction
of 4.2 with excess ethylene glycol at 40 °C was facilitated by the use of recrystallized
Cu(acac), completing an efficient 2-step synthesis of key intermediate 4.3, which had
previously been prepared from 4-bromophenol over 7 steps, using the more traditional
diazirine-construction sequence outlined above.!”> Cleavable crosslinkers 4.4-4.6 were

then easily synthesized by subjecting glycol 4.3 to standard conditions for carbonate,

oxalate, or silyl ether synthesis (refer to the section 4.5 for full details).

4.3.2 Evaluation of crosslinking-decrosslinking activity using a molecular model

To determine if our proposed method of introducing cleavable groups via bis-
diazirine reagents would be useful for crosslinking and decrosslinking low-functionality
materials, we first explored the use of a molecular model. Cyclohexane was chosen as a
convenient surrogate for aliphatic polyolefins, since (like polyethylene) it contains only
non-activated methylenes.

As reported previously, electronically optimized (but non-cleavable) bis-diazirine
4.11 (Scheme 4.1b) can crosslink this challenging substrate upon thermal or

photochemical (395 nm) activation.'®®

The isolated yield of the pure bis-cyclohexane
adduct from 4.11 was 91% when the reaction was conducted at 140 °C, which is 10-fold
better than a prototypical electron-poor diazirine-based crosslinker.'® When reacted at
90 °C for two hours, 4.11 still efficiently provided 82% conversion. Repeating this
experiment with 4.4—4.6 at 110 °C for one hour, we found that crosslinkers 4.4 and 4.6
performed similar to 4.11, giving the carbonate-linked cyclohexane adduct 4.7 and silyl-
linked 4.9 in 80% conversion (Scheme 4.2). Although crosslinker 4.5 has poor solubility

in cyclohexane, it still proceeds with >70% conversion under the same reaction
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conditions, to afford the desired oxalate adduct, 4.8. Photo-activation at 395 nm provided

similar percent conversions; refer to the section 4.5 for full details.

Scheme 4.2  Comparison of cyclohexane  crosslinking  efficacy  and
hydrolysis/regeneration of the resulting crosslink. Values for the cyclohexane insertion
step indicate percent conversion to 4.7-4.9 (as diastereomeric mixtures) following
thermal activation of the diazirine reagents. For isolated yields after column
chromatography (which were slightly lower due to the sensitivity of the cleavable group),
and for results following photochemical activation, refer to the section 4.5. Adapted from
literature.'$3

To preliminarily assess the hydrolysis conditions and follow the reaction
spectroscopically for each bis-adduct, compounds 4.7—4.9 were dissolved in CD;0D, and
aqueous NaOH was added directly to the NMR tube. After 4 hours, 90% of compound
4.7 hydrolyzed to afford free alcohol 4.10 (Figure 4.2). By contrast, compound 4.9
showed only 2% hydrolysis under same basic conditions. On the other hand, when the
crosslinked cyclohexane adducts were exposed to aqueous HCI in CD3;0D, silyl ether 4.9
hydrolyzed within 3 hours, but carbonate 4.7 remained unreacted. In both basic and acid
conditions, oxalate 4.8 hydrolyzed within 15 minutes; we hypothesize that the CD;OD
solvent was playing a role in the cleavage reaction (refer to the section 4.5 for full details).
To demonstrate circularity in our molecular model, we directly added
carbonyldiimidazole (CDI) into a suspension of compound 4.10 and K>CO; in

acetonitrile, to successfully reform the carbonate-linked bis-adduct 4.7 in quantitative
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conversion. Adducts 4.7-4.10 were isolated and fully characterized following each

experiment; refer to the section 4.5 for spectroscopic details.
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Figure 4.2 Hydrolysis of cyclohexane adducts 4.7 and 4.9 under basic (NaOH) and acidic
(HCl) conditions. All experiments were performed directly in NMR tubes at room

temperature, and use CD30D as solvent. Adapted from literature.'®3

4.3.3 Polymeric models for evaluation of crosslinking and decrosslinking activity

To evaluate the suitability of the cleavable crosslinkers for re/upcycling cycle of
low-functionality plastics via crosslink-decrosslink-recrosslink cycles, paraffin wax (PW;
m.p. 58-62 °C; estimated M; ca. 440) was chosen to facilitate rapid and accurate
characterization by size exclusion chromatography (SEC). We firstly compared the
effectiveness of all four crosslinkers (4.4—4.6, plus compound 4.11 as a non-cleavable
control) in crosslinking paraffin wax. As evidenced by the presence of a higher molecular
weight shoulder at 19-20 mins in the SEC traces (Figure 4.3a), each bis-diazirine reagent
was capable of crosslinking the polymer.

We observed that crosslinkers 4.6 and 4.11, containing less-polar tethers,
crosslinked paraffin more efficiently than did 4.4 and 4.5, which have more-polar tethers.
This was evidenced by both a decreased shift in retention time for the SEC peak
associated with the crosslinked polymer, and a higher intensity for that same signal
(Figure 4.3a). The incompatibility between the polar tether of crosslinkers 4.4 and 4.5
and the lipophilic polymer substrate results in phase separation (Figure S4.14) which
leads to the lower crosslinking efficacy. Changing the polymer substrate to poly(ethylene
glycol) (PEG; m.p. 44-48 °C; M; ca. 1500), crosslinkers 4.5 and 4.11 showed similar

crosslinking efficacy (Figure 4.3¢) and there was no visible difference between the
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crosslinked polymer samples (Figure S4.14). By increasing the crosslinker loading from
10 to 20 mol%, the crosslinking efficacy changes similarly for both crosslinkers (i.e.
compare Figure 4.3¢ and 4.31).

Decrosslinking procedures were then applied to each crosslinked material. The
paraffin wax samples crosslinked with 4.4 and 4.5 (i.e. PW-X-4.4 and PW-X-4.5) were
rapidly degraded by the addition of dilute NaOH (ca. 140 mM) to a solution of polymer
in a mixture of tetrahydrofuran and methanol. Paraffin that had been treated with silyl
ether 4.6 (PW-X-4.6) was treated with an equivalent concentration of dilute HCI (refer to
the section 4.5 for full details). SEC analysis of the crude products showed complete
degradation of the crosslinked polymers to the original molecular weight with no residual
high MW shoulder (Figure 4.3b and 4.3¢). As expected, paraffin wax crosslinked with
4.11 (PW-X-4.11; employed as a negative control for the decrosslinking step) did not
hydrolyze under basic or acidic conditions. The sample of PEG that was crosslinked with
compound 4.5 (i.e. PEG-X-4.5) was also successfully degraded into its original size
under basic conditions (Figure 4.3e¢ and 4.31); once again the negative control sample

(PEG-X-4.11) was unaffected by the addition of NaOH.
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Figure 4.3 SEC traces of polymer samples after crosslinking/decrosslinking. a) Paraffin
wax (PW) crosslinked (X) with 10 mol% bis-diazirine 4.4, 4.5, 4.6 or 4.11, compared to
native paraffin wax (vehicle control). b) Paraffin wax crosslinked with 10 mol% 4.4 or

4.5 treated with NaOH and compared to negative and vehicle controls. ¢) 10 mol% 6-
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doped paraftin wax treated with HCl and compared to negative and vehicle controls. d)
Decrosslinked paraffin wax (containing pendant OH groups) reacted with CDI to achieve
recrosslinking. €) 10 mol% 4.5 or 4.11 (negative control)-doped PEG before and after
NaOH treatment. f) 20 mol% 4.5 or 4.11-doped PEG before and after NaOH treatment.
RI, refractive index. Vehicle control samples were prepared identically to the test samples,

but without the addition of crosslinker. Adapted from literature.'®?

4.3.4 Functionalization and recrosslinking

Following decrosslinking, the pendant OH groups remaining on the paraffin wax
provide the opportunity for recrosslinking or other modification. To demonstrate
recrosslinking, the electrophile CDI was added directly to the decrosslinked paraffin wax
samples, coupling nearby hydroxyl groups to reform a carbonate linkage. SEC analysis
showed the reappearance of the high MW shoulder indicative of crosslinking (Figure
4.3d).

While the crosslink-decrosslink-recrosslink cycle illustrated thus far affords a
potentially useful means of shuttling between thermoplastic and thermoset states within a
given polymer material, we were also attracted to the potential to add new functionality
to the hydroxyl-containing decrosslinked thermoplastic intermediate. To explore this
possibility, we chose to add diazirine groups directly to hydrolyzed PW-X-4.4. To this
end, a sample of paraffin wax was first crosslinked with 10 mol% of crosslinker 4.4, and
the formation of the carbonate-containing crosslink was confirmed by '"H NMR (Figure
4.4). The sample was then hydrolyzed through the addition of NaOH, and once again the
successful transformation was confirmed spectroscopically. Finally, an excess of
diazirine-containing benzyl bromide was added, and (after washing away excess
electrophile), the formation of the labeled product was confirmed by both 'H NMR
spectroscopy and DSC (Figures S4.22 and S4.23).
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Figure 4.4 Stacked 'H NMR spectra indicating the functionalization of a hydrolyzed
(decrosslinked) paraffin wax sample reacted with a benzyl bromide-containing diazirine.
All spectra were recorded in CDCIls. See Figure S4.22 for integrations. Adapted from

literature.'®3

4.3.5 Application to commercial low-funtionality polyolefins

To translate the results on cyclohexane and paraffin wax to more challenging
polymeric substrates, isotactic polypropylene (iPP; M, ca. 5000 g/mol) was selected as a
representative low-functionality plastic. Of the three cleavable crosslinkers investigated
above, oxalate-linked compound 4.5 appeared to contain the most labile linkage. We
therefore added 10 wt% of crosslinker 4.5 or 4.11 (as a non-cleavable control) to
commercial iPP, and thermally activated the sample (110 °C for 2 hours) to initiate
crosslinking. Thermal properties for the samples (as well as those of the relevant vehicle
control) were then analyzed by differential scanning calorimetry (DSC). As expected,
both of the crosslinked polymer samples demonstrated decreased enthalpies in the
melting transition, when compared to the vehicle control sample. These enthalpy
decreases, where crosslinked regions of the polymer structure behave as thermosets and
therefore no longer melt,**!7” were consistently displayed in both the heating and cooling
cycles of each DSC trace (Table 4.1). To test the reprocessability of crosslinked iPP

samples, aqueous NaOH was mixed with the iPP substrates (refer to the section 4.5 for
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full details). As anticipated, the iPP sample that had been crosslinked with 4.5 afforded
the same enthalpy values as the vehicle control sample following the decrosslinking
procedure—indicating successful restoration of thermoplastic properties. Conversely, the
iPP sample crosslinked with 4.11 maintained its reduced crystallization and fusion
enthalpies, indicating that no decrosslinking had taken place within the negative control.

Table 4.1 Evolution of thermal properties of crosslinked polypropylene before and after

hydrolysis
Sample AHcrystal (J/g)a AHjsusion (J/g)b
iPP(Vehicle control) 94.9 99.8
iPP-X-4.5 81.7 (86%) 86.3 (86%)
iPP-X-4.11 77.6 (82%)  82.9 (83%)
iPP(V@hicle control) + NaOH 96.0 100.1
_ 101.8

_X._ 0,

iPP-X-4.5 + NaOH 96.6 (101%) (10d06)

iPP-X-4.11 + NaOH 82.1(86%)  86.9 (87%)
@ The integrated region for crystallization enthalpy was from 90 to 150 °C. ® The fusion
enthalpy was determined from the second heating cycle and integrated from 90 to 170 °C.
Percentage values (shown in parentheses) are defined relative to the appropriate vehicle
control.
To explore the effect of crosslinking and decrosslinking on mixtures of aliphatic

polymers, we added crosslinkers 4.4—4.6, as well as non-cleavable crosslinker 4.11, at
10 wt% loading, to a 1:1 mixture of polyethylene (PE; m.p. 92 °C; M, ca. 1700 g/mol)
and iPP (m.p. 157 °C; M, ca. 5000 g/mol). Once again we observed a consistent decrease
in the enthalpy associated with the melting and crystallization transitions (Table 4.2),
with the three cleavable crosslinkers performing more efficiently than non-cleavable bis-
diazirine 4.11. Reprocessability of these new thermoset materials was then demonstrated
by hydrolyzing them back into their constituent thermoplastics. Basic conditions were
employed for samples crosslinked with 4.4 and 4.5, while tetrabutylammonium fluoride
(TBAF) was used for samples crosslinked with 4.6. As expected, the crystallization and
fusion enthalpies for samples crosslinked with 4.4—4.6 returned to nearly the values
associated with the corresponding vehicle control samples, while samples crosslinked
with non-cleavable control 4.11 maintained lower enthalpies—indicating resistance to

hydrolysis conditions.
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Table 4.2 Enthalpy analysis of crosslinked and decrosslinked mixed-polyolefin plastics

. .
. .
’ N
. \

| 4
o @ -) o ® - ’

Following Crosslinking

Following Decrosslinking

Sample éZ;ZSta' éﬁg;f"" Sample (AJEIgC)rZSta' AHiusion (J/g)”
iPP/PEvehiclc contro) ~ 88.8 90.7 iPP/PE vehicte conro) + NaOH 833 85.3
iPP/PE-X-4.11°  79.1 (89%) 79.8 (88%) iPP/PE-X-4.11 + NaOH 69.6 (84%)  69.8 (82%)
iPP/PE-X-4.4 66.1 (74%)  65.5 (72%) iPP/PE-X-4.4 + NaOH 78.0 (94%)  80.3 (94%)
iPP/PE-X-4.5¢ 702 (79%) 71.5(79%) iPP/PE-X-4.5 + NaOH 79.1(95%)  82.2(96%)
iPP/PEvehicle conrol) ~ 88.8 90.7 iPP/PE vehicte conro) + TBAF 1037 110.0
iPP/PE-X-4.11°  79.1 (89%) 79.8 (88%) iPP/PE-X-4.11 + TBAF 87.1(82%) 93.9 (85%)
iPP/PE-X-4.6" 68.7(77%) 69.2 (76%) iPP/PE-X-4.6 + TBAF (19061(;/5) M (Ede)

@ The integrated region for crystallization enthalpy was from 50 to 120 °C. ® The fusion
enthalpy was determined from the second heating cycle and integrated from 50 to 170 °C.
Percentage values (shown in parentheses) are defined relative to the appropriate vehicle
control. ¢ A mixture of isotactic polypropylene (iPP) and polyethylene (PE) were reacted
with non-cleavable crosslinker 4.11, as a negative control for the decrosslinking
experiment. ¢ A mixture of iPP and PE were reacted with the indicated cleavable
crosslinker.

4.3.6 Application to reversible PDMS crosslinking

To demonstrate curing in a representative liquid polymer matrix, we applied
polydimethylsiloxane (PDMS; viscosity 18,000-22,000 cSt) containing 5 wt% of bis-
diazirine 4.4 to a rheometer stage for direct measurement of the change in storage
modulus during crosslinking. As anticipated, we observed a pronounced increase in shear
modulus as the sample passed beyond the activation temperature for 4.4 (Figure S4.40).
A PDMS control sample, by contrast, showed no such modulus increase upon heating.
We also crosslinked bulk PDMS with 4.4, and then decrosslinked the sample by addition
of NaOH. As expected, crosslinked PDMS was a mechanically stable gel, while the
decrosslinked sample regained the ability to flow with gravity (Figure S4.39).
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4.3.7 Thermomechanical testing of crosslinked polymers

To assess the effective crosslink density within a representative commercial
polyolefin treated with a cleavable crosslinker, 5 wt% of carbonate crosslinker 4.4 was
added to injection-moulding grade low-density polyethylene (LDPE; melt flow rate 21).
After thermal activation and melt-processing to generate regular-dimensioned macro-
scale objects (refer to the section 4.5 for details), crosslinked samples (or vehicle controls,
prepared identically but with no added crosslinker) were extracted with hot toluene to
determine the gel content,!’®!% and were subjected to dynamic mechanical thermal
analysis (DMTA) to measure the average apparent molecular weight difference between
crosslinks (M. ).

Despite the low loading of bis-diazirine 4.4, crosslinked LDPE samples were
found to have a gel content of 95% + 3% (compared with 0% gel content for the
corresponding vehicle control samples). Perhaps most significantly, DMTA analysis of
the crosslinked samples revealed a pronounced rubbery plateau above ca. 125 °C,
confirming that these samples had been transformed into thermosets (Figure 4.5b). The
corresponding vehicle control samples, by contrast, behaved as pure thermoplastics,

exhibiting clean melting transitions at elevated temperature (Figure 4.52).
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Figure 4.5 DMTA curves for polymer samples after crosslinking/decrosslinking. a)
Vehicle control samples prepared from low-density polyethylene (LDPE). b) LDPE

samples crosslinked with 5 wt% bis-diazirine 4.4. ¢) Vehicle control samples prepared
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from a 1:1 mixture (by weight) of amorphous polypropylene (aPP) and LDPE. d)
aPP:LDPE samples crosslinked with 5 wt% bis-diazirine 4.4. ¢) aPP:LDPE samples
treated with NaOH. f) crosslinked aPP:LDPE samples (prepared identically to those
tested in panel d), then treated with NaOH to trigger decrosslinking. Replicate samples
are indicated in differing shades of blue; at least 3 samples were tested for each condition.
Melting behavior is highlighted in light green. Rubbery plateau regions are highlighted in
yellow. Refer to Tables S4.9 and S4.12 for collected DSC and WAXS data for
crosslinked polymers; no significant differences in percent crystallinity were observed,
even when the enthalpy of melting was substantively reduced. Adapted from literature.'83
The rubbery plateau for LDPE samples crosslinked with 5 wt% of 4.4
corresponds to storage modulus of 0.414 + 0.010 MPa. Calculating the M., from this

value using the theory of rubbery elasticity!?¢1%8

and the measured sample density (0.936
£+ 0.007 g/cm®) revealed a distance between mechanically productive crosslinks of
approximately 23,300 g/mol (i.e. 1,660 methylene units between crosslink points).
Comparison to the total number of C-H insertion events expected for 4.4 within a
polyethylene matrix (based on the cyclohexane model experiments discussed above; refer
to the section 4.5 for calculations) suggests a ratio of productive crosslinks (where 4.4
bridges two polyethylene chains) to unproductive loops (where 4.4 reacts twice on the
same chain) of approximately 1 : 2.5. A distinct rubbery plateau was also observed for
LDPE samples crosslinked with only 2 wt% of 4.4 (see Figure S4.28 in the section 4.5).
While this necessarily occurs at a lower storage modulus (ca. 0.12 MPa) due to the very
low ratio of crosslinker molecules to LDPE methylene units, it nevertheless provides
compelling evidence for the ability of small-molecule bis-diazirines to imbue
thermoplastic materials with thermoset-like performance characteristics.

We next prepared melt-processed mixtures of LDPE and amorphous
polypropylene (aPP), in which the samples were either treated with 5 wt% of bis-
diazirine 4.4 or a solvent blank. Once again, the vehicle controls showed melting
transitions consistent with thermoplastic behavior (Figure 4.5¢), while the samples treated
with 4.4 displayed stable rubbery plateaus consistent with their conversion to thermosets.
The plateau modulus was lower than that observed for the crosslinked pure LDPE

samples in Figure 4.5b, indicating a lower density of mechanically productive crosslinks.
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This decrease in performance is reflective of the challenge inherent in crosslinking
immiscible materials, and was also reflected in a reduced gel content for the crosslinked
mixture of LDPE + aPP (73% + 6%), compared with that discussed above for crosslinked
LDPE. Nevertheless, the existence of a stable and consistent rubbery plateau in these
samples (together with complementary microscopy and tensile data available in Figures
S4.32 and S4.36) provided good evidence that some portion of crosslinks within the
material were occurring at the LDPE : aPP interface. By contrast, control samples
prepared from pre-crosslinked LDPE and pre-crosslinked aPP (in which both
homopolymers are individually crosslinked, but where no crosslinking is possible at the
interface) performed poorly and irreproducibly in DMTA testing (Figure S4.38a).

Finally, to demonstrate the ability to convert the crosslinked LDPE : aPP
thermoset composite back into a mixture of thermoplastics, we subjected (LDPE+aPP)-
X-4.4 samples to hydrolysis conditions. This served to remove the rubbery plateau
(compare Figure 4.5 to Figure 4.5d), giving samples that performed identically to the

corresponding vehicle controls (compare Figure 4.5t to Figure 4.5¢).

4.4. Conclusions

A series of simple, yet powerful, cleavable crosslinkers has been introduced that
can be used to upcycle low-functionality thermoplastic materials into reprocessable
thermosets. Cleavage of the labile linker groups can be accomplished using a range of
external stimuli (base, acid, or fluoride), and the decrosslinked polymer products
resulting from these operations contain pendent hydroxyl groups that can either be used
for recrosslinking or further functionalization.

The opportunity to crosslink mixtures of incompatible polymers (e.g.
polyethylene and polypropylene) together to form novel covalent composites is
particularly attractive, given the persistent problem of mixed plastic waste streams.
Polyethylene is frequently contaminated with polypropylene, and polypropylene is even

199-201

more frequently contaminated with polyethylene. Simple melt-blending of these

202-205 and

mixed materials leads to poor mechanical properties due to phase separation,
cross-contamination challenges of this type are partially responsible for the fact that only

9% of all plastics ever produced have been recycled.!’*?% Because small-molecule bis-
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diazirines react promiscuously with polymer substrates and cannot easily distinguish
between different polymer architectures, they readily connect dissimilar polymers.5!
Together with other recently disclosed reagents for functionalization of commodity
polymers through reaction at C—H bonds,'3%2072% the cleavable crosslinkers described
herein may provide a useful means of generating reprocessable thermosets from low-

functionality thermoplastics and post-consumer waste.
4.5. Experimental and Supplementary Information

4.5.1 Materials and methods

4.5.1.1 General considerations

All commercial materials were used as received unless otherwise noted. Reagents
used for the synthesis of target compounds were purchased from Sigma-Aldrich except
for N-iodosuccinimide and diazirine 4.1, which were purchased from AK Scientific and
Amadis Chemicals, respectively. bis-Diazirine crosslinker 4.11 was a gift from XlynX
Materials. Reagent grade solvents were used for extractions and purifications. Anhydrous
cyclohexane was used in crosslinking experiments. All diazirine-forming reactions were
performed in the dark. Removal of solvent was done below 40 °C, avoiding the use of
excessive vacuum. The following polymer substrates were employed in crosslinking
experiments:

*Paraffin wax (PW) from Sigma-Aldrich (ref 327212, m.p. = 58-62 °C, CAS 8002-74-2).
An approximate chemical formula of C31Hes was estimated by determining the relative
ratio of methyl (CH3) and methylene (CHz) groups observable in the 'H NMR (Figure
S4.8), together with the approximate molecular weight observed in the SEC
experiments discussed below.

* Poly(ethylene glycol) 1500 (PEG) from Alfa Aesar (ref A16241, H(OCH2CH2),OH,
m.p. = 4448 °C, CAS 25322-68-3).

* Isotactic polypropylene (iPP) from Sigma-Aldrich (ref 428116, average Mw ~12000,
average M, ~5000, m.p. =157 °C, CAS 9003-07-0).

* Amorphous polypropylene (aPP) from Sigma-Aldrich (ref 428175, CAS 9003-07-0).
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* Polyethylene (PE) from Sigma-Aldrich (ref 427772, average My, ~4000, average M,
~1700, m.p. =92 °C, CAS 9002-88-4).
* Low-density polyethylene (LDPE) from Goodfellow Materials (ref ET31-GL-000105,
melt flow rate 21).
* Polydimethylsiloxane (PDMS) from Sigma-Aldrich (ref 432997, viscosity 18000—
22000 cSt, CAS 70131-67-8).
Nuclear Magnetic Resonance (NMR) spectra were recorded at ambient temperature
using either a Bruker AVANCE 300 (300 MHz for 'H, 283 MHz for '°F, 76 MHz for !*C)
or a Bruker AVANCE Neo 500 (500 MHz for 'H, 471 MHz for '°F, 126 MHz for '3C, 99
MHz for #°Si) spectrometer. Chemical shifts were reported in parts per million (ppm) and
were referenced to the solvent peak (CDCls: '"H NMR & = 7.26 ppm, *C NMR § = 77.16
ppm; CD>Clx: '"H NMR & = 5.32 ppm, 3C NMR & = 53.84 ppm; CD;0D: 'H NMR § =
3.31 ppm, *C NMR & = 49.00 ppm). '3C spectra and '°F spectra were 'H decoupled
unless otherwise noted. Data are reported as follows: chemical shift (multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, qd = quartet of doublets, m = multiplet),
coupling constant in Hz, integration). Spectral assignments were made for compounds
that gave well-resolved spectra in COSY, HSQC and HMBC experiments. Chemical
shifts in '°F spectra are reported in ppm and reported as obtained. Reaction progress was
monitored by either thin-layer chromatography on pre-coated aluminum-backed silica gel
60 F254 plates followed UV visualization or by 'H/'°F NMR spectroscopy.
Low resolution mass spectrometry (LRMS) data were acquired using electrospray
ionization (EI) and conducted using a Finnigan Trace DSQ system with Direct Probe
Controller (Thermo, MA).
High resolution mass spectrometry (HRMS) data were acquired using field desorption
(FD) ionization on a JEOL AccuTOF GCx mass spectrometer.
Infrared (IR) spectra were recorded using a Perkin-Elmer ATR spectrometer. IR wave
numbers (v) are reported in cm™'.
Differential Scanning Calorimetry (DSC) analysis: A sample of the analyzed substance
(typically 3 to 10 mg) was placed in a Tzero pan (TA Instruments, 901683.901) and
sealed by a Tzero hermetic lid (TA Instruments, 901684.901). The pan was placed in the
oven of the DSC25 device (TA Instruments) and heated/cooled within —90 to 200 °C at a
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rate of 5 or 10 °C/min with an identical empty pan as a reference. The oven was
constantly flushed by a 50 mL/min flow of nitrogen gas during the analysis. Melting
points (m.p.) were taken as the peak of the endothermic melting transition visible in the
DSC analysis trace for diazirine-containing compounds.

Size Exclusion Chromatography (SEC) analysis: all samples were dissolved in
tetrahydrofuran (ca. 5 mg/mL) and filtered through a polytetrafluoroethylene membrane
of 0.2 um pore size before analysis. SEC was carried out using a Malvern Viscotek
TDAmax system with two analytical SEC columns made from styrene-divinyl benzene
(T5000 and T3000 Org SEC Col). Measurements were carried out at 1.0 mL/min with
HPLC-grade tetrahydrofuran containing tetrabutylammonium bromide (0.1% w/w) as the
eluent at 35 °C. The molecular weights were calculated based on signals from a refractive
index (RI) detector, and using a calibration curve prepared from monodisperse
polystyrene standards.

Dynamic Mechanical Thermal Analysis (DMTA) was performed on an Anton Paar
Modular Compact 302 rheometer fitted with an Anton Paar SRF12 geometry and CTD
600 oven. All samples were fabricated as rectangular specimens with ~25 mm (L) x 10
mm (W) x 4.0 mm (7). Samples were measured through a temperature range of 25—
200/250 °C with a thermal ramp rate of 1.5 °C min™!, a logarithmic strain of 0.01-0.1 %
at 1 Hz, and a normal force of —0.1 N.

The molecular weight between crosslinks (M.) was calculated from equation (1)!6-1%:
(1)

where E'is the modulus of the rubbery plateau determined by DMTA, p is the measured

3pRT
MC

E' =

density of crosslinked low-density polyethylene, R is the gas constant, and 7 refers to the
absolute temperature (413 K).

Parallel Plate Rheometry measurements of polydimethylsiloxane (PDMS) were
conducted on the same Anton Paar Modular Compact 302 rheometer, using the default
MCR 203 SN82432706 plate and an Anton Paar PP25/S parallel plate geometry. PDMS
with or without crosslinker sample was deposited on the lower plate, the PP25/S plate
was then lowered to a gap of 1 mm and the excess was removed. Samples were measured

through 25-120 °C using a constant shear strain of 0.5 % at 1 Hz (applied frequency).
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Tensile Tests were performed using an ADMET eXpert 7603 single column universal
tester, in conjunction with the standard procedure laid out by ISO 527-1 Plastics -
Determination of Tensile Properties. The test specimens were type 5B dog bone samples.
The samples were affixed in the tester by clamping the wide ends in the tester jaws. The
samples were pulled in tensile until breakage at a crosshead speed of 50 mm/min. Force-
displacement curves were obtained from these tests. The cross-sectional area used for the
stress calculations was the middle of the gauge length, where the break was intended to
happen.
Scanning Electron Microscopy (SEM) micrographs were generated using a Hitachi S-
4800 cold field emission scanning electron microscope. Before imaging, samples were
sputtered with gold for 2 minutes at 10 mA under 100 mTorr of argon. Images were taken
using a mixed detector with an accelerating voltage of 1.0 kV, an emission current of
10.5 pA and a working distance of ca. 8.8-9.1 mm.
X-Ray Diffraction (XRD) analysis was carried out on an AXS D8 Discover (Bruker)
diffractometer, equipped with a LynxEye strip detector and a Ge (111) focusing
monochromator, providing Cu Kal (A = 1.5406 A) radiation powered at 45 kV and 40
mA.
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4.5.1.2 Procedures for crosslinker synthesis

Synthesis of ethylene glycol diazirine 4.3

Caution: diazirine 4.1 should be handled with extreme care when not in solution: refer to
impact tests below.

To a solution of diazirine 4.1 (80 g, 430 mmol, 1.0 equiv.) in 1:3
acetonitrile:trifluoroacetic acid (150 mL), N-iodosuccinimide (116 g, 516 mmol, 1.2
equiv.) was added portion-wise under ambient atmosphere. After the N-iodosuccinimide
fully dissolved, the mixture was then cooled to 0 °C with an ice bath before adding a
solution of H>SO4 (55 mL, 1032 mmol, 2.4 equiv.) in trifluoroacetic acid and acetonitrile
(TFA: 45 mL and CH3CN: 15 mL) dropwise over ca. 60 min. The reaction was slowly
warmed to room temperature and stirred for 24 h before pouring over a mixture of ice,
sodium bicarbonate, and water to neutralize the product mixture. The dark red aqueous
solution was then extracted with ether (3 x 150 mL), and the combined organic extracts
were washed with saturated aqueous sodium thiosulfate (2 x 150 mL), dried with sodium
sulfate, and concentrated. The crude product was purified by passing over a silica plug
with pentane to yield 2 as a pale yellow or pink liquid (124.67 g, 93%). R = 0.8 (100%
pentane). "H NMR (500 MHz, CDCls) & 7.74 (d, J = 8.7 Hz, 2H), 6.93 (d, J = 8.7 Hz,
2H). 3C NMR (126 MHz, CDCls) & 138.18, 128.91, 128.25, 122.05 (q, J = 274.7 Hz),
96.12, 29.86. 'F NMR (471 MHz, CDCl3) 8 —65.27. IR (diamond-ATR) v: 2956, 2926,
2856, 1614, 1590, 1493, 1342, 1232, 1186, 1155, 1047, 1007, 936, 811, 744. LRMS (EI)
m/z (% relative intensity) [ion]: 284 (100) [M — N2]*, 157 (90) [M — N2 —I]*.
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To an oven-dried 2-neck round bottom flask containing 4.2 (100 g, 320 mmol, 1.0
equiv.) in DMSO (320 mL, 1.0 M), ethylene glycol (536 mL, 9614 mmol, 30 equiv.) and
CsOH-H,O (134.6 g, 801 mmol, 2.5 equiv.) was added before warming to 40 °C.
Subsequently, the reaction mixture was bubbled with argon for 15 min and Cu(acac),
(41.95 g, 160 mmol, 0.5 eq, recrystallized from ethanol) was added in three portions at 0
h (21.95 g), 20 h (10 g), and 24 h (10 g). The reaction was monitored by '"F-NMR and
quenched by pouring over water (500 mL) when no more conversion was observed. The
dark blue-green aqueous solution was extracted with DCM (4 x 300 mL), and the
combined organic extracts were washed with ammonia water (3 x 150 mL) and then
water (3 x 150 mL). The crude product was purified by passing over a silica plug with
pentane followed by 1:1 diethyl ether:pentane to yield 4.3 as a viscous yellow liquid
(43.88 g, 56%). Rf= 0.3 (100% CH>Cl»). '"H NMR (500 MHz, CDCl3) 6 7.15 (d, J = 8.7
Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 4.08 (t, J = 4.3 Hz, 2H), 4.02 — 3.93 (m, 2H), 2.11 —
1.99 (m, 1H). 3C NMR (126 MHz, CDCl3) & 159.81, 128.36, 122.36 (q, J = 274.4 Hz),
121.58, 115.07, 69.47, 61.44, 28.35 (q, J = 38.8 Hz). °’F NMR (471 MHz, CDCl3) & —
65.63. IR (diamond-ATR) v: 3369 (broad), 2930, 2856, 1613, 1585, 1518, 1457, 1344,
1299, 1257, 1233, 1180, 1151, 1055, 938, 825, 734. HRMS (FD+) m/z [M']" calculated
for C1oHoF3N202: 246.0611, found: 246.0624.

Synthesis of carbonate-linked bis-diazirine 4.4

To a solution of diazirine 4.3 (3.0 g, 12 mmol, 1.0 equiv.) in dichloromethane (12
mL, 1.0 M) at room temperature, 1,1'-carbonyldiimidazole (2.0 g, 12 mmol, 1.0 equiv.)
was added under ambient atmosphere. After one hour stirring at room temperature, the
second equivalent of diazirine 4.3 (3.0 g, 12 mmol, 1.0 equiv.) was added into the

abovementioned reaction mixture, followed by K>COs3 (1.7 g, 12 mmol, 1.0 equiv.). The
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reaction mixture was left at room temperature and stirred for 24 hours. The reaction was
then quenched with NH4Cl saturated solution and extracted with diethyl ether (x 3). The
combined organic layers were dried over sodium sulfate. After evaporation of the solvent,
the residue was purified by silica gel column chromatography (0-10% ethyl acetate in
pentane) to afford the desired product as a yellow oil (5.5 g; 87%). R = 0.8 (1:1
pentane:ethyl acetate). "H NMR (500 MHz, CDCl3) § 7.14 (d, J = 8.8 Hz, 4H), 6.90 (d, J
= 8.9 Hz, 4H), 4.51 (t, J = 4.6 Hz, 4H), 4.20 (t, J = 4.6 Hz, 4H). *C NMR (126 MHz,
CDCl) 6 159.47, 155.03, 128.33, 122.35 (q, J =274.5 Hz), 121.76, 115.09, 66.23, 65.83,
28.32 (q, J = 40.4 Hz). YF NMR (471 MHz, CDCl3) 8 —65.63. IR (diamond-ATR) v:
3140, 2932, 1770 (sharp, strong), 1614, 1519, 1458, 1394, 1344, 1292, 1234, 1181, 1154,
1056, 938, 826. HRMS (FD-+) m/z [M’]" calculated for C21HisFsN4Os: 518.1019, found:
518.1011.

Synthesis of oxalate-linked bis-diazirine 4.5

A flame-dried round bottom flask was charged with a solution of diazirine 4.3
(0.10 g, 0.41 mmol, 1.0 equiv.) in anhydrous dichloromethane (1.5 mL, 0.27 M), under
an atmosphere of argon. The solution was cooled to 0 °C, and triethylamine (0.071 mL,
0.51 mmol, 1.3 equiv.) was added, followed by the dropwise addition of oxalyl chloride
(0.10 mL, 0.20 mmol, 0.50 equiv., 2.0 M in dichloromethane). After stirring at room
temperature for 2 hours, while shielding from light, the mixture was concentrated in
vacuo to afford the crude mixture. Then the solid crude product was filtered and washed
with cold diethyl ether to afford the desired product as a light-yellow solid (0.092 g; 83%,
melting point: 86.9 + 0.7 °C). Rf = 0.2 (1:1 pentane:diethyl ether). '"H NMR (500 MHz,
CDCl3) 6 7.15 (d, /= 8.8 Hz, 4H), 6.91 (d, J = 8.8 Hz, 4H), 4.64 (t, /= 4.7 Hz, 4H), 4.26
(t, J=4.7 Hz, 4H). 3C NMR (126 MHz, CDCls) 6 159.34, 157.30, 128.39, 122.33 (q, J
=274.5 Hz), 121.95, 115.15, 65.40, 65.06, 28.30 (q, J = 40.7 Hz). YF NMR (471 MHz,
CDCl3) 6 —65.62. IR (diamond-ATR) v: 2959, 2925, 1773 and 1750 (sharp, strong), 1613,
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1518, 1458, 1344, 1299, 1258, 1233, 1172, 1074, 938, 825. HRMS (FD+) m/z [M']*
calculated for C22H6FsN4Og: 546.0969, found: 546.0957.

Synthesis of silyl-ether-linked bis-diazirine 4.6

A flame-dried round bottom flask was charged with a solution of diazirine 4.3
(1.0 g, 4.1 mmol, 2.0 equiv.) in anhydrous dichloromethane (10 mL, 0.41 M), under an
atmosphere of argon. The solution was cooled to 0 °C, and imidazole (0.28 g, 4.1 mmol,
2.0 equiv.) was added, followed by the dropwise addition of dichlorodiisopropylsilane
(0.25 mL, 2.0 mmol, 1.0 equiv.). The reaction mixture was allowed to warm to room
temperature over 4 hours, while shielding from light. The mixture was then filtered, and
the filtrate was washed with dichloromethane. The collected dichloromethane solution
containing the desired product was concentrated in vacuo, and the residue was purified by
silica gel column chromatography (0-10% ethyl acetate in pentane) to afford the desired
product as a yellow oil (0.92 g; 75%). R = 0.4 (100% pentane). "H NMR (500 MHz,
CDCl3) 6 7.12 (d, J = 8.6 Hz, 4H), 6.89 (d, J = 8.7 Hz, 4H), 4.16 — 4.00 (m, 8H), 1.05 (s,
14H). 3C NMR (126 MHz, CDCls) 6 160.11, 128.26, 122.40 (d, J = 274.8 Hz), 121.20,
115.07, 69.47, 61.68, 28.36 (q, J = 39.6 Hz), 17.31, 12.19. F NMR (471 MHz, CDCls)
0 —65.65. IR (diamond-ATR) v: 2946, 2870, 1614, 1519, 1457, 1344, 1300, 1260, 1234,
1182, 1154, 1057, 939, 825. HRMS (FD+) m/z [M']" calculated for CasH30FsN4Oa4Si:
604.1935, found: 604.1963.
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Linear 8-step synthesis of ethylene glycol diazirine 4.3

Scheme S4.1 Alternative approach to diazirine 4.3, employing a traditional diazirine

construction sequence.

4.5.1.3 Assessment of thermal parameters for diazirine-containing compounds

A sample of the analyzed substance (typically 3 to 7 mg) was placed in a Tzero
pan and sealed by a Tzero hermetic lid, which was pierced with a small pinhole to allow
evolution of nitrogen gas. The pan was placed in the oven of a DSC25 device and heated
from 40 °C to 160 °C (180 °C upper limit for mono-diazirine compounds) at a rate of
5 °C/min with an identical empty pan (pierced) as a reference. The oven was constantly
flushed by a 50 mL/min flow of nitrogen gas during the analysis. The device recorded the
difference in heat flow between the reference and the studied sample, allowing the
assignment of Tonset and Tpeak. DSC analyses were conducted 12 times for compound 4.2,
8 times for compound 4.3, 4 times for compound 4.4, 3 times for compound 4.5, and 6

times for compound 4.6. A representative DSC trace for compound 4.2 is provided below.
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Figure S4.1 Representative DSC trace for compound 4.2, illustrating the positions of

Tonset and T peak-

Table S4.1 Collected thermal data for bis-diazirine crosslinkers(®

F cN_N /kﬂ)\ /SI)K/ 'AS'>\
QL o ot
o/\/O O~"o
4.4 4.6
Tonset (OC) 875 + 07 889 + 05 850 + 01
Thear (°C) 1113403  110.7+£04 110.7+0.1
Enthalpy™® (J/g) 667.0+11.6 583.6+10.5 646.1+11.6
Enthalpy™ (kJ/mol) 3457460 3188+57 390.6+7.0
Shock Sensitivity!®! Not likely Not likely Not likely
(~0.07) (~0.14) (~0.07)
Explosive Propagation!d] Not likely Not likely Not likely
(<0.15) (~0.21) (~0.16)

[al Error bars indicate standard error across 4 DSC runs for compound 4.4, 3 runs for
compound 4.5, 6 runs for compound 4.6.

(] Enthalpy refers to the total integrated peak area (per unit mass or per mole), for the
exotherm associated with diazirine activation.

[c] The shock sensitivity metric (SS) was determined according to the method of Yoshida
and co-workers.!"® SS = log (Qpsc) — 0.72 x log (Tonset — 25) — 0.98; where Qpsc is the
enthalpy of nitrogen release (in cal/g), and 7onset 1s determined by extrapolation of the
tangent of the upward slope in the DSC experiment, to the fitted baseline of the plot
(in °C). A value of >0 indicates that the analyzed compound may be shock-sensitive
and/or explosive.?!”

4l The explosive propagation metric (EP) was likewise determined according to
Yoshida’s methods. EP = log (Qpsc) — 0.38 x log (Tonset — 25) — 1.67; where Qpsc is the
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enthalpy of nitrogen release (in cal/g), and Tonset 1s measured as described above. A value
of >0 indicates a risk of explosive propagation for the compound.

Table S4.2 Collected thermal data for mono-diazirine compounds!?!

mono-Diazirine

4.2 4.3
Tonset (°C) 108.9 £0.1 91.5+0.1
Theak (°C) 136.2+0.1 116.0 % 0.1
Enthalpy™® (J/g) 561.1 = 17.3 1056.5+ 11.7
Enthalpy™ (kJ/mol) 175.1+54 260.1+£2.9

Shock Sensitivityl)  Not likely (-0.24) Alert (0.11)t]

Explosive Propagation!)  Not likely (—0.27) Alert (0.04)t]
[al Error bars indicate standard error across 12 DSC runs for compound 4.2, 8 runs for
compound 4.3.
(] Enthalpy refers to the total integrated peak area (per unit mass or per mole), for the
exotherm associated with diazirine activation.
[c] The shock sensitivity metric (SS) was determined according to the method of Yoshida
and co-workers.'"® SS = log (Qpsc) — 0.72 x log (Tonset — 25) — 0.98; where Qpsc is the
enthalpy of nitrogen release (in cal/g), and 7onset 1s determined by extrapolation of the
tangent of the upward slope in the DSC experiment, to the fitted baseline of the plot
(in °C). A value of >0 indicates that the analyzed compound may be shock-sensitive
and/or explosive.?!”
4l The explosive propagation metric (EP) was likewise determined according to
Yoshida’s methods. EP = log (Qpsc) — 0.38 x log (Tonset — 25) — 1.67; where Qpsc is the
enthalpy of nitrogen release (in cal/g), and Tonset 1s measured as described above. A value
of >0 indicates a risk of explosive propagation for the compound.
[e] Yoshida correlations provide conservative estimates to ensure that all compounds
which have the potential to be either shock-sensitive and/or explosive are flagged for
further testing. Impact tests for mono-diazirine 4.3 were performed (see below for data),
and no propensity for explosion was observed.
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4.5.2 Evaluation of crosslinker efficiacy by crosslinking of cyclohexane

4.5.2.1 Thermal insertion reactions for bis-diazirine 4.4, 4.5, 4.6 and mono-diazirine

4.3

N=N N=N O H H
F3C)ﬁ /©)<CF3 FaC CFs
—_— »
O/\/O\e/o\/\o 20 mM, 110°C, 1 h O/\/O\G/O\/\O

All reactions were conducted under an air atmosphere. A 20 mM solution of the
desired crosslinker or mono-diazirine in cyclohexane was prepared in a vial. The reaction
mixture was immersed in an oil bath at 110 °C for 1 hour. Upon confirming the absence
of peaks at ca. —65 ppm (bis-diazirine or mono-diazirine) and ca. —57 ppm (diazo species)
in the 'F NMR spectra, the reaction was cooled to room temperature and concentrated in
vacuo to provide crude product. '’F NMR (CDCls) spectra of crude and isolated products
were collected and compared. Conversions of bis-adduct products are reported in the
following table.

Table S4.3 Thermal insertion reactions with cyclohexane

H VAN o 2
4.8

FsC CF3
O H RGN 4.7 4.9
Conversion 80% 71% 80%

Isolated yield 69% 58% 62%

The reaction was performed as described in the above general procedure. bis-
Diazirine 4.4 (50 mg, 0.096 mmol, 1.0 equiv.) provided 62 mg of crude product. The
crude material was purified by silica gel chromatography (0-20% ethyl acetate in pentane)
to afford the desired adduct 4.7 as a mixture of diastereomers (white solid, 42 mg; 69%).
Rf = 0.2 (9:1 pentane:ethyl acetate). '"H NMR (500 MHz, CDCl3) § 7.14 (d, J = 8.6 Hz,
4H, H-6), 6.87 (d, J = 8.6 Hz, 4H, H-5), 4.51 (t, J=4.7 Hz, 4H, H-2), 4.20 (t, /= 4.9 Hz,
4H, H-3), 2.98 (qd, J = 10.0, 8.2 Hz, 2H, H-8), 2.00 — 1.93 (m, 2H), 1.93 — 1.86 (m, 2H,
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H-10), 1.79 — 1.72 (m, 2H), 1.67 — 1.58 (m, 4H), 1.52 — 1.45 (m, 2H), 1.34 — 1.23 (m,
2H), 1.21 — 1.02 (m, 6H), 0.85 — 0.75 (m, 2H). 3C NMR (126 MHz, CDCl3) & 157.98
(C-4), 155.16 (C-1), 130.45(C-6), 127.98 (C-7), 127.42 (q, J = 281.6 Hz, C-9), 114.62
(C-5), 66.42 (C-2), 65.69 (C-3), 55.45 (q, J = 25.1 Hz, C-8), 38.66 (C-10), 31.65, 30.80,
26.31,26.23, 26.15. ’F NMR (471 MHz, CDCl3) & —63.71. IR (diamond-ATR) v: 2926,
2855, 1749 (sharp, strong), 1614, 1514, 1452, 1229, 1183, 1151, 1134, 1099, 1081, 1041,
928, 832. HRMS (FD+) m/z [M"]" calculated for C33H40FsOs: 630.2774, found: 630.2791.

The reaction was performed as described in the above general procedure. bis-
Diazirine 4.5 (50 mg, 0.092 mmol, 1.0 equiv.) provided 64 mg of crude product. The
crude material was purified by silica gel chromatography (0-30% ethyl acetate in pentane)
to afford the desired adduct 4.8 as a mixture of diastereomers (colorless oil, 35 mg; 58%).
R = 0.7 (7:3 pentane:diethyl ether). '"H NMR (500 MHz, CDCl3) § 7.15 (d, J = 8.6 Hz,
4H), 6.88 (d, J = 8.7 Hz, 4H), 4.64 (t, /= 4.8 Hz, 4H), 4.26 (t, J = 4.9 Hz, 4H), 2.98 (qd,
J=10.1, 8.5 Hz, 2H), 2.00 — 1.94 (m, 2H), 1.94 — 1.86 (m, 2H), 1.80 — 1.72 (m, 2H), 1.69
— 1.58 (m, 4H), 1.53 — 1.45 (m, 2H), 1.32 — 1.27 (m, 2H), 1.18 — 1.05 (m, 6H), 0.85 —
0.76 (m, 2H). 3C NMR (126 MHz, CDCl3) 6 157.84, 157.45, 130.49, 128.17, 127.40 (q,
J =281.6 Hz), 114.66, 65.29, 65.24, 55.45 (q, J = 24.8 Hz), 38.66, 31.65, 30.80, 26.30,
26.22,26.14. F NMR (471 MHz, CDCI3) & —63.70. IR (diamond-ATR) v: 2928, 2855,
1773 and 1750 (sharp, strong), 1613, 1514, 1452, 1306, 1254, 1154, 1099, 798. HRMS
(FD+) m/z [M’]" calculated for C34H40FsO6: 658.2724, found: 658.2741.
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The reaction was performed as described in the above general procedure. bis-
Diazirine 4.6 (50 mg, 0.083 mmol, 1.0 equiv.) provided 62 mg of crude product. The
crude material was purified by silica gel chromatography (0-5% ethyl acetate in pentane)
to afford the desired adduct 4.9 as a mixture of diastereomers (colorless oil, 37 mg; 62%).
Rr = 0.9 (2:1 pentane:ethyl acetate). '"H NMR (500 MHz, CDCl3) § 7.12 (d, J = 8.7 Hz,
4H), 6.87 (d, /= 8.7 Hz, 4H), 4.17 — 4.01 (m, 8H), 2.97 (qd, J = 10.1, 7.8 Hz, 2H), 2.01 —
1.94 (m, 2H), 1.93 — 1.85 (m, 2H), 1.79 — 1.73 (m, 2H), 1.66 — 1.58 (m, 4H), 1.54 — 1.48
(m, 2H), 1.32 — 1.27 (m, 2H), 1.19 — 1.06 (m, 20H), 0.87 — 0.75 (m, 2H). *C NMR (126
MHz, CDCls) & 158.58, 130.35, 127.47 (q, J = 281.8 Hz), 127.40, 114.58, 69.23, 61.86,
55.44 (q, J = 25.1 Hz), 38.67, 31.66, 30.81, 26.32, 26.25, 26.17, 17.38, 12.23. ’F NMR
(471 MHz, CDCl3) § —63.71. 2Si NMR (99 MHz, CDCIls) § —8.36. IR (diamond-ATR) v:
2927,2856, 1614, 1585, 1514, 1452, 1356, 1294, 1248, 1182, 1152, 1133, 1099, 969, 831,
692. HRMS (FD+) m/z [M’]" calculated for C3sHs4FsO4Si: 716.3690, found: 716.3691.

After cyclohexane insertion reaction, mono-diazirine 4.3 (36 mg, 0.15 mmol, 1.0
equiv.) provided 38 mg of crude product. The crude material was purified by silica gel
chromatography (0—40% ethyl acetate in pentane) to afford the desired adduct 4.10 (pale-
yellow oil, 30 mg; 66%). Ry = 0.6 (1:1 pentane:ethyl acetate). "H NMR (500 MHz,
CDCly) 6 7.16 (d, J = 8.7 Hz, 2H), 6.90 (d, J = 8.8 Hz, 2H), 4.12 — 4.03 (m, 2H), 3.98 —
3.85 (m, 2H), 3.02 (qd, J = 10.3, 8.4 Hz, 1H), 2.09 — 2.01 (m, 1H), 2.00 — 1.88 (m, 2H),
1.80 — 1.72 (m, 1H), 1.67 — 1.59 (m, 2H), 1.51 — 1.45 (m, 1H), 1.37 — 1.25 (m, 1H), 1.22
— 1.04 (m, 3H), 0.87 — 0.77 (m, 1H). ¥*C NMR (126 MHz, CD:Cl,) & 158.91, 130.88,
128.14 (q, J = 2.4 Hz, C-7), 128.05 (q, J = 281.4 Hz, C-9), 114.96, 69.95, 61.89, 55.71 (q,
J =248 Hz, C-8), 39.07, 32.05, 31.23, 26.73, 26.65, 26.60. '’F NMR (471 MHz, CD,Cl,)
0 —63.98. IR (diamond-ATR) v: 3368 (broad), 2927, 2855, 1614, 1514, 1452, 1294, 1245,
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1182, 1152, 1134, 1098, 1081, 1048, 918, 832. HRMS (FD+) m/z [M']* calculated for
C16Ha1F30,: 302.1488, found: 302.1501.

4.5.2.2 Photochemical insertion reactions at 395 nm

All reactions were conducted under an air atmosphere. A 20 mM solution of the
desired crosslinker in cyclohexane was prepared in a vial. The reaction was irradiated
with 395 nm LED Strip Lights (Waveform Lighting, 5129 lux, 53 W/m?, 19 J/cm?, when
volume is 4.8 mL, ca. 247 J) for 1 hour. Upon confirming the absence of peaks at ca. —65
ppm (bis-diazirine) and ca. —57 ppm (diazo species) in the '’F NMR spectra, the reaction
mixture was concentrated in vacuo to provide the crude product. Crude '"F NMR
(CDCI3) spectra were collected and compared. Conversions of bis-adduct products at 395
nm irradiation are reported in the following table. The low conversion % of compound
4.8 is due to the poor solubility of oxalate-linked bis-diazirine in cyclohexane at room
temperature.

Table S4.4 Photochemical insertion reactions with cyclohexane

(0]
A
H H /\n)‘ \
FsC Q)g © /ﬁg)ly /< 7\
O/\/O\Q/OV\O 4.7 4.8 4.9

Percent conversion to desired bis-adduct

0 0 0
(measured by '°F NMR) 75% 61% 75%
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4.5.3 Evaluation of decrosslinking efficacy by hydrolysis of cyclohexane bis-
adducts

4.5.3.1 Decrosslinking bis-adducts under basic conditions

To a solution of bis-adduct 4.7 (0.014 g, 0.023 mmol, 1.0 equiv.) in methanol (1.4
mL, 0.023 M) at room temperature, S M NaOH (in water, 0.046 mL, 0.23 mmol, 10
equiv.) was added under ambient atmosphere. The reaction mixture was left at room
temperature and stirred for 24 hours. After evaporation of the solvent, the residue was
purified by silica gel chromatography (0-30 % ethyl acetate in pentane) to afford the
desired product as a pale-yellow oil (0.017 g; 64%). Spectroscopic data are consistent
with those reported above for compound 4.10.

To follow the hydrolysis reaction spectroscopically, compound 4.7 (1-2 mg) was
dissolved in CD30OD (0.4 mL). NaOH (5 uL of 0.1 M) was added directly to the NMR
tube. After ca. 4 hours, 90% of the starting material hydrolyzed and provided compound
4.10. This experiment was done in triplicate and representative stacked '"H NMR spectra

are provided below (Figure S4.2).
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Figure S4.2 Stacked '"H NMR spectra for the hydrolysis of compound 4.7 in CD;0D
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under basic conditions.

4.5.3.2 Decrosslinking bis-adducts under acidic conditions

To a solution of bis-adduct 4.9 (0.023 g, 0.032 mmol, 1.0 equiv.) in methanol (1.4
mL, 0.023 M) at room temperature, 1 M HCI (in water, 0.16 mL, 0.16 mmol, 5.0 equiv.)
was added under ambient atmosphere. The reaction mixture was left at room temperature
and stirred for 24 hours. After evaporation of the solvent, the residue was purified by
silica gel chromatography (0-30% ethyl acetate in pentane) to afford the desired product
as a pale-yellow oil (0.017 g; 89%). Spectroscopic data are consistent with those reported

above for compound 4.10.
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To follow the hydrolysis reaction spectroscopically, compound 4.9 (1-2 mg) was

dissolved in CD30D (0.4 mL). HCI (5 uL of 0.1 M) was added directly to the NMR tube.

After ca. 3 hours, more than 95% of the starting material hydrolyzed and provided

compound 4.10. This experiment was done in triplicate and representative stacked 'H
NMR spectra are provided below (Figure S4.3).

The oxalate-linked bis-adduct (compound 4.8) was also found to hydrolyze under

the acidic conditions described above, but further control experiments revealed that the

MeOH solvent was playing a role in the cleavage reaction (vide infra).
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Figure S4.3 Stacked '"H NMR spectra for the hydrolysis of compound 4.9 in CD;0D

Ji

./

A

under acidic conditions.
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4.5.3.3 Decrosslinking bis-adduct 4.8 with MeOH and CD;OD

In a parallel experiment, compound 4.8 (ca. 2 mg) was added into 0.5 mL of
MeOH and CD3;OD respectively. After reacting overnight at room temperature,
compound 4.8 in CD30D was found to be 92% hydrolyzed (including 20% hydrolyzed
product present at t = 0 min) and no hydrolysis was observed in MeOH only.

We then compared the 'H NMR of MeOH and CD3OD (3 uL each), respectively
in CDCls with internal standard (1,3,5-trimethoxybenzene) present and found that there is
more water content in MeOH (“wet MeOH”) compared to CD3OD (Figure S4.4).

Later we added 20 wt% (of 0.5 mL MeOH) 3 A molecular sieves into the reaction
in MeOH. Within 3 hours, compound 4.8 hydrolyzed completely (Figure S4.5).

In another control experiment, we mixed 0.5 mL CD3;OD and 0.15 mL distilled
water and left it overnight to mimic the “wet MeOH”. We then add compound 4.8 (ca. 2
mg) into the prepared “wet” CD3OD and stirred for 4 hours. We then removed the
CD;0D solution and re-add CDCls to obtain a clear 'H NMR sample. At the same time,
we examined a vehicle control sample of compound 4.8 only in CDCl3 after stirring for 4
hours. From the '"H NMR spectra (including 50% hydrolyzed product present at t = 0
min), there was less than 2% hydrolysis of compound 4.8 in “wet” CD30D (Figure S4.6).
Therefore, we propose that hydrogen bonding within MeOH effectively renders the
solvent less nucleophilic than CD;OD.
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Figure S4.4 'H NMR spectra show different percentage water content in MeOH and
CDs0OD (inset).
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Figure S4.5 Stacked "H NMR spectra for the hydrolysis of compound 4.8 in CD3OD and
MeOH respectively.
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Figure S4.6 Stacked 'H NMR spectra for the hydrolysis of compound 4.8 in “wet”
CDs0OD and CDCls (vehicle control) respectively.
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4.5.3.4 Decrosslinking bis-adduct 4.9 with TBAF
To follow the hydrolysis reaction spectroscopically, compound 4.9 (2 mg) was
dissolved in CDCIl; (0.4 mL). TBAF (tetrabutylammonium fluoride, 5 uL of 1.0 M in
THF solution) was added directly to the NMR tube. After two days, more than 90% of
the starting material hydrolyzed and provided compound 4.10. Representative stacked 'H
NMR spectra are provided below (Figure S4.7).

t = 2 days, 92% SM Hydrolyzed M’

t=21h, 80% SM hy

m
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Bine
J
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L
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_J

8.5 8.0 75 7.0 6.5 6.0 55 5.0 45 40 35 30 25
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Figure S4.7 Stacked '"H NMR spectra of compound 4.9 reacting with TBAF in CDCls.
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4.5.4 Complete procedure for crosslinking/decrosslinking of paraffin wax

4.5.4.1 Crosslinking of paraffin wax

Material used: paraffin wax was purchased from Sigma-Aldrich (ref 327212, m.p.
= 58-62 °C, CAS 8002-74-2). An approximate chemical formula of Cs3iHes was
estimated by determining the relative ratio of methyl (CH3) and methylene (CH>) groups
observable in the '"H and DEPT-135 NMR (Figure S4.8), together with the approximate
molecular weight observed in the SEC experiments discussed below.

Procedure: a series of samples was prepared by mixing paraffin wax (100 mg)
with various amounts of bis-diazirine 4.4, 4.5, 4.6 or 4.11 in glass vials (Table S4.5).
DCM (200 pL) was added to each vial, following which all vials were sonicated (280 W
for 30 seconds) and gently heated at 40 °C for 30 min with lid, then left at 40 °C without
lid 2 days for drying (Figure S4.9a). The removal of solvents was monitored by
measuring the weights of each vial over the whole process. The samples were placed in a
heating block (appropriately chosen to snugly fit each vial) and heated at 80 °C for 3
hours. This induced crosslinking via thermal activation. Once cooled, all samples were
opaque solid at room temperature ( ).

SEC analysis: ca. 5 mg samples were each dissolved in 1 mL THF. The solutions
were then filtered through a 0.2 pm PTFE filter directly into vials for SEC analysis. A
vehicle control sample (VC, sample A) was prepared in the same way without the
addition of any crosslinker. All filtered samples were clear solutions. The relevant portion
of the chromatograms obtained from the refractive index detector are displayed in Figure

S4.10.



235

©
N
. [0}
Paraffin wax 2
\
|
hvs
N~
o || ®
(o] o
=} \
/ |
|
@
O
m] o]
O — Q
§ S 3%
N~ © - I
l

=

58.08
6.00

12.0 11.5 11.0 105 100 95 9.0 85 80 7.5 7.0 65 60 55 50 45 40 35 30 25 20 15 10 05 00

Figure S4.8 'H and DEPT-135 NMR spectra of paraffin wax in CDCls.The lack of
methyne groups in the DEPT NMR spectrum indicates a low percentage of polymer
branching, indicating that the sample can be represented by the approximate molecular
formula CH3-(CH2)n-CHs. The ratio of methyl to methylene protons in the 'H NMR

spectrum (6:58) indicates an average of 29 methylene groups within the chain.
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Table S4.5 Composition of paraffin wax samples doped with bis-diazirine crosslinkers

Sample Crosslinker Loading crosslinker Crosslinker Loading
added (mol%) MW (g/mol) (mg) (Wt%)

A n/a 0 n/a 0 0
B 4.11 10 514.5 11.8 11.8
C 4.4 10 518.4 11.9 11.9
D 4.5 10 546.4 12.5 12.5
I8 4.6 10 604.6 13.9 13.9
F 4.4 20 518.4 24.0 24.0
G 4.4 50 518.4 59.4 59.4

a) Before crosslinking b) After crosslinking

Figure S4.9 Samples of paraffin wax at various stages of the crosslinking process: a)
loaded gel after drying 2 days, before crosslinking; and b) after crosslinking and cooling

to room temperature.

Figure S4.10 SEC traces derived from the crosslinking of: a) 10 mol% bis-diazirine-

doped paraffin wax; and b) 20 mol% bis-diazirine-doped paraffin wax. Panel (a) shows
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that bis-diazirines 4.11 and 4.6 provided similar crosslinking efficacy, whereas carbonate
and oxalate linked crosslinkers afforded lower crosslinking efficacy. The incompatibility
between the polar tether of the crosslinker and the polymer substrate resulted in phase
separation, which leads to the lower crosslinking efficacy (Figure S4.14b). As expected,
panel (b) shows that increased crosslinker 4.4 loading leads to enhanced polymer network
formation, as evidenced by an increase in the size of the lower-retention time peak. RI,

refractive index.

4.5.4.2 Decrosslinking of crosslinked paraffin wax

Procedure with NaOH treatment. three samples were prepared by mixing
previously crosslinked materials (sample A, F and G, each 50 mg) with NaOH solution in
glass vials. Ethanol (100 pL), methanol (100 uL) and 5 M NaOH (in water, 100 uL) were
added to each vial, following which all vials were heated at 80 °C overnight and then
sonicated (280 W for 7 hours at 60 °C). All vials were then heated at 60 °C for two more
days to remove residual solvent.

The other set of samples were prepared by mixing previously crosslinked
materials (sample A, B, C and D, each 50 mg) with NaOH solution in glass vials.
Tetrahydrofuran (1 mL), methanol (200 pL) and 1 M NaOH (in water, 200 puL) were
added to each vial, following which all vials were heated at 60 °C for ca. 40 hours and
sonicated (280 W for 2 hours at 60 °C). All vials were then heated at 60 °C for two more
days to remove residual solvent.

Procedure with HCI treatment: three samples were prepared by mixing previously
crosslinked materials (sample A, B and E, each 50 mg) with HCI solution in glass vials.
Tetrahydrofuran (1 mL), methanol (200 pL) and 1 M HCI (in water, 200 puL) were added
to each vial, following which all vials were handled identically to the protocol described
above for the NaOH procedure. The previous crosslinking vehicle control (sample A)
was divided into two vials and processed with either NaOH or HCI treatment as needed.

SEC analysis: ca. 5 mg samples were each dissolved in 1 mL THF. The solutions
were then filtered through a 0.2 um PTFE filter directly into vials for SEC analysis. All
filtered samples were clear solutions. The relevant portion of the chromatograms obtained

from the refractive index detector are displayed in Figure S4.11.
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Figure S4.11 SEC traces derived from the decrosslinking of: a) 20 mol% 4.4 (carbonate)-
doped paraffin wax after NaOH treatment, and b) 50 mol% 4.4 (carbonate)-doped

paraffin wax after NaOH treatment.
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4.5.5 Complete procedure for crosslinking/decrosslinking of poly(ethylene glycol)

4.5.5.1 Crosslinking of poly(ethylene glycol)

Material used: poly(ethylene glycol) 1500 (PEG) from Alfa Aesar (A16241,
H(OCH2CH2),OH, m.p. = 44-48 °C, CAS 25322-68-3)

Procedure: five samples were prepared by mixing monodisperse PEG (100 mg,
1500 g/mol was used for calculation) with various amounts of bis-diazirine 4.5 or 4.11 in
glass vials (Table S4.6). DCM (200 pL) was added to each vial, following which all vials
were sonicated (280 W for 30 seconds) and gently heated at 40 °C for 6 hours without lid,
then left to dry in the fume hood overnight (Figure S4.12a). The removal of solvents was
monitored by measuring the weights of each vial over the whole process. The samples
were placed in a heating block (appropriately chosen to snugly fit each vial) and heated at
100 °C for 2.5 hours. This induced crosslinking via thermal activation. Once cooled, all
samples were opaque solid at room temperature (Figure S4.12b).

SEC analysis: ca. 5 mg samples were each dissolved in 1 mL THF. The solutions
were then filtered through a 0.2 pm PTFE filter directly into vials for SEC analysis. A
vehicle control was prepared in the same way without the addition of any crosslinker and
an untreated sample was prepared by dissolving 5 mg of original PEG into 1 mL of THF
and filtering the resulting solution through a 0.2 um PTFE filter. All filtered samples
were clear solutions. The relevant portion of the chromatograms obtained from the
refractive index detector are displayed in Figure S4.13.

Table S4.6 Composition of PEG samples doped with bis-diazirine crosslinkers

Sample  PEG (mg) %;icll;:)g (5:6'.54(21%1)01) (54;.41; 2253)1) L@?ﬁiﬁg
A 100 0 0 5 0
B 100 10 0 34 34
C 100 20 0 6.9 6.9
D 100 10 3.6 0 36
E 100 20 7.3 0 73
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a) Before crosslinking b) After crosslinking

Figure S4.12 Samples of PEG at various stages of the crosslinking process: a) loaded gel
after drying overnight, before crosslinking; and b) after crosslinking and cooling to room

temperature.

Figure S4.13 SEC traces derived from the crosslinking of compound 4.5 or 4.11-doped
PEG. As expected, increased crosslinker loading leads to larger polymer network, as
evidenced by increases in retention time and concentration of larger polymer network. RI,

refractive index. PEG-1500, original PEG.
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Figure S4.14 a) Within the PEG substrate, bis-diazirine 4.11 and 4.5 show similar
crosslinking efficacy from SEC analysis and there is no visible difference between the
crosslinked polymer samples. b) In non-polar polymer (paraffin wax) substrate, the
relatively non-polar tether in bis-diazirine 4.11 and 4.6 (silyl-linked) provided more

homogenous crosslinked sample that led to higher crosslinking efficacy (Figure S4.10a).

4.5.5.2 Decrosslinking of crosslinked poly(ethylene glycol)

Procedure with NaOH treatment: five samples were prepared by mixing previous
materials (samples A-E, each 10 mg) with 0.5 M NaOH (in water, 5 pL) in glass vials.
Methanol (ca. 300 puL) was added to each vial, following which all vials were mixed for 2
hours on a vortex mixer and then left at ambient temperature (ca. 20 °C) for drying
overnight.

SEC analysis: ca. 5 mg samples were each dissolved in 1 mL THF. The solutions
were then filtered through a 0.2 um PTFE filter directly into vials for SEC analysis. All
filtered samples were clear solutions. The relevant portion of the chromatograms obtained

from the refractive index detector are displayed in Figure S4.15.
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Figure S4.15 SEC traces derived from the decrosslinking of: a) 10 mol% 4.5 (oxalate) or
4.11-doped PEG after NaOH treatment; and b) 20 mol% 4.5 (oxalate) or 4.11-doped PEG
after NaOH treatment.

4.5.6 Complete procedure for crosslinking/decrosslinking of isotactic

polypropylene and analysis of thermal properties by DSC

4.5.6.1 Crosslinking of isotactic polypropylene

Material used: isotactic polypropylene (Sigma-Aldrich, ref 428116, average My
~12000, average M, ~5000, m.p. = 157 °C, CAS 9003-07-0)

Procedure: Three samples were prepared by mixing isotactic polypropylene (iPP,
100 mg) with various amounts of bis-diazirine 4.5 or 4.11 in glass vials (Table S4.7).
Toluene (300 puL) was added to each vial, following which all vials were sonicated (280
W for 30 seconds) and gently heated at 40 °C for drying overnight. The removal of
solvents was monitored by measuring the weights of each vial over the whole process.
Upon drying, the gels turned into white solids. Overall, this procedure allowed the
homogenous dispersion of bis-diazirine crosslinkers into iPP matrices. The samples were
placed in a heating block (appropriately chosen to snugly fit each vial) and heated at
110 °C for 2 hours. This induced crosslinking via thermal activation. Once cooled, all
samples were opaque solid at room temperature and a small portion (3—10 mg) was taken
from each vial for DSC analysis. A vehicle control (VC) was prepared in the same way

without the addition of any crosslinker (Sample A).
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DSC analysis: Samples of the analyzed substance (typically 4 to 9 mg) were
placed in Tzero pans and sealed by a Tzero hermetic lid. The sample was placed in the
oven of a DSC25 device (with an identical-sealed empty pan as a reference) and analyzed
on the following cycle under a flow of nitrogen (50 mL/min) at 10 °C/min: -90 °C —
200 °C — -90 °C — 200 °C. The corresponding enthalpies of crystallization (exotherm,
AHcrystal) and melting (endotherm, AHfusion) transitions were recorded from the cooling

and second heating phase. Representative DSC traces were provided below.

Table S4.7 Composition of iPP samples doped with bis-diazirine crosslinkers

. . 4.5 (mg) 4.11 (mg)
0
Sample iPP (mg) Loading (W) 546 4"o/mol) (514.5 g/mol)
A 100 0 0 0
B 100 10 10 0

C 100 10 0 10
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Figure S4.16 DSC traces for iPP vehicle control (top, sample A, no crosslinker added),
PP crosslinked with 10 wt% of 4.5 (middle, sample B), iPP crosslinked with 10 wt% of
4.11 (bottom, sample C).
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4.5.6.2 Decrosslinking of crosslinked isotactic polypropylene

Procedure: three samples were prepared by mixing the crosslinked materials
described above (sample A, B and C, 50 mg) with NaOH solution in glass vials. Toluene
(200 pL), ethanol (200 puL), 1 M NaOH (in MeOH, 400 pL) and 5 M NaOH (in water,
100 puL) were added to each vial, following which all vials were sonicated (280 W for 5.5
hours) and heated at 70 °C for two more days to remove residual solvent. Then water (1—
2 mL) was added to wash off (30 seconds sonication) the residual NaOH by filtration and
this process was repeated two times for each sample. Once the sample was dry, a small
portion (3—10 mg) was taken from each vial for DSC analysis. The previous vehicle
control (VC) was brought through an identical treatment procedure.

DSC analysis: samples were analyzed by the method described above for
crosslinked 1PP. The corresponding enthalpies of crystallization (exotherm, AHcrystal) and
melting (endotherm, AHfusion) transitions were recorded from the cooling and second

heating phase. Representative DSC traces are provided below.
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Figure S4.17 DSC traces for iPP vehicle control after NaOH treatment (top, sample A),
iPP crosslinked with 10 wt% of 4.5 after NaOH treatment (middle, sample B), iPP
crosslinked with 10 wt% of 4.11 after NaOH treatment (bottom, sample C).
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4.5.7 Complete procedure for crosslinking/decrosslinking of iPP and PE composite

materials, and analysis of thermal properties by DSC

4.5.7.1 Crosslinking of iPP and PE composites

Material used: isotactic polypropylene (Sigma-Aldrich, ref 428116, average My
~12000, average M, ~5000, m.p. = 157 °C, CAS 9003-07-0) and polyethylene (Sigma-
Aldrich, ref 427772, average My ~4000, average M, ~1700, m.p. = 92 °C, CAS 9002-88-
4).

Procedure: five samples were prepared by mixing isotactic polypropylene (iPP,
100 mg) and polyethylene (PE, 100 mg) with bis-diazirine 4.4, 4.5, 4.6 or 4.11 (10 wt% =
20 mg for each crosslinker) in glass vials. Toluene (400 uL) and dichloromethane (100
uL) were added to each vial, following which all vials were sonicated (280 W for 30
seconds) and gently heated at 40 °C for drying overnight (Figure S4.18a). The removal of
solvents was monitored by measuring the weights of each vial over the whole process.
Upon drying, the gels turned into white-yellow solids. Overall, this procedure allowed the
homogenous dispersion of bis-diazirine crosslinkers into iPP and PE matrices. The
samples were placed in a heating block (appropriately chosen to snugly fit each vial) and
heated at 110 °C for 2 hours. This induced crosslinking via thermal activation. Once
cooled, all samples were opaque solid at room temperature (Figure S4.18b) and a small
portion (3—10 mg) was taken from each vial for DSC analysis.

DSC analysis: samples were placed in Tzero pans and sealed by a Tzero hermetic
lid. The sample was placed in the oven of a DSC25 device (with an identical-sealed
empty pan as a reference) and analyzed on the following cycle under a flow of nitrogen
(50 mL/min) at 10 °C/min: -90 °C — 200 °C — -90 °C — 200 °C. The corresponding
enthalpies of crystallization (exotherm, AHcrysta) and melting (endotherm, AHfusion)
transitions were recorded from the cooling and second heating phase (Table S4.8).

Representative DSC traces are provided in the Appendix B.
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a) Before crosslinking b) After crosslinking

Figure S4.18 Samples of iPP and PE mixture at various stages of the crosslinking
process: a) loaded gel after drying overnight; and b) after crosslinking and cooling to
room temperature.

Table S4.8 Evolution of thermal properties of iPP and PE mixture with different bis-

diazirine crosslinkers

Sample iPP PE Loading Crosslinker AHerystal AHjfusion
(mg) (mg) (wWt%) (mg) /g™ /g™
VC 100 100 0 0 88.8 90.7
G (4.11) 100 100 10 20 79.1 (89%) 79.8 (88%)
C 4.4 100 100 10 20 66.1 (74%) 65.5 (72%)
0 (4.5) 100 100 10 20 70.2 (79%) 71.5 (79%)
S (4.6) 100 100 10 20 68.7 (77%) 69.2 (76%)

[al Tn all five samples, the integrated region for crystallization enthalpy is from 50 to
120 °C.
(] In all five samples, the integrated region for fusion enthalpy is from 50 to 170 °C.

4.5.7.2 Decrosslinking of crosslinked iPP and PE composites

Basic hydrolysis: four samples were prepared by mixing the samples prepared
above (sample VC, G, C and O, 100 mg) with NaOH solution in glass vials. Toluene
(400 pL), ethanol (400 uL), 1 M NaOH (in MeOH, 400 pL) and 5 M NaOH (in water,
200 pL) were added to each vial, following which all vials were sonicated (280 W for 7
hours) and heated at 60 °C for two days to remove residual solvent. Then water (1-2 mL)
was added to wash off (using 30 seconds sonication) the residual NaOH by filtration and
this process was repeated three times for each sample. Once the sample was dry, a small

portion (3—10 mg) was taken from each vial for DSC analysis. The previously described
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samples VC and G were brought through the same abovementioned procedure as
negative and positive controls.

TBAF hydrolysis: three samples were prepared by mixing previously crosslinked
sample S (100 mg), VC (50 mg, negative control) and G (50 mg, positive controls)
respectively with TBAF solution in glass vials. Toluene (200 pL) and TBAF (1 M in
THF, 400 pL) were added to each vial, following which all vials were sonicated (280 W
for 3 hours) and heated at 60 °C for overnight to remove residual solvent. Then water (1—
2 mL) was added to wash off (using 30 seconds sonication) the residual salts by filtration
and this process was repeated three times for each sample. After aqueous wash, DCM (1—
2 mL) was added to wash off the residual organic by-products and repeated three times.
Once the sample was dry, a small portion (3—10 mg) was taken from each vial for DSC
analysis.

DSC analysis: samples were analyzed by the method described above for
crosslinked iPP+PE. The corresponding enthalpies of crystallization (exotherm, AHcrystal)
and melting (endotherm, AHfusion) transitions were recorded from the cooling and second

heating phase. Representative DSC traces are provided in the Appendix B.
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4.5.8 Post-cleavage functionalization

4.5.8.1 Recrosslinking a functionalized (decrosslinked) cyclohexane adduct

To a solution of mono-adduct 4.10 (from hydrolyzed compound 4.9, 0.01 g, 0.033
mmol, 1.0 equiv.) in CH3CN (0.2 mL, 0.2 M) at room temperature, 1,1'-
carbonyldiimidazole (CDI, 0.0054 g, 0.033 mmol, 1.0 equiv.) was added under ambient
atmosphere. After 30 min stirring at room temperature, the second equivalent of mono-
adduct 4.10 (0.01 g, 0.033 mmol, 1.0 equiv.) was added into the abovementioned reaction
mixture, followed by K>COs3 (0.0069 g, 0.05 mmol, 1.5 equiv.). The reaction mixture was
left at room temperature and stirred for 24 hours. The reaction was then quenched with
NH4Cl saturated solution and extracted with diethyl ether (x 3). The combined organic
layers were dried over sodium sulfate. After evaporation of the solvent, the desired
product was afforded as white solid (0.019 g; 92%). Spectroscopic data are consistent

with those reported above for compound 4.7. Representative 'H NMR spectra are

provided below.
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Figure S4.19 Stacked 'H NMR spectra in CDCIls of recrosslinking functionalized

cyclohexane mono-adduct (from decrosslinked compound 4.9) reacting with CDI.

4.5.8.2 Recrosslinking functionalized (decrosslinked) paraffin wax

Procedure: to a solution of decrosslinked sample F (ca. 10 mg, from Table 54.5)
in CDCls (0.5 mL), carbonyl diimidazole (CDI, 2 mg, 0.011 mmol) and K>COs3 (4 mg,
0.029 mmol) was added. After stirring overnight, decrosslinked sample G (ca. 10 mg,
from Table S4.5) and more K>CO3 (4 mg, 0.029 mmol) were added into the solution. The
reaction mixture was left stirring overnight at 50 °C. After evaporation of the solvent, the
residue was dissolved in 1 mL THF and then filtered through a 0.2 uym PTFE filter
directly into a vial for SEC analysis. The filtered sample was a clear solution and the
relevant portion of the chromatogram obtained from the refractive index detector is

displayed in Figure S4.20.
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Figure S4.20 SEC trace derived from reacting CDI with decrosslinked carbonate 4.4
crosslinked paraffin wax sample. The appearance of a new peak at ca. 19.5 minutes

indicates the successful re-crosslinking of the functionalized polymer.

4.5.8.3 Reacting functionalized (decrosslinked) paraffin wax with benzyl bromide
diazirine
To a solution of hydrolyzed (i.e. decrosslinked) paraffin wax sample (from 10 mol%

4.4 crosslinked, 0.04 g) in THF (0.2 mL) at room temperature, NaH (60% dispersion in
mineral oil, 0.007 g, excess) was added under ambient atmosphere. After 10 min stirring
at room temperature, a solution of benzyl bromide diazirine (0.016 g, 0.057 mmol, excess)
in THF (0.2 mL) was added dropwise into the abovementioned reaction mixture. The
reaction mixture was left at room temperature and stirred for 24 hours. The reaction was
then quenched with saturated aqueous NH4Cl and extracted with CH>Cl, (x 3). The
combined organic layers were dried over sodium sulfate. After evaporation of the solvent,
the obtained yellow solid was further washed with CH30H (x 3) to remove unreacted
benzyl bromide diazirine. After filtering through a Kimwipe and drying, the desired
product was afforded as white solid (0.022 g). Representative 'H NMR spectra are

provided below.
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Figure S4.21 Stacked 'H NMR spectra in CDCls indicating the functionalization of a
hydrolyzed (decrosslinked) paraffin wax sample reacted with a benzyl bromide-

containing diazirine.
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Figure S4.22 Integrated '"H NMR spectra for: a) paraffin wax following crosslinking with
4.4; b) after decrosslinking with NaOH; and c) after functionalization with BnBrDia.
Integrations indicate a C—H insertion efficiency in the first step of >80% (determined
from the relative ratios of the signals at 3.05 ppm and 4.20 / 4.51 ppm), with only ca. 15%
production of ketone side-product (indicated by a signal at ca. 8.05 ppm,'®® lost in the
subsequent washing step) due to quenching of the intermediate carbene by O.. The yield
of the 2-step hydrolysis / functionalization protocol was also >80%, as determined by the
relative integrations for the benzylic protons (4.64 ppm) to the glycol group (4.15/ 3.83
ppm). Integrations of the paraffin methyl and methylene signals relative to crosslinker
signals were inconsistent, due to poor solubility of the crosslinker within the PW matrix,

in the initial treatment step.
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Figure S4.23 DSC trace for BnBrDia functionalized paraffin wax, illustrating a
characteristic activation exotherm with a 7Tmax of 133 °C. The total recorded enthalpy for
the activation (in J/g) was variable, due to poor solubility of the crosslinker (4.4) within

the PW matrix, in the initial treatment step.
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4.5.9 Complete procedure for crosslinking/decrosslinking of low-density

polyethylene (LDPE), and thermomechanical testing of prepared samples

4.5.9.1 Crosslinking of LDPE

Material used: low-density polyethylene (LDPE, Goodfellow, product code
ET31-GL-000105, melt flow rate 21). Unless otherwise stated, crosslinked samples used
5 Wt% (Mcrosstinker/Mpolymer) l0ading of crosslinker 4.4.

Procedure: LDPE (40 g) was dissolved in toluene (170 mL, in a 150 X 75 mm
crystalizing dish, covered with aluminum foil) at 80 °C. The solution temperature was
decreased to 70 °C, and then a solution of crosslinker was added (2 g of compound 4.4
dissolved in 5 mL toluene). The mixture was quickly stirred for 20 s and then cooled in
an ice bath for 10 min. Solvents were removed under ambient temperature (ca. 25 °C)
and pressure in a well-ventilated fume hood over 24 h. The removal of solvents was
monitored by measuring the weights of samples over the whole process. Upon drying, the
mixture turned into white-yellow solids. Overall, this procedure allowed the homogenous
dispersion of cleavable crosslinker 4.4 into the LDPE matrix. The sample was placed in
an oven at 120 °C for 1 h. This induced crosslinking via thermal activation. Meanwhile, a
vehicle control sample was prepared following the same procedure from beginning to end.

The same amount of toluene (with no crosslinker) was added to the vehicle control.

4.5.9.2 Melt-processing of crosslinked LDPE

To process the crosslinked LDPE materials, the sample was cut into small pieces
(3-10 mm) by use of scissors and a utility knife, and then placed into a two-piece
rectangular-shaped aluminum mold (10 % 65 %X 90 mm), glued with a silicone sealant and
covered with a Teflon sheet. Melt-processing was carried out using a 3912 Hydraulic
Unit Carver press. The Al mold was filled with small pieces of crosslinked sample and
covered by a Teflon sheet, which was pressed under an applied load of 3000 lbs at
150 °C for 1 h, followed by fast cooling (directly removed from the Carver press and left
at room temperature). Once the mold cooled, more small pieces of samples were added
into the mold and it was pressed again under an applied load of ca. 4000 lbs at 180 °C for
1 h, followed by fast cooling. The melt-processing step (applied load of ca. 4000 lbs at

180 °C for 1 h) was repeated 3—5 times. Each pressure cycle, fresh pieces of crosslinked
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LDPE materials were added and compressed together under pressure and heat. Following
this process, a good-quality rectangular plaque was obtained (as shown in Figure S4.24a).
The vehicle control plaque was prepared following the same procedure, but without
adding crosslinker. Waterjet cutting was then applied to both plaques to obtain different

sample dimensions for gel content and DMTA measurements (Figure S4.24b and c).

a) b) <)

Figure S4.24 a) Crosslinked LDPE (with 5 wt% cleavable crosslinker 4.4 loading)
plaque obtained from melt-processing. b) UVic machine shop polished and cut vehicle
control plaque (ca. 4 x 62 x 87 mm). ¢) UVic machine shop polished and cut crosslinked

LDPE plaque (ca. 4 x 62 x 87 mm) from panel (a).

4.5.9.3 DSC analysis of LDPE samples

Samples were placed in Tzero pans and sealed by a Tzero hermetic lid. The
sample was placed in the oven of a DSC25 device (with an identical-sealed empty pan as
a reference) and analyzed on the following cycle under a flow of nitrogen (50 mL/min) at
10 °C/min: 0/-10 °C — 200 °C — 0/-10 °C — 200 °C. The corresponding enthalpies of
crystallization (exotherm, AHcysta) and melting (endotherm, AHfusion) transitions were
recorded from the cooling and second heating phase (Table S4.9). Representative DSC

traces are provided below.
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Figure S4.25 DSC traces for LDPE vehicle control sample (top) and 5 wt% compound
4.4 crosslinked LDPE (bottom, both DSC samples were taken from melt-processed
plaques).
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4.5.9.4 XRD (WAXS) analysis of LDPE samples

Figure S4.26 WAXS spectra for LDPE vehicle control (top) and 5 wt% compound 4.4
crosslinked LDPE (bottom, both samples were taken from melt-processed plaques).

Table S4.9 Evolution of thermal properties of LDPE and assessment of crystallinity

Sample AI_Icrystalization (J/g)[a] AHfusion (J/g)[a] )(c,XRD[b]
LDPE-VC 105 94.7 35.9%
LDPE-X-4  89.6 (85%) 80.6 (85%) 35.6%

[al In both VC and crosslinked samples, the integrated regions for crystallization and
fusion enthalpy are from 40 to 100 °C and 60 to 120 °C respectively.

(] In both VC and crosslinked samples, obtained area values from WAXS data (ca. 6-60°)
were used to calculate % crystallinity.
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4.5.9.5 Gel content analysis of LDPE samples

Swelling tests were performed by soaking samples (crosslinked LDPE and vehicle
control) in 2 mL of toluene at 100 °C for 24 h. After removing the solvent and washing
the sample by soaking in a fresh 2 mL of toluene at 100 °C for 5 min, the samples were
finally dried at 100 °C for 48 h under ambient pressure. Samples were weighed every
24 h to guarantee solvents are fully removed. The gel fraction was calculated using

equation (2):

Gel% = —4 % 100%  (2)

Minitial
where miniial 1S the original weight of the sample, and mary is the weight of sample after
drying from the solvent. This experiment was done in triplicate (Table S4.10) and the
representative flow chart is provided below (Figure S4.27).
Table S4.10 Gel content of LDPE samples (XL indicates the use of 5 wt% compound 4.4;

the inset photo shows three crosslinked LDPE samples after the swelling tests)

Sample Mlinitial Mdry Msupernatant Gel content
(g) (8) (8) (%)
XL-1 0.2438  0.2333 0.0080 95.7
XL-2 0.2527  0.2457 0.0037 97.2
XL-3 0.2438  0.2228 0.0177 91.4
VC-1 0.2464  0.0002 0.2369 <2
VC-2 0.2460  0.0025 0.2413 <2
VC-3 0.2481  0.0028 0.2429 <2
Remove 1%t toluene
Add 2" fresh
vC XL toluene (2 mL)
- —
swelling in immersing
VC XL  toluene (2 mL) at 100 °C, 5 mins
——
100 °C, 24 h

1 remove 2" toluene

VC 5wt% VC 5wtk

1%t supernatant

Figure S4.27 Swelling tests procedure for LDPE samples.
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4.5.9.6 DMTA analysis of LDPE samples, and calculation of M.

Dynamic mechanical thermal analysis was carried out following the general

procedure specified above.

Figure S4.28 DMTA curves for LDPE polymer samples after crosslinking with bis-
diazirine 4.4, at loadings of: a) 5 wt%; and b) 2 wt%. Replicate samples are indicated
with different colors.

Table S4.11 Storage modulus (£") of crosslinked LDPE determined at ca. 140 °C by
DMTA

Sample XL-1 XL-2 XL-3 XL-4

E'-5 wt% in the rubbery state (MPa) 0.4197 0.4194 0.3998 0.4186

E'-2 wt% in the rubbery state (MPa) 0.1365 0.0925 0.1697  0.0957

The molecular weight between crosslinks was assessed from the storage modulus
of the rubbery plateau region at 140 °C (413 K) using the following formula, determined
by rearranging equation 1:

_ 3pRT

c,a El
r

where M., is the apparent molecular weight difference between crosslinks, p is the
density of the sample (measured at 0.936 + 0.007 g/cm?), R is the gas constant, T is the
temperature, and E'; is the storage modulus at the rubbery plateau region (reported in
Table S4.11). When 5 wt% of crosslinker 4.4 was used, the average storage modulus of
the rubbery plateau was 0.414 + 0.010 MPa, and the calculated M.. was 23,300 + 560
g/mol (equivalent to 1,660 = 40 methylene units between mechanically productive
crosslinks).

The total amount of methylene-to-methylene linkages, meanwhile, can be

estimated from the cyclohexane crosslinking experiments, which have previously shown
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to correlate closely with gravimetric measurements of polymer crosslinking efficiency in
polyethylene materials.!®® Crosslinker 4.4 was 80% efficient at converting cyclohexane to
4.7 under thermal activation conditions (as described above), and this level of efficiency
was consistent with the C—H insertion efficiency determined by 'H NMR for compound
4.4 in paraffin wax (see Figure S4.22).

A representative 1 g sample of LDPE treated with 5 wt% (50 mg) of 4.4 (518.37
g/mol) contains 71.3 mmol of methylene groups and 0.096 mmol of compound 4.4 (i.e.
0.19 mmol of diazirine groups). From the cyclohexane insertion measurement, we can
estimate that 80% of these 0.096 mmol of 4.4 (i.e. 0.077 mmol) react twice with
methylene groups within the LDPE, resulting in 0.15 mmol of methylene units becoming
linked together. The remaining 20% of compound 4.4 reacts unproductively, such that
one or both of the generated carbenes undergoes some undesirable reaction: e.g.
quenching by O, to form a ketone, reaction with a linear diazo species to form an azo
linkage, etc.

At 5 wt% loading of 4.4, therefore, we can estimate that 0.21% (0.15 mmol / 71.3
mmol) of methylene groups within the sample have become linked together—an estimate
that is supported by NMR integrations of crosslinked and decrosslinked.

The remaining 99.79% of methylenes within the sample will either be unmodified,
or will contain a “dead” modification where only one end of compound 4.4 has
undergone C—H insertion. The distance between productively modified methylene groups

can therefore be estimated as:

[(71.3 — 0.15)/ 71.3]
(0.15 / 71.3)

= 474 methylenes

Many of these methylene-to-methylene linkages will constitute loops, wherein
crosslinker 4.4 has reacted twice along the same LDPE chain. The ratio of these loops to
the mechanically productive crosslinks determined above from the modulus of the
rubbery plateau (assumed to result from inter-chain crosslinks) can be estimated as
follows:

[1,660 methylenes — 474 methylenes]

=25:1
474 methylenes
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Figure S4.29 Cartoon illustration of the estimated 2.5:1 ratio of loops (i.e. intra-chain

crosslinks) to mechanically productive inter-chain crosslinks in LDPE. The illustration is
not to scale: when 5 wt% crosslinker is used, very long stretches of unmodified polymer

chains will be present within the sample.

4.5.9.7 Decrosslinking of crosslinked LDPE

Material: used DMTA samples (crosslinked and vehicle control), cut into 2—10
mm pieces.

Basic hydrolysis: in a 100 mL round bottom flask, the crosslinked LDPE sample
(5.0 g) was combined with toluene (30 mL), followed by ethanol (10 mL) and 5 M NaOH
(in water, 10 mL). The mixture was then heated to reflux at 100 °C overnight. The next
day, the mixture was sonicated (280 W for 5—7 hours at ca. 60 °C). The reflux-sonication
process was repeated three to four times until no remaining particles were visible. The
mixture was then poured into a crystalizing dish and left overnight for evaporation. Then
the decrosslinked material was filtered and washed with 0.25 M aqueous HCIl and water
(pH was monitored along the washing process) to afford the neutralized product. The
resulting solids were then dried under ambient conditions overnight. The dried material
was then left in oven at 140 °C for 5 min and the weights were measured through the
process to ensure that no residual solvents remained. The samples were then remolded
(using an applied load of 1500 Ibs at 140 °C for 20 min) for gel content analysis (Figure
S4.30). The vehicle control (VC) sample was processed following an identical procedure.
As shown in Figure S4.30, decrosslinked XL-LDPE (deXL) has less than 2% gel content

which is the same as the vehicle control.
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b)

add toluene

(2 mL) 100 °C, 4 h
—p —p

VC deXL
c) d)
100 °C, 24 h
supernatant supernatant-dried

Figure S4.30 Decrosslinking process for LDPE samples, all pictures were taken at room
temperature (ca. 23 °C). a) Remolded vehicle control and decrosslinked samples for gel
content analysis. b) Both vehicle control and decrosslinked samples were dissolved in
toluene after heating at 100 °C for 4 h. ¢) The 1% supernatants were poured into new vials
(with white caps). Fresh toluene (2 mL) was then added into the sample vials (black cap),
soaked for 5 min at 100 °C, then combined with the 1% supernatant. d) All four vials were
dried at 100 °C under ambient pressure for 24 h. Vial masses were measured along the
process to determine the gel content for both vehicle control and decrosslinked materials

are less than 2%.
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4.5.10 Complete procedure for crosslinking/decrosslinking of mixed amorphous PP
and LDPE (aPP+LDPE) composites, and thermomechanical testing of prepared

samples

4.5.10.1 Crosslinking of (aPP+LDPE) composites

Material used: amorphous polypropylene (aPP, Sigma-Aldrich, ref 428175, CAS
9003-07-0) and low-density polyethylene (LDPE, Goodfellow, product code ET31-GL-
000105, melt flow rate 21). All crosslinked materials are based on 5 wt%
(Merosslinker/Mpolymer) crosslinker 4.4 loading.

Procedure: A mixture of aPP (20 g) and LDPE (20 g) was dissolved in toluene
(150 mL, in a 150 x 75 mm crystalizing dish, covered with aluminum foil) at 90 °C. The
solution temperature was decreased to 75 °C, and then a solution of crosslinker was
added (2 g of compound 4.4 dissolved in 5-7 mL toluene). The mixture was quickly
stirred for 20 s and then cooled in an ice bath for 10 min. Solvents were removed under
ambient temperature (ca. 25 °C) and pressure in a well-ventilated fume hood over 24 h.
The removal of solvents was monitored by measuring the weights of samples over the
whole process. Upon drying, the mixture turned into white-yellow solids. Overall, this
procedure allowed the homogenous dispersion of cleavable crosslinker 4.4 into the mixed
aPP and LDPE matrix. The sample was placed in an oven at 120 °C for 1 h. This induced
crosslinking via thermal activation. Meanwhile, a vehicle control sample was prepared
following the same procedure from beginning to end. The same amount of toluene (with

no crosslinker) was added to the vehicle control.

4.5.10.2 Melt-processing of crosslinked (aPP+LDPE) composites

To process the crosslinked (aPP+LDPE) materials, the same procedure was
followed as described above for crosslinked LDPE. The Al mold was filled with small
pieces of crosslinked sample and covered by a Teflon sheet, which was pressed under an
applied load of 2500 Ibs at 150 °C for 1 h, followed by fast cooling. Once the mold
cooled, more small pieces of samples were added into the mold and it was pressed again
under an applied load of 2500 Ibs at 160 °C for 1 h, followed by fast cooling. The melt-
processing step (applied load of 2500 Ibs at 160 °C for 1 h) was repeated 3—5 times, with

fresh pieces of crosslinked materials being added between each application of pressure.
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Following this process, a good-quality rectangular plaque was obtained. A vehicle
control (VC) plaque was prepared following the same procedure, but without adding
crosslinker. A crosslinked control sample (XLPP-XLPE) was prepared by mixing a 1:1
ratio (by mass) of pre-crosslinked LDPE (prepared as described above) and pre-
crosslinked aPP (following the same procedure as for crosslinked LDPE, and using the
same loading of crosslinker 4.4: 5 wt%) then processing using the same melt-processing
procedure. All three plaques were cut into different dimensions for further analysis by

waterjet cutting (Figure S4.31a-c¢, ca. 4 X 62 x 87 mm).

b)

Figure S4.31 a) UVic machine shop polished and cut crosslinked (aPP+LDPE) plaque. b)
Vehicle control plaque. ¢) XLPP-XLPE plaque. The crosslinked control sample in panel

(c) shows severe voids due to grain boundaries.
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4.5.10.3 SEM images of (aPP+LDPE) composites

Figure S4.32 SEM images of melt-processed plaques (taken from the samples in Figure
S4.31) for: a) crosslinked (aPP+LDPE); b) a representative vehicle control sample; and c)
a blend of precrosslinked XLPP and XLPE. The crosslinked control sample in panel (c)

shows severe voids due to grain boundaries.

4.5.10.3 DSC analysis of (aPP+LDPE) composites

Figure S4.33 DSC traces for (aPP+LDPE) vehicle control (top) and crosslinked (bottom,

both DSC samples were taken from melt-processed plaques).
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4.5.10.4 XRD (WAXYS) analysis of (aPP+LDPE) composites

Figure S4.34 WAXS spectra for aPP+LDPE vehicle control (top) and crosslinked
(bottom, both samples were taken from melt-processed plaques).

Table S4.12 Evolution of thermal properties of (aPP+LDPE) and assessment of

crystallinity from XRD.
Sample AHerysin J/2)™ AHpusion J/2)™ Xexro!!
(aPP+LDPE)-VC  66.1 58.1 30.1%
(aPP+LDPE)-X-4  50.5 (76%) 48.2 (83%) 28.6%

[al In both VC and crosslinked samples, the integrated regions for crystallization and
fusion enthalpy are from 40 to 110 °C and 60 to 170 °C respectively.
() In both VC and crosslinked samples, obtained area values from XRD data (ca. 6-60°)

were used to calculate % crystallinity.
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4.5.10.5 Gel content analysis of (aPP+LDPE) composites

Swelling tests were performed using the same procedure as outlined above for
crosslinked LDPE samples. Five replicates were performed for each sample type (Table
S4.13), and the representative gel picture is provided below (Figure S4.35).

Table S4.13 Gel content of aPP+LDPE samples (XL is 5 wt% compound 4.4 crosslinked
(aPP+LDPE) sample)

Mlinitial Msupernatant Gel content
sample Tg) man (@) ) (%)
XL-1 0.2244  0.1408 0.0781 62.7
XL-2 0.2270  0.1743 0.0484 76.8
XL-3 0.2296  0.1724 0.0539 75.1
XL-4 0.2268  0.1697 0.0540 74.8
XL-5 0.2281  0.1685 0.0554 73.9
VC-1 0.2271  0.0018 0.2246 <2
VC-2 0.2326  0.0017 0.2294 <2
VC-3 0.2239  0.0009 0.2200 <2
VC-4 0.2310  0.0010 0.2283 <2
VC-5 0.2332  0.0013 0.2241 <2
crosslinked (aPP+LDPE) example: crosslinked (aPP+LDPE)-gel

swelling in toluene
—

then drying

Figure S4.35 Crosslinked (aPP+LDPE) and vehicle control samples before and after

swell tests.



270
4.5.10.6 Tensile tests of (aPP+LDPE) composites

Figure S4.36 The tensile strength of vehicle control (aPP+LDPE) samples was measured
at 2.99 £ 0.92 MPa. The tensile strength of the crosslinked (aPP+LDPE) samples was
measured at 4.41 £ 0.18 MPa (eight replicates were used for the VC samples, while the
crosslinked sample was analyzed in triplicate). The dogbone samples were prepared by
remolding (applied load of 2500 Ibs at 160 °C for 1 h) the crosslinked and vehicle control

materials into dogbone-shaped Al-molds. Bars indicate standard error.

4.5.10.7 Decrosslinking of crosslinked (aPP+LDPE) composites

Material: used DMTA and tensile test samples (crosslinked (XL) and vehicle
control), cut into 2—7 mm pieces (Figure S4.37a).

Basic hydrolysis: in a 100 mL round bottom flask, the crosslinked polymer
sample (aPP+LDPE, 3.5 g) was combined with toluene (20 mL), followed by ethanol (10
mL) and 5 M NaOH (in water, 10 mL). The mixture was then heated to reflux at 100 °C
overnight. The next day, the mixture was sonicated (280 W for 5—7 hours at ca. 60 °C).
The reflux-sonication process was repeated two to three times until no remaining
particles were visible (Figure S4.37b). The mixture was then poured into a crystalizing
dish and left overnight for evaporation (Figure S4.37c). Then the orange solid
(decrosslinked) material was filtered and washed with 0.25 M aqueous HCI and water

(pH was monitored along the washing process) to afford the neutralized product as a
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light-brown solid. The resulting solids were then dried under ambient conditions
overnight. The resulting dried material was then left in oven at 140 °C for 5 min and the
weights were measured through the process to guarantee no residual solvents left (Figure
S4.37d and e). The samples were then remolded (applied load of 1500 Ibs at 140 °C for
20 min) for DMTA analysis (Figure S4.37f). The vehicle control (VC) sample was

processed following an identical procedure.

a)

vehicle control
d) e) dexL
vehicle control deXL-(aPP+LDPE)

Figure S4.37 a) Used XL-(aPP+LDPE) DMTA and tensile test samples (cut into 2—7 mm
pieces). b) VC and XL-(aPP+LDPE) samples after reflux-sonication treatment with no
visible particles. ¢) VC and deXL samples after overnight solvent evaporation. d—¢) Both

samples after washing and drying. f) Samples remolded for DMTA analysis.
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4.5.10.8 DMTA analysis of crosslinked control sample (XLPP-XLPE) and a

representative aPP sample

a) 1000 - b) 1000 -
100 - E'-XLPP-XLPE-1 100 - E'-aPP-VC
E'-XLPP-XLPE-2
10 A o E'-XLPP-XLPE-3 10 4

14 14

Storage Modulus E' (MPa)
Storage Modulus E' (MPa)

0.1 0.1 1

0.01 . 0.01 , , , .

20 70 120 170 220 20 70 120 170 220
Temperature (°C) Temperature (°C)

Figure S4.38 DMTA curves for: a) crosslinked control samples (XLPP-XLPE, in
triplicate) after melt-processing; and b) amorphous polypropylene (aPP) processed using

the same procedure as the crosslinked samples, but with no crosslinker added.

4.5.11 Complete procedure for crosslinking/decrosslinking of PDMS (inverted vial

and parallel plate experiments)

4.5.11.1 Crosslinking of PDMS

Material used: polydimethylsiloxane (PDMS, Sigma-Aldrich, ref 432997, CAS
70131-67-8, with a viscosity of 18000-22000 cSt).

Procedure: To a vial containing liquid PDMS (500 mg) was added 4.4 (5 wt%, 25
mg) and diethyl ether (0.1 mL). The mixture was manually stirred with a thin needle to
disperse the crosslinker. Sonication for 5 min removed bubbles created during the manual
stirring. The resulting mixture became a pale-yellow cloudy liquid. A duplicate sample of
5 wt% 4.4 in PDMS was prepared identically (for use in the decrosslinking experiment
described below), while a vehicle control sample was prepared using the same protocol
(and the same amount of diethyl ether) but with no added crosslinker. All three vials were
then gently heated at 40 °C for 2 h to remove the diethyl ether. The sample weights were
measured throughout the evaporation process to ensure complete removal of solvent. The
three vials were then placed in an oven at 120°C for 1 h. As shown in Figure S4.39, the
crosslinked PDMS sample did not flow when the vial was inverted, confirming the

crosslinked state of the substance.
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4.5.11.2 Decrosslinking of crosslinked PDMS

To a vial containing crosslinked PDMS (prepared as described above; ca. 520 mg)
was added toluene (1 mL), ethanol (0.5 mL) and NaOH (2 M in H>0, 0.3 mL). The vial
was then capped and heated at 100 °C for 1.5 h (until no visible yellow particles
remained). The decrosslinked sample was then extracted with pentane (% 3). The
combined organic layers were dried at 90 °C overnight. The sample weights were
measured throughout the evaporation process to ensure complete removal of solvent. A
non-crosslinked control sample (the vehicle control from the preparation described above)
was treated identically. As shown in Figure S4.39, the decrosslinked sample regained the

ability to flow when the vial was inverted.

Figure S4.39 Vials containing crosslinked (left), decrosslinked (middle) and vehicle
control (right) PDMS.
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4.5.11.3 Crosslinking of PDMS by parallel plate experiment

Figure S4.40 A parallel plate in a rheometer was charged with a pre-mixed sample of
crosslinker 4.4 (5 wt%) in PDMS. a) The shear modulus (G'; red curve) was monitored as
the temperature was increased. As the temperature of the sample exceeded the activation
temperature of the diazirine groups in 4.4 (ca. 80 °C), the shear modulus increased
sharply, indicating crosslinking of the PDMS polymer matrix. By contrast, a control
sample (PDMS with no crosslinker present; blue curve) showed no increase in shear
modulus with increasing temperature. b) Following crosslinking, the crosslinked sample
exhibited a sharp increase in frequency-dependent shear modulus, indictating successful
crosslinking. Prior to crosslinking, both the treated sample and vehicle control samples

had similar characteristics.
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4.5.12 Impact-testing of diazirines 4.1 and 4.3
Diazirine building blocks 4.1 and 4.3 (10 mL each) were submitted to Fauske &
Associates for Drop-Weight Impact Testing analysis, conducted according to the UN
Manual of Tests and Criteria for Transportation of Dangerous Goods (Test code 3 (a) (i1)).
A BAM Fallhammer apparatus was used for the analysis, which consisted of dropping a
series of weights (1, 2, 5, and 10 kg) on a measured sample (40 mm?) from varying
heights, in order to expose the sample to impacts of increasing energy from 2—100 J. As
indicated in Table S4.14 below, diazirine 4.1 exhibited explosive decomposition at all
tested impacts, while diazirine 4.3 did not explode at the highest impact energy used in
the analysis.

Table S4.14 Impact results for diazirines 4.1 and 4.3(4

Impact
Sample Energy Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6
Q)
diazirine
4.1 100 E — — — - —
" 50 E E — - - —
" 10 E — — - - -
" 5 E E - - - -
" 2 E — - - - -
Impact
Sample Energy Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6
. . . (J)
dlaj‘;me 100 NR NR NR NR NR NR

[al ‘B> indicates the observation of explosive decomposition. ‘NR’ indicates that no
reaction was observed. ‘—’ indicates that the sample was not tested further, since
sufficient data had already been collected.
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Chapter 5: Functionalization of Polydimethylsiloxane (PDMS)

with Diazirine-Based Linkers for Covalent Protein Immobilization

This chapter has been adapted from:
Jie Li, Liting Bi, Stefania F. Musolino, Jeremy E. Wulff, Kyla N. Sask

manuscript submitted.

Contributions:

Liting Bi and Stefania F. Musolino contributed to the design and synthesis of the
diazirine reagents. Furthermore, Liting Bi conducted the small molecule model
experiments. Jie Li performed the surface modifications of PDMS with the diazirine
reagents, conducted and analyzed the surface characterization experiments, including X-
ray photoelectron spectroscopy, infrared analysis, water contact angle measurements,
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5.1. Abstract

Biomolecule attachment to solid supports is critical for biomedical devices such
as biosensors and implants. Polydimethylsiloxane (PDMS) is commonly used for these
applications due to its advantageous properties. To enhance biomolecule immobilization
on PDMS, a novel technique is demonstrated using newly synthesized diazirine
molecules for the surface modification of PDMS. This non-destructive process involves a
reaction between diazirine molecules and PDMS through C—H insertion with thermal or
ultraviolet activation. The success of the PDMS modification is confirmed with various
surface  characterization techniques. Bovine serum albumin (BSA) and
immunoglobulin G (IgG) are covalently immobilized on the modified PDMS surfaces,
and the amount of protein is quantified using iodine-125 radiolabeling. The results
demonstrate that PDMS is rapidly functionalized, and the stability of the immobilized
proteins is significantly improved with multiple types of diazirine molecules and
activation methods. Confocal microscopy provides three-dimensional images of the
distribution of immobilized IgG on the surfaces and the penetration of diazirine-based
linkers through the PDMS substrate during the coating process. Overall, this study
presents a promising new approach for functionalizing PDMS surfaces to enhance
biomolecule immobilization, and its potential applications can extend to multi-material
modifications for various diagnostic and medical applications with relevant bioactive

proteins.

5.2. Introduction

Surface modification of low-functionality substrates and the subsequent
immobilization of biomolecules is important in the fields of biotechnology and
biomedicine with a wide range of applications in biosensors, biomaterials, and
microfluidics.?'! Biosensors, such as immunosensors and enzyme electrodes, heavily rely
on immobilized proteins and are extensively used for medical diagnostics, food analysis,
and environmental monitoring.?'?> For biomaterials, immobilized biomolecules can be
used to regulate cell adhesion or to enhance the biocompatibility of implants.?'3 Particular
microfluidic devices also require the attachment of proteins for applications in

immunoassays, cell studies and protein microarrays.?'* However, challenges still remain
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in ensuring consistent and stable activity of biomolecules on surfaces while also
preventing their denaturation and undesirable interactions with the surface.?!>216
Additionally, in order to obtain the greatest level of sensitivity and specificity in detection
and response, a large amount of desired biomolecules need to be immobilized uniformly
over the material with outward presentation of the active site.?!” Various methods have
been developed to improve biomolecule immobilization on solid surfaces, which can be
divided into three categories: physical adsorption, electrostatic interaction, and covalent
bonding.?!32! The first two methods are relatively simple to apply, however, their effects
are often temporary and reversible due to the dissociation of immobilized molecules from
the surface.??%2?! Alternatively, covalent tethering with specific functional groups can be
used for immobilization, and this binding process is usually irreversible due to the stable
nature of the bond. However, the required reactive functional groups must be present on
the surface of the material and many polymers inherently lack these groups. Furthermore,
for applications that use multiple materials within a device or system, different surface
modifications for each material type are typically needed.

Polydimethylsiloxane (PDMS) is a widely used polymer in biomedical
applications including oxygenators,??? implants,??* biosensors??* and microfluidics,??* due
to its attractive features such as chemical stability, good mechanical properties, relatively
good biocompatibility and simple fabrication by replica moulding.??® Despite these
advantages, the inherent chemical inertness of PDMS surfaces and the lack of functional
groups (i.e. sites for protein attachment) present a challenge in directly immobilizing
biomolecules on its surfaces.??°2?® Thus, chemical treatment to induce functional groups
on PDMS surfaces or synthesis of PDMS copolymers is generally required to permit
protein immobilization. These usually involve complicated and harsh reaction conditions
where functional groups must first be present, such as with PEG-grafted and
carboxybetaine-modified PDMS surfaces.??*23" Therefore, a broadly applicable approach
to modify the PDMS surface for biomolecule immobilization is highly desirable to
achieve maximum recognition capacity and ensure the long-term stability of the
immobilized biomolecules.

Diazirines are effective carbene precursors which have been applied as

57

photoaffinity labeling groups,”’ as crosslinkers for photopatterning of polymers and
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semiconductors, as adhesives for low-surface-energy materials and tissue

surfaces,®"1% as well as for transforming thermoplastic polyolefins into thermosets.36:!83
Carbene surface modification has also been applied on glass fiber membranes to
introduce the enzyme cellulase with successful maintenance of activity.??! Upon thermal-
or photo-activation, the diazirine motif loses N> and generates a reactive carbene that
rapidly forms covalent bonds with any nearby available substrate through C—H, N-H, and
O-H insertions without forming new high-energy species which can lead to substrate
damage.'®' Although a few studies using diazirine motifs for surface functionalization
exist, their occasional application to biomolecule immobilization is limited to tedious
diazirine synthesis procedures (5 or 7 steps) and often they are lacking optimization of
the substrate.!?1:232.233 For example, the Leipzig group used alkyl mono-diazirine 5.1
(Figure 5.1) to functionalize chitosan, and then covalently bonded maleimide groups for
protein immobilization.?3> However, activation of alkyl diazirine 5.1 affords a dialkyl
carbene that is prone to rapid 1,2-hydrogen shifts. This leads mostly to production of
undesirable alkene reaction products, which decreases the surface functionalization
efficiency and prevents 5.1 from being used with low-functionality polymer surfaces.?*
More recently, Shestopalov et al. and Marchand-Brynaert et al. designed trifluoromethyl
aryl diazirine 5.2 (Figure 5.1) with an electrophilic N-hydroxysuccinimide (NHS) ester
reactive group for functionalizing different material surfaces or grafting NHS esters on
polyethylene glycol (PEG).!123 According to previous studies from Musolino et al., the
presence of electron-withdrawing groups present in the para-position of aryl diazirine
molecules (as present in 5.2) resulted in only 6% thermal C-H insertion yield in a
cyclohexane model experiment, which implies low efficiency in surface
functionalization.’® By contrast, electron-donating groups present in the para-position of
aryl diazirine molecules resulted in high C-H insertion yields, up to 92% using
cyclohexane as a model compound. Additionally, electron-rich diazirine molecules can
be activated at low temperatures (approximately 80 °C) or through the use of visible light
(395 nm), which are both milder conditions in comparison to the corresponding

electroneutral or electron-poor diazirine molecules.*°
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Figure 5.1 Structures of compounds 5.1 and 5.2.

Herein we propose a simple, efficient, and scalable approach to covalently
immobilize proteins of interest onto a polymeric surface using electronically optimized
diazirine-based small molecule linkers. We designed two types of mono-diazirine
compounds containing different electrophilic moieties: imidazole carbamate 5.3 and
benzyl bromide 5.4, both of which incorporate an electronically optimized aryl diazirine
moiety (Figure 5.2), which encodes an electron-rich aryl group to stabilize the desired
singlet carbene. In the absence of this stabilization, the singlet carbene that is initially
generated following diazirine activation rapidly relaxes to the corresponding triplet state,
which can suffer unwanted quenching by 0,.°%2%2 The carbamate and benzyl halide in
compound 5.3 and 5.4 respectively are efficient electrophilic units where the amino
groups present on the proteins can interact and easily provide covalent protein
immobilization onto the surface. Compared to other commonly used protein
immobilization methods such as polydopamine (PDA) coatings, which can result in
inhomogeneous surface coverage and non-covalent interactions with the PDMS
surface,?3%23¢ this diazirine-based approach allows covalent conjugation of the protein to
the PDMS, increasing protein immobilization after elution steps. The durability and
strength of protein attachment, combined with the potential for scalability, make this
method particularly suitable for applications that require permanent properties, such as
biosensors, medical devices, and implants.

To investigate the efficacy of the diazirine molecules for protein immobilization,
bovine serum albumin (BSA) and immunoglobulin G (IgG) were selected as model
biomolecules. Albumin is a globular plasma protein and is an attractive natural
biomolecule for surface modification and functionalization. BSA is commonly used as a
passivating agent to prevent non-specific adhesion and as a “backfiller” to fill residual

spaces on solid surfaces after a biomolecule has been immobilized.?*”?*® IgG is the most
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common antibody and is found in blood and extracellular fluid. It plays an important role
in the immune system and in controlling infections by binding to pathogens such as
viruses, bacteria and fungi.?*° Additionally, antibodies have high specificity and binding

240

affinity toward their corresponding antigen molecules,”*” providing them with an

essential role in the development of immunosensors.?4!-242

In this study, we hypothesized that newly synthesized diazirine molecules 5.3 and
5.4 can be used as a tool for functionalization of PDMS surfaces to covalently
immobilize biomolecules. To validate this hypothesis, the three diazirine molecules (5.3,
5.4 and a control diazirine 5.5) were applied to modify PDMS and subsequently activated
through thermal and ultraviolet (UV) methods. Compared to traditional PDMS
modification approaches, the diazirine modification process did not need complicated
steps and harsh reaction conditions. The success of the PDMS surface modifications was
confirmed by X-ray photoelectron spectroscopy (XPS) analysis, attenuated total
reflectance (ATR)-Fourier transform infrared spectroscopy (FTIR), contact angle
measurements and atomic force microscopy (AFM). In addition, two models were
presented using cyclohexane as a small-molecule model for C—H containing polymers
and isopropylamine as a model for amino groups on proteins to demonstrate the
incorporation of carbene into PDMS and the reaction of diazirines with biomolecules for
immobilization. The effectiveness of BSA and IgG immobilization on diazirine-modified
PDMS surfaces was quantified using iodine-125 radiolabeling and the stability of the
immobilized proteins was determined by sodium dodecyl sulfate (SDS) elution. Further,
confocal microscopy was performed to visualize the distribution of immobilized IgG on
the modified PDMS surface. This surface modification strategy with new diazirine
derivatives provides a promising and novel pathway for polymeric surface

functionalization to enhance protein immobilization for various biomedical applications.
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Figure 5.2 Schematics showing surface modification with diazirines on PDMS substrates
through carbene C—H insertion, and the protein reaction with the electrophilic moieties of

the small molecules.
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5.3. Results and Discussion

5.3.1 Synthesis of electronically optimized diazirine reagents for surface
functionalization

The target compounds 5.3 and 5.4 were readily synthesized from ethylene glycol
diazirine 5.6 in one step, as illustrated in Scheme 5.1. To achieve a rapid and clean
protein immobilization in subsequent steps, efficient electrophilic groups on linkers have

243,244

been selected: imidazole carbamate and benzyl bromide, where the latter has been

24,163,245 246

widely used for polymer grafting and small molecular functionalization,*** and

the former is known to react efficiently with amine-containing nucleophiles.

Scheme 5.1 Synthetic procedures for diazirine-based reagents 5.3 and 5.4.

5.3.2 Benchmarking of diazirine-based linkers performance on surface
functionalization and protein immobilization

In previous studies, the insertion of a diazirine molecule crosslinker into PDMS
polymer was validated by studying the insertion efficiency into the small-molecule model
hexamethyldisiloxane (HMDSO).?’ To evaluate C-H insertion efficiencies of the two
new electronically optimized diazirine-based linkers 5.3 and 5.4, we employed
cyclohexane as a molecular model of low-functionality PDMS, since the previously
reported model compound HMDSO did not dissolve compounds 5.3 and 5.4, and since
cyclohexane has previously been employed as a general model for aliphatic polymers.3%°
As shown in Scheme 5.2, both linkers 5.3 and 5.4 successfully insert into C—H bonds of

cyclohexane upon thermal activation at 100 °C with over 80% efficiency. Finally, to
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probe the protein immobilization efficacy of 5.7 and 5.8, we selected isopropylamine as a
small molecular model for proteins, since amines (-NHy) are one of the most abundant
reactive groups on the protein chains. Isolated yields of the pure amine-adducts 5.9 and
5.10 were 92% and 70%, respectively. Both small-molecule model experiments
successfully proved that our electronically optimized diazirine linkers can efficiently
functionalize low-functionality polymer surfaces. This also occurred without the
electrophilic motifs suffering undesirable reactions with the intermediate carbenes, a
significant advantage compared to other methods. The covalently linked electrophilic

groups can then readily react with protein substrates to functionalize the surface.

Scheme 5.2 Comparison of cyclohexane C—H insertion efficacy and amine reactivity to

simulate protein immobilization.

5.3.3 Surface characterization

The wettability and roughness of the surface are both important in the interaction
between biomolecules and materials. The water contact angle of various PDMS surfaces
is shown in Figure 5.3. The unmodified PDMS surface exhibited a contact angle of
102.7 °, a value that is in the typical range for hydrophobic silicone materials. After
applying thermal (100 °C) or UV (360 nm) treatment on the PDMS surface, no
significant change in contact angle was observed demonstrating that these methods alone
do not alter the surface wettability. However, the contact angle values of diazirine-
modified surfaces showed a significant decrease for all types of diazirines with both
activation methods (p < 0.0001). This reduction in water contact angle (indicating a

decrease in hydrophobicity) confirms a modification to the surface properties.
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Figure 5.3 Advancing contact angle measurements of control and diazirine-modified
PDMS surfaces (5.3: carbamate diazirine, 5.4: benzyl bromide diazirine and 5.5: control
diazirine). Data are mean = SD (n= 6), ****p <(.0001.

The surface roughness and heterogeneity of PDMS and modified PDMS was
analyzed using AFM to determine topographical changes that may influence subsequent
interactions (Figure 5.4 and S5.1). The root-mean-square (RMS) roughness of native
PDMS was measured to be 1.01 nm, with no apparent surface irregularities observed
(Table 5.1). Thermal treatment of native PDMS surfaces did not result in an increase in
roughness, while UV treatment increased the PDMS surface roughness by just over 1 nm.
The thermally activated compound 5.3 modified surface had an increase in roughness,
and particles appeared on the surface. The roughness of the UV-activated PDMS-5.3
surfaces dramatically increased to 109.6 nm, likely due to the aggregation of diazirine
molecules during the activation process demonstrating a very heterogeneous surface.
Meanwhile, the PDMS surfaces modified with compounds 5.4 and 5.5 had a much
smoother and uniform surface with both activation methods, with roughness values of

approximately 2—6 nm.
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Figure 5.4 AFM characterization of control and diazirine-modified PDMS surfaces;

Scans are 5 pm x Spm.
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Table 5.1 The surface roughness of control and diazirine modified PDMS surfaces
determined by AFM (5.3: carbamate diazirine, 5.4: benzyl bromide diazirine and 5.5:

control diazirine).

Sample Roughness (nm)
PDMS 1.01 £0.07
PDMS-thermal 1.07 £ 0.06
PDMS-UV 2.19+0.24

PDMS-5.3-thermal 8.04+ 1.64
PDMS-5.3-UV 109.60+17.14

PDMS-5.4-thermal 225+0.3
PDMS-5.4-UV 576 +1.74

PDMS-5.5-thermal 1.09 + 0.09
PDMS-5.5-UV 2.36 +0.08

The surface modifications on control and modified PDMS surfaces were also
analyzed using ATR-FTIR (Figure 5.5). The bands observed between 1100 and 1020 cm™
! were characteristic of the asymmetric stretching of Si-O-Si in a PDMS polymer
network.?*” The bands at 1408 and 1258 cm™' were associated with the asymmetric and
symmetrical deformations of the C—H bond of the Si(CH3) groups, respectively.?*® The
rocking deformation of C—H and Si—C bond stretching were observed at 843 and 790 cm™
I, respectively (Figure 5.52). The symmetric stretching of the -CF3 groups in the analysed
diazirines was seen in the 1140 cm™ region.”® The diazirine ring was expected to be
observed near 1630 cm™', but this band was weak in control molecule 5.5 (Figure
5.5b).2%° The peak at 1631 cm™' was related to N=N, while the peaks at 1610 cm™' and
1344 cm™' were assigned to the C-N bond.?®' The peaks around 1700 cm™' were
indicative of the presence of a carbonyl group, which is specific for compound 5.3
(Figure 5.5¢). Overall, the data clearly demonstrate modification of the PDMS with the

diazirine compounds.
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Figure 5.5 FTIR-ATR spectra of a) PDMS, b) diazirine solutions of compound 5.3, 5.4
and 5.5, ¢) PDMS modified with compound 5.3, carbamate specific peak have been
observed at 1700 cm™!, d) PDMS modified with compound 5.4 and €) PDMS modified
with compound 5.5 (5.3: carbamate diazirine, 5.4: benzyl bromide diazirine and 5.5:
control diazirine).

Table 5.2 presents the XPS analysis of the elemental composition on PDMS
surfaces displayed as a percentage. The control PDMS has high levels of carbon, silicon
and oxygen as expected. Trace levels of nitrogen and fluorine are also seen that are likely
due to low levels of surface contaminants evident in the highly surface sensitive and
vacuum environment of the XPS. With all modifications, there is an increase in the
nitrogen and fluorine, and a corresponding decrease in the silicon, indicating the

successful modification of a diazirine layer on the PDMS surfaces. For surfaces modified
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with compounds 5.3 and 5.5, the amount of nitrogen and fluorine after thermal activation

was lower than that of UV activation, likely due to the mobility of the molecules at high

temperatures and loss of nitrogen and fluorine. The detection of elemental bromine

confirms the presence of benzyl bromide diazirine (from 5.4) on the modified PDMS

surfaces. After activation, both fluorine and bromine content in PDMS-5.4 samples

decreased. Thermal activation resulted in a greater decrease in nitrogen compared to UV

activation, which may be attributed to the high temperature promoting molecule mobility

and evaporation.

Table 5.2 XPS elemental composition (%) of native PDMS and PDMS modified with

compounds 5.3-5.5 (5.3: carbamate diazirine, 5.4: benzyl bromide diazirine and 5.5:

control diazirine).

Sample Si C N (0] F Br
PDMS 28.18+0.32 4351+044 0.05+0.04 27.86+0.30 0.44+0.09
PDMS-5.3 25.14+1.73  42.85+058 1.11+040 27.62+0.61 3.18+1.44
PDMS-5.3-thermal =~ 24.49+1.19 4421+£052 0.64+0.13 27.88+0.18 2.77+0.70
PDMS-5.3-UV 23.74+0.75 4453+123 093+0.12 2749+1.02 328+043

PDMS-5.4 19.03+5.02 49.01+4.17 1.64+£050 2225+191 6.17+1.57 1.82+0.68
PDMS-5.4-thermal ~ 24.78 £0.32  4527+0.22 057+0.09 2745+£0.16 1.91+0.10 0.5
PDMS-5.4-UV 21.27+3.26 49.20+3.22 0.71+£0.22 2555+1.78 3.23+1.59 0.6
PDMS-5.5 26.85+0.37 43.26+032 041+£008 2822+0.34 1.26=+0.10
PDMS-5.5-thermal ~ 26.99+041 4286+0.29 028+0.16 2890+£0.21 0.96+0.18
PDMS-5.5-UV 26.35+0.69 4388+0.64 040+0.17 2822+0.56 1.15+0.43
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5.3.4 Protein immobilization and stability
The amount of BSA immobilized on native and modified PDMS surfaces was
measured through radiolabeling experiments (Figure 5.6). The native PDMS surfaces
were used as controls to compare physical adsorption of BSA to the modified surfaces.
The thermal and UV treated PDMS surfaces also served as controls to ensure that no
change in protein adsorption occurred with these treatments alone. The results indicate
that the PDMS surfaces do not exhibit a noticeable change in BSA adsorption compared
to the thermal or UV treated surfaces, confirming that these modifications themselves do
not impact the BSA adsorption on PDMS. In contrast, the PDMS surfaces modified with
diazirine compounds 5.3 and 5.4 and activated thermally both showed significant
improvements in BSA immobilization compared with PDMS controls, with both
modifications reaching similarly high levels. Specifically, the amount of BSA
immobilized on PDMS-5.4 surfaces activated thermally was approximately 3.5 times
higher than that on the control PDMS surfaces. However, with UV activation, only
compound 5.4-modified surfaces showed a significant increase in the amount of BSA
immobilized, with an amount much lower compared to thermal activation (p < 0.0001).
We hypothesized that the distinct polarity difference between compound 5.3 (polar) and
the PDMS substrate (containing a hydrophobic surface) results in phase separation.
Consequently, this leads to the observed aggregation of 5.3 on the surfaces. During UV
activation, when the reagents 5.3 aggregate, they tend to form diazo linkages (along with
other undesirable species) instead of inserting into the polymer substrate. Under thermal
activation conditions, there is likely to be greater mobility of the molecules (as well as of
the surface), reducing the impact of these effects. The control diazirine 5.5-modified
surfaces adsorbed levels of BSA similar to the PDMS controls, regardless of whether
they were activated thermally or photochemically. This was expected since the control

diazirine 5.5 compounds do not have specific functional groups to bind to the proteins.
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Figure 5.6 BSA adsorption from PBS buffer (2 mg/mL) to various modified PDMS
surfaces and the amount of protein remaining after 2% SDS elution (5.3: carbamate
diazirine, 5.4: benzyl bromide diazirine and 5.5: control diazirine). Data are mean + SD,
n=3, ****p <(0.0001.

The stability of the immobilized BSA on diazirine-modified PDMS surfaces was
evaluated by eluting the loosely bound proteins with 2% of SDS for 24 hours with
shaking. The results after SDS elution demonstrate that there is a significantly high
amount of BSA remaining on 5.3- and 5.4-modified PDMS surfaces with thermal
activation. In particular, the immobilized BSA on the compound 5.3-modified surfaces
showed significantly increased stability after elution in comparison to compound 5.4 (p <
0.0001, Figure 5.6). Slightly lower levels of BSA remaining after elution are detected
when compound 5.4 is treated photochemically on the PDMS surface. In contrast, there is
no significant increase in the amount of BSA remaining on the compound 5.3-modified
PDMS surfaces activated photochemically likely due to insufficient modification of the

surface as indicated in the AFM images.
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Compound 5.3- and 5.4-modified surfaces activated by thermal treatment
exhibited the highest amount of BSA immobilization. The enhanced immobilization of
BSA on diazirine 5.3 and 5.4 modified PDMS can be attributed to the formation of
covalent bonds between the protein and the carbamate imidazole and benzyl bromide
functional groups in diazirine 5.3 and 5.4, respectively. During the thermal activation
process, the high temperature can promote the mobility of these molecules, leading to a
uniform coating on the surface. However, with UV activation, the AFM results show that
compound 5.3 molecules appear to self-aggregate on the PDMS, causing heterogeneities
in the surface and greatly reducing the effectiveness of protein immobilization. The
compound 5.4 modified surfaces show some inhomogeneities, likely due to alteration of
the benzyl bromide diazirine-coated surfaces during the UV activation process, resulting
in lower immobilization levels. However, these levels are still much greater than the
control samples after SDS elution demonstrating their stability and potential use for
advanced material applications, including the combination of photolithography for UV
activation to achieve functional patterning on surfaces. These results suggest that
modifying PDMS with diazirine-based linkers is an effective approach for functionalizing
the surfaces and increasing protein immobilization, with potential advantages over other
common coating methods. The immobilization amounts and stability were significantly
influenced by the different functional groups and activation methods. It is expected that
modifications with these diazirine molecules could be applied for attaching various
bioactive molecules to provide specific functionality to materials and devices, for
example with anticoagulant or fibrinolytic molecules to improve the blood compatibility

of devices.

5.3.5 Antibody immobilization and stability

To investigate the effect of the diazirine-modified PDMS surfaces on antibody
immobilization, 1gG was chosen as the model antibody to be measured on diazirine-
modified PDMS. The amount of immobilized IgG on different surfaces was quantified
through radiolabeling experiments, as shown in Figure 5.7. Consistent with the previous
BSA immobilization results, the thermally activated 5.3- and 5.4-modified surfaces had

the highest amount of immobilized IgG, indicating that both imidazole and bromide
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groups efficiently react with IgG under these conditions. Specifically, compared to the
control PDMS, the compound 5.3-modified surface immobilized an approximately 5-fold
higher level of IgG. With UV activation, only the compound 5.4-modified surfaces
demonstrated a significant increase in the amount of immobilized IgG, although this
effect was not as pronounced as with thermal activation. Similar to the BSA results,
during UV activation, compound 5.3 and 5.4-coated PDMS surfaces showed molecular
aggregation and surface distortion, respectively, as detected by AFM, resulting in lower
IgG immobilization amounts. The control molecule 5.5-modified surfaces did not show a
significant increase in the IgG immobilization amount, which can be attributed to the
absence of functional groups on the control diazirine molecule and its inability to
enhance antibody immobilization.

To evaluate the stability of the immobilized IgG on different surfaces, the samples
were incubated in 2% SDS for 24 hours. On control samples, the I[gG amounts remaining
after SDS elution were lower than for BSA. The compound 5.3-modified surfaces
activated thermally, and the 5.4-modified surfaces activated thermally and with UV,
retained a significantly higher amount of immobilized IgG compared to the control
PDMS surfaces (p < 0.0001, Figure 5.7). The levels of IgG remaining on the thermally
activated surfaces modified with 5.3 and 5.4 were similar. Despite the different
functionalization routes, the thermal activation of PDMS surfaces with either of these two
diazirine molecules not only demonstrated similar abilities to immobilize antibodies, but
also exhibited comparable stability in retaining the immobilized antibodies. In this case
of IgG, the control molecule 5.5-modified surfaces activated by UV retained a slightly
higher amount of IgG compared to the control PDMS (p < 0.05). However, significantly
less IgG was retained on surfaces treated with compound 5.5 compared to surfaces

treated with 5.3 or 5.4.
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Figure 5.7 IgG adsorption from PBS buffer (1 mg/mL) to various modified PDMS
surfaces and the amount of protein remaining after 2% SDS elution (5.3: carbamate
diazirine, 5.4: benzyl bromide diazirine and 5.5: control diazirine). Data are mean +SD,
n=3, ****p <0.0001.

Therefore, both the carbamate diazirine (5.3) and benzyl bromide diazirine (5.4)
effectively functionalized the surfaces to enhance the immobilization of different
biomolecules. This improvement is attributed to the specific covalent reactions between
these two diazirine molecules and the biomolecules. Surfaces modified using thermal
activation showed superior effectiveness compared to UV activation, likely due to the
achievement of more uniform coatings. These diazirine-modified surfaces have a stable
and reliable ability for functionalization evidenced by the similar trends observed in the
immobilization amount of different biomolecules. The small variations in amount and
stability observed for the BSA protein and IgG antibody are likely a result of the distinct
structures of these two biomolecules, including their size and number of amine groups
available for binding. For biosensing applications, the ability to immobilize higher

amounts of IgG can lead to enhanced sensitivity. These model studies with IgG can
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readily be translated to attach particular monoclonal antibodies with specificity for

various protein biomarkers in biological fluids such as blood.

5.3.6 Distribution of immobilized IgG

The distribution of immobilized IgG on various PDMS surfaces was investigated
using confocal microscopy. Confocal microscopy provides a significant advantage over
traditional fluorescence microscopy due to its ability to perform optical sectioning, which
allows for the creation of 3D reconstructions of a sample from high-resolution image
stacks.?>? This offers valuable information on the distribution of IgG throughout the bulk
of the PDMS substrate, along with surface distribution, and helps determine if the
diazirine molecules have permeated into the inner layers of PDMS.

The IgG adsorption on the control PDMS surface was relatively uniform, with
more non-covalent adsorption on the top side and less on the bottom (Figure 5.8). The
control compound 5.5-modified surfaces also displayed an even distribution of IgG,
similar to the control PDMS surface. On the compound 5.3-modified PDMS surfaces
with thermal activation, the IgG seems to be distributed into the bulk of the PDMS
substrate, with possible penetration into the PDMS polymer network (Figure 5.9). This is
likely due to the high temperature during modification promoting the movement of
compound 5.3, enabling a greater number of molecules to penetrate into the bulk. In
contrast, the IgG was primarily distributed on the surface of the compound 5.4-modified
PDMS samples, demonstrating that compound 5.4 is not able to penetrate into the PDMS.
Additionally, despite the high amount of immobilized antibody on the 5.4-modified
surfaces, the distribution of IgG was more uniform on the compound 5.3- and 5.5-
modified PDMS surfaces. With UV activation, the IgG still penetrated into the bulk of
the 5.3-modified PDMS substrate, but to a lesser extent than with thermal activation
(Figure 5.10). Compared to the benzyl bromide diazirine 5.4, the imidazole carbamate
diazirine 5.3 appears to have a greater capacity to penetrate into the bulk of the PDMS,
and the high temperature promotes this phenomenon. This suggests that the degree of
penetration is influenced by both the type of diazirine functional groups and the

activation method.
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Figure 5.8 a) 2D and b) 3D confocal images of IgG-FITC (1 mg/mL) distribution on the

native PDMS surface.

Figure 5.9 The 2D (top) and 3D (bottom) confocal images of immobilized IgG-FITC (1
mg/mL) distribution on PDMS modified with a) compound 5.3, b) compound 5.4 and c)
compound 5.5 thermally activated at 100 °C (5.3: carbamate diazirine, 5.4: benzyl
bromide diazirine and 5: control diazirine).

Comparatively, the surfaces modified with compound 5.4 exhibited a more
homogeneous distribution of IgG with thermal activation, while UV activation resulted in
a layered distribution, as observed with AFM. Combining these observations with the

radiolabeling results, it was found that the surfaces modified with compound 5.3
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activated with UV exhibited lower immobilization compared to thermal activation. This
could be partly attributed to the molecules aggregating on the surfaces and partly due to a
lower amount of compound 5.3 penetrating into the substrate. The surfaces modified with
compound 5.4 show less effective immobilization with UV activation compared to
thermal activation, possibly due to the surface distortion that limits its ability to bind
more IgG. Therefore, by analyzing confocal 3D images, the influence of the functional
group and activation methods on the degree of penetration of different diazirine
molecules on modified PDMS surfaces can be observed, along with a better
understanding of the role of the activation methods on the uniformity of the coating layer.
These factors can impact the immobilization of biomolecules and the enhanced ability to
penetrate polymeric materials may be beneficial in applications with substrates and
devices of complex geometries including porous and other structured materials requiring

thorough and sustained functionalization.

Figure 5.10 The 2D (top) and 3D (bottom) confocal images of immobilized IgG-FITC
(1 mg/mL) distribution on PDMS modified with a) compound 5.3, b) compound 5.4 and
¢) compound 5.5 UV activated with 360 nm (5.3: carbamate diazirine, 5.4: benzyl

bromide diazirine and 5.5: control diazirine).
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5.4. Conclusions

In this work, PDMS was successfully modified by newly synthesized diazirine
molecules to enhance the immobilization of proteins. Small-molecule model experiments
were performed with cyclohexane and isopropylamine to prove that the diazirine linkers
could functionalize polymer surfaces without undesirable reactions. The modified
substrates were characterized by water contact angle measurements, AFM, ATR-FTIR,
and XPS to confirm changes in the surface wettability, roughness, chemical, and
elemental composition, respectively. Radiolabelling the proteins BSA and 1gG with '2°1
provided a sensitive and effective method to quantify the amount of protein on the
surface and determine the stability of the immobilization following SDS elution. Both
carbamate 5.3 and bromide 5.4 diazirine-modified surfaces were able to increase the BSA
and IgG immobilization amount, with greater effects when activated thermally compared
to ultraviolet activation. Additionally, the 5.3- and 5.4-modified surfaces with thermal
activation maintained a significantly greater amount of immobilized proteins following
SDS elution, demonstrating the stability of this method based on the strong interactions
between the functionalized diazirine molecules and proteins. Confocal microscopy
images revealed the differences in immobilized antibody distribution between diazirine
5.3 and 5.4-modified surfaces, highlighting the impact of the diazirine functional groups
on the distribution of the molecule within the substrate, and their importance in the
design of PDMS modified biomaterials.

Compared to other surface modification methods, functionalization can be
achieved without complicated reaction steps or harsh conditions and can allow covalent
conjugation of proteins to the surface. The successful UV activation of the benzyl
bromide 5.4 diazirines provides the opportunity to apply these modifications with
photolithography for functional surface patterning. Furthermore, the modifications can be
translated to other substrates as long as C—H bonds are available for insertion. This
versatility would be especially important in multi-material device applications, for
example in a blood oxygenator system where an oxygenator may be a different material
(e.g., PDMS) than the catheters used for connection (e.g., polyurethane). Applying just
this one modification method to multiple materials could reduce manufacturing costs

significantly. In addition, the simplicity and stability of the technique has advantages for
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complex devices including porous materials, microfluidics, and structured implants, that
are otherwise difficult to modify. Thus, this novel surface modification approach has the
potential to contribute to the development of advanced biomaterials and devices for

various biotechnological and medical applications.
5.5. Experimental and Supplementary Information

5.5.1 Synthesis of diazirine reagents and small molecule experiments

5.5.1.1 General considerations

All commercial materials were used as received unless otherwise noted. Reagents
used for the synthesis of target compounds were purchased from Sigma-Aldrich except
for N,N'-carbonyldiimidazole, which was purchased from AK Scientific. Reagent grade
solvents were used for extractions and purifications. Anhydrous cyclohexane was used in
crosslinking experiments. All diazirine-forming reactions were performed in the dark.
Removal of solvent was done below 40 °C. Control diazirine 5.5 and ethylene glycol
diazirine 5.6 were obtained from XlynX Materials Inc (Victoria, BC, Canada).

NMR spectra were recorded at ambient temperature using either a Bruker
AVANCE 300 (300 MHz for 'H, 283 MHz for '°F, 76 MHz for '3C) or a Bruker
AVANCE Neo 500 (500 MHz for 'H, 471 MHz for '°F, 126 MHz for '3C) spectrometer.
Chemical shifts were reported in parts per million (ppm) and were referenced to the
solvent peak (CDCls: '"H NMR & = 7.26 ppm, '3*C NMR § = 77.16 ppm). '3C spectra and
F spectra were 'H decoupled unless otherwise noted. Data is reported as follows:
chemical shift (multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, qd = quartet
of doublet, hept = heptet, m = multiplet), coupling constant in Hz, integration). Spectral
assignments were made for compounds that gave well-resolved spectra in COSY, HSQC
and HMBC experiments. Chemical shifts in '°F spectra are reported in ppm and reported
as obtained. Reaction progress was monitored by "H/!F NMR spectroscopy.

High resolution mass spectrometry (HRMS) data were acquired using field
desorption (FD) ionization on a JEOL AccuTOF GCx mass spectrometer. IR spectra
were recorded using a Perkin-Elmer ATR spectrometer. IR wave numbers (v) are

reported in cm ™!,
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5.5.1.2 Synthetic procedures of diazirine molecules

Compound 5.3: To a solution of diazirine 5.6 (1.0 g, 4.1 mmol, 1.0 equiv.) in
dichloromethane (4.0 mL, 1.0 M) at room temperature, N,N'-carbonyldiimidazole (CDI,
0.66 g, 4.1 mmol, 1.0 equiv.) was added under ambient atmosphere. After one hour of
stirring at room temperature, the reaction was then quenched with NH4Cl saturated
solution and extracted with diethyl ether three times. The combined organic layer was
dried over sodium sulfate. The solvent was removed to achieve the desired product 5.3 as
a yellow solid without further purification (1.3 g; 94%). "TH NMR (500 MHz, CDCl3) &
8.14 (s, 1H), 7.42 (s, 1H), 7.17 (d, J = 8.4 Hz, 2H), 7.07 (s, 1H), 6.93 (d, J = 8.5 Hz, 2H),
4.80 — 4.70 (m, 2H), 4.37 — 4.24 (m, 2H). 3C NMR (126 MHz, CDCl3) 6 159.15, 148.61,
137.17, 130.87, 128.35, 123.30 (q, J = 274.9 Hz), 121.97, 117.14, 114.97, 66.03, 65.45,
28.29. F NMR (471 MHz, CDCl3) 8 —65.62. HRMS (FD+) m/z [M"]* calculated for
Ci14H11F3N403: 340.0783, found: 340.0777.

Compound 5.4: To a suspension of sodium hydride (60% in mineral oil, 1.2
equiv.) in anhydrous THF (8 mL) at 0 °C under argon, a solution of 5.6 (4.4 g, 17.7 mmol,
1.0 equiv.) in anhydrous THF (10 mL) was added dropwise. After stirring the reaction for
10 min, a solution of a,a’-dibromo-p-xylene (4.67 g, 17.7 mmol, 1 equiv.) in anhydrous
THF (20 mL) was added dropwise at 0 °C and then, the reaction was left stirring
overnight at room temperature. The reaction was filtrated on a celite plug and washed
with dichloromethane and then filtrated over silica using pentane affording the pure
product 5.4 as a yellow solid (5.7 g, 75%). '"H NMR (300 MHz, CDCls) § 7.43 — 7.29 (m,
4H), 7.13 (d, J=9.0 Hz, 2H), 6.92 (d, J = 8.9 Hz, 2H), 4.61 (s, 2H), 4.49 (s, 2H), 4.18 —
4.10 (m, 2H), 3.87 — 3.79 (m, 2H). BC NMR (126 MHz, CDCls) & 159.94, 138.43,
137.45, 129.62, 129.31, 128.22, 128.03, 121.31, 115.14, 73.10, 68.58, 67.69, 33.36, 28.52.
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F NMR (283 MHz, CDCl:) & —65.60. HRMS (FD+) m/z [M']* calculated for
C1sH16BrF3N,0,: 428.0347, found: 428.0337.

5.5.1.3 General procedure for the thermal crosslinking of cyclohexane, as a small-

molecule model for C—H containing polymer substrate

Cyclohexane was degassed by sparging with argon for 10 minutes, while stirring.
A 11-12 mM solution of the desired diazirine in the degassed substrate was then prepared
in a flame-dried heavy-walled pressure vessel with a PTFE bushing as a pressure seal.
After sealing the vessel under an argon atmosphere, the reaction was immersed in an oil
bath at 100 °C and stirred at that temperature for 1 hour. After cooling the mixture to
room temperature, the reaction was transferred into a round bottom flask and

concentrated in vacuum to provide the crude product.

C—H insertion product 5.7: Following the above general procedure for the C—H
insertion experiment, diazirine 5.3 (30 mg, 0.088 mmol) was activated in cyclohexane
(8 mL, 11 mM). After completion, the batch was concentrated under reduced pressure
and the desired product 5.7 (28 mg, 0.071 mmol) was obtained as a colorless oil, which
was used without further purification. '"H NMR (300 MHz, CDCls) & 8.16 (d, J = 1.1 Hz,
1H), 7.42 (s, 1H), 7.17 (d, J = 8.7 Hz, 2H), 7.07 (s, 1H), 6.89 (d, J = 8.7 Hz, 2H), 4.80 —
4.69 (m, 2H), 4.36 — 4.27 (m, 2H), 2.99 (qd, J = 10.1, 8.1 Hz, 1H), 2.02 — 1.84 (m, 2H),
1.81 — 1.71 (m, 1H), 1.66 — 1.58 (m, 2H), 1.53 — 1.44 (m, 1H), 1.38 — 1.31 (m, 1H), 1.17
—1.01 (m, 3H), 0.84 — 0.73 (m, 1H). F NMR (283 MHz, CDCls) § —63.72.

C—H insertion product 5.8: Following the above general procedure for the C—H

insertion experiment, diazirine 5.4 (100 mg, 0.23 mmol) was activated in cyclohexane
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(20 mL, 12 mM). After completion, the batch was concentrated under reduced pressure
and the desired product 5.8 (110 mg, 0.23 mmol) was obtained as a colorless oil, which
was used without further purification. "TH NMR (500 MHz, CDCl3) § 7.39 — 7.32 (m, 4H),
7.13 (d, J= 8.2 Hz, 2H), 6.89 (d, J = 8.3 Hz, 2H), 4.63 (s, 2H), 4.51 — 4.46 (m, 2H), 4.21
—4.10 (m, 2H), 3.87 — 3.77 (m, 2H), 3.08 — 2.89 (m, 1H), 2.02 — 1.85 (m, 2H), 1.79 —
1.72 (m, 1H), 1.67 — 1.58 (m, 2H), 1.52 — 1.46 (m, 1H), 1.34 — 1.28 (m, 1H), 1.18 — 1.05
(m, 3H), 0.85 - 0.78 (m, 1H). '’F NMR (471 MHz, CDCl3) 6 —63.71.

5.5.1.4 Synthetic procedures to simulate the reactivity of C—H insertion products 7
and 8 during protein immobilization using isopropylamine as a small molecule

model

Small-molecule model immobilization product 5.9: Compound 5.7 (20 mg, 0.05
mmol, 1.0 equiv.) was reacted with isopropylamine (0.043 mL, 0.51 mmol, 10 equiv.) in
dichloromethane (0.2 mL, 0.25 M) under ambient atmosphere. After overnight stirring at
room temperature, the reaction was concentrated under reduced pressure and then
quenched with NaOH solution (0.5 M) and extracted with diethyl ether (x 3). The
combined organic layer was extracted further with NH4Cl saturated solution. The solvent
was removed to afford the desired product 5.9 (18 mg; 92%) as a colorless oil without the
need for further purification. '"H NMR (500 MHz, CDCl3) 8 7.14 (d, J = 8.2 Hz, 2H),
6.88 (d, /=8.2 Hz, 2H), 4.60 (s, 1H, NH), 4.47 — 4.34 (m, 2H), 4.22 — 4.11 (m, 2H), 3.81
(hept, J = 6.5 Hz, 1H), 2.98 (qd, J = 10.2, 7.9 Hz, 1H), 2.02 — 1.86 (m, 2H), 1.79 — 1.72
(m, 1H), 1.66 — 1.58 (m, 2H), 1.53 — 1.46 (m, 1H), 1.35 — 1.25 (m, 2H), 1.15 (d, /= 6.4
Hz, 6H), 1.12 — 1.05 (m, 2H), 0.86 — 0.78 (m, 1H). '3C NMR (126 MHz, CDCl3) &
158.21, 155.48, 130.43, 127.80, 127.43 (q, J = 281.1 Hz), 114.59, 66.60, 63.08, 55.44 (q,
J =252 Hz), 43.28, 38.66, 31.64, 30.80, 26.30, 26.23, 26.15, 23.12. ’F NMR (471 MHz,
CDCl3) 6 —63.71 (d, J = 10.2 Hz). HRMS (FD+) m/z [M’]" calculated for C20H2sF3NOs:
387.2021, found: 387.2026.
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Small-molecule model immobilization product 5.10: To a solution of C-H
insertion product 5.8 (30 mg, 0.062 mmol, 1.0 equiv.) in dichloromethane (0.25 mL,
0.25 M) at room temperature, isopropylamine (0.053 mL, 0.62 mmol, 10 equiv.) was
added under ambient atmosphere. After overnight stirring at room temperature, the
reaction was concentrated under reduced pressure and then quenched with NaOH
solution (0.5 M) and extracted with diethyl ether (x 3). The combined organic layer was
dried over sodium sulfate. The solvent was removed to afford the desired product as a
colorless oil. The crude materials were purified by silica gel chromatography using
pentane and ethyl acetate mixture as eluent. Several 1-3 mL fractions were collected in
I-dram wvials. Fractions that contained the desired product were combined and
concentrated to afford desired product 5.10 (20 mg; 70%) as a colorless oil. '"H NMR
(500 MHz, CDCls) & 7.39 — 7.30 (m, 4H), 7.14 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 8.6 Hz,
2H), 4.60 (s, 2H), 4.13 (t, J=4.9 Hz, 2H), 3.85 - 3.77 (m, 4H), 2.98 (qd, /= 10.1, 7.6 Hz,
1H), 2.89 (hept, J = 6.4 Hz, 1H), 2.03 — 1.85 (m, 2H), 1.81 — 1.71 (m, 1H), 1.68 — 1.57
(m, 2H), 1.54 — 1.46 (m, 1H), 1.33 — 1.26 (m, 1H), 1.14 (d, /= 6.2 Hz, 6H), 1.12 — 1.03
(m, 2H), 0.86 — 0.76 (m, 1H). 13C NMR (126 MHz, CDCls) § 158.42, 137.21, 130.35,
128.73, 128.11, 127.55, 127.53, 127.42 (q, J = 281.3 Hz), 114.62, 73.23, 68.59, 67.52,
55.43 (q, J = 25.2 Hz), 50.75, 48.18, 38.66, 31.65, 30.79, 26.32, 26.23, 26.16, 22.37. 1F
NMR (471 MHz, CDCl3) 8 —63.70 (d, J = 10.2 Hz). HRMS (FD+) m/z [M']" calculated
for Co7H36F3NO2: 463.2698, found: 463.2741.

5.5.2 Materials and methods for immobilization tests

Materials: All commercial materials were used as received unless otherwise noted.
Polydimethylsiloxane SYLGARD 184 silicone elastomer kit was obtained from
Ellsworth Adhesives Inc., (Stoney Creek, ON, Canada). Methanol, bovine serum albumin
(BSA), human immunoglobulin G (Ig G) and IgG-FITC were ordered from Sigma-
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Aldrich, USA. The Na'?I was obtained from the McMaster University Nuclear Reactor
(Hamilton, ON, Canada).

Preparation of PDMS Substrates: To prepare the native PDMS substrates, the
prepolymer base and curing reagents were combined at a 10:1 mass ratio, stirred for 10
minutes to ensure even distribution, and poured into a petri dish. To eliminate bubbles,
the mixture was placed in a desiccator for 30 minutes before being cured at room
temperature for 48 hours. Following the curing process, circular disks with a diameter of
6 mm were punched out from the PDMS substrates and utilized either as controls or for
subsequent surface modification.

Surface Modification with Diazirine Molecules: Three diazirine molecules 5.3,
5.4 and 5.5 were dissolved in methanol to prepare 10 mg/mL solutions respectively. The
PDMS disks were rinsed three times with Milli-Q water and immersed in a 96-well plate
containing diazirine solution (250 pL/well). The plate was then placed in a fume hood
and left to evaporate the solvent overnight. After evaporation, the PDMS disks were
activated by heating in an oven at 100 °C or exposure to 360 nm UV light for 1 hour. The
PDMS surface was then washed twice with methanol to remove any side reaction
products.

Water contact angle measurements: Surface wettability was evaluated using a
goniometer (Ramé-hart, Model No. 100-00 115)). In brief, 5 uL droplets of Milli-Q water
were deposited onto the sample surfaces utilizing a micro syringe. The contact angles of
the water droplets on the PDMS surfaces were then observed and recorded via the sessile
drop method. To ensure accurate measurements, six different disks were chosen for each
sample type to measure the water contact angle on the surface.

Atomic force microscopy (AFM): The surface roughness of both control and
modified PDMS surfaces was assessed by utilizing AFM (Bruker Dimension iCon). The
AFM images were obtained in tapping mode under ambient conditions in air. A carbon
cantilever with a spring constant of k= 2.8 N/m was automatically adjusted to a scan rate
of 1 Hz, and the scan area was 5 um X 5 um. The obtained AFM data were analyzed
using Gwyddion software, and the average root-mean-square (RMS) roughness taken

over the entire image was reported as the surface roughness.
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Figure S5.1 Three-dimensional images of AFM characterization of control and diazirine-

modified PDMS surfaces; Scans are 5 pm x Sum.

ATR-Fourier transform infrared (FTIR) spectroscopy . Fourier transform infrared
spectroscopy (FTIR) with attenuated total reflectance (ATR) mode was used to analyze
the diazirine-modified PDMS surface. Spectra of native PDMS, PDMS-diazirine, and
diazirine solution were acquired to investigate the chemical composition. Prior to FTIR
analysis, all samples were freshly prepared and air-dried at room temperature. An ATR-
FTIR spectrometer (Nicolet 6700, Thermo) was utilized to record the spectra in the 500-
4000 cm™' range.

X-ray photoelectron spectroscopy (XPS): X-ray photoelectron spectroscopy
analysis was performed using a K-Alpha XPS system (ThermoFisher Scientific, East
Grinstead, UK) with an Al K-Alpha monochromatized X-ray source with a 400 pm spot

size. Charge neutralization was achieved using a low-energy electron/ion (Ar) flood
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source. Survey spectra were acquired with a pass energy of 200 eV and a point density on
the energy axis of 1 eV/step to identify all detectable surface species. Regional scans
were performed with lower pass energy (50 eV) and a correspondingly higher point
density (0.1 eV between points) for quantification. Spectra were collected at a 20° angle
relative to the surface plane with minimized analysis time and X-ray exposure.
ThermoFisher's Avantage software was used to process the data, with surface elemental
compositions calculated from background-subtracted peak areas derived from
transmission function-corrected regional spectra. Relative atomic percentages were
calculated using sensitivity factors provided by the instrument manufacturer. One
measurement per sample type was carried out on three independent sample surfaces to
ensure data reproducibility.

Radiolabelling and Immobilization of BSA and IgG: BSA and IgG were labelled
with Na'?*I using the iodine monochloride (IC1) method. The labelled protein was filtered
with an AG 1-X4 anion exchange resin to eliminate free '?°I. Labeled protein was
precipitated in 20% trichloroacetic acid (TCA) and centrifuged for 5 min. The
supernatant, containing free iodide ion (i.e. not bound to protein) was counted on a
Wizard Automatic Gamma Counter. Tests were conducted to determine residual free
iodide and levels were maintained below 3%. For studies of protein adsorption from
buffer, solutions were prepared with labelled and unlabelled protein in a 1:9 mass ratio.
BSA and IgG solutions were prepared, at concentrations of 2 mg/mL and 1 mg/mL,
respectively. The PDMS substrates were equilibrated in phosphate buffered saline (PBS,
pH 7.4) overnight and then samples were incubated with BSA and IgG for 24 hours at
room temperature. Following adsorption, the samples were rinsed three times with PBS,
for 10 min each. The samples were lightly wiped to remove the residual adherent buffer
and the radioactivity was counted with a gamma counter (Wizard Automatic,
PerkinElmer). Radioactivity was converted to protein adsorption amounts based on
corresponding solution counts. For each type of sample, 3 disks were repeated.

Sodium Dodecyl Sulfate (SDS) Elution of the Immobilized Proteins: Following
radioactivity counting, 1 mL of 2% SDS was added to each sample to elute loosely
adsorbed protein. The samples were then incubated in SDS for 24 hours at room

temperature with shaking. The SDS solution was subsequently removed, and the sample
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surfaces were rinsed three times with PBS buffer for 10 min each. Finally, the samples
were dried, and the gamma counter was used to measure the radioactivity.

Confocal Laser Scanning Microscopy (CLSM): The diazirine modified PDMS
surfaces were incubated with 1 mg/mL of FITC-labelled IgG for 24 hours in the dark.
After incubation, the samples were rinsed three times with PBS. The distribution of
FITC-labeled 1gG on the modified PDMS surfaces was visualized by confocal laser
scanning microscopy (Nikon A1R Upright) with a 10X objective and a 488 nm excitation
laser. Image analysis was performed using Image J software.

Statistical Analysis: For each test method, data for at least three independent
samples was collected. Data are presented as means * standard deviation. To assess
statistical significance, a one-way ANOVA was performed with Tukey’s post hoc
analysis using GraphPad Prism software. Results were considered statistically significant

for *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001.
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Chapter 6: Summary and Future Work

6.1. Contributions to the Field of Aryl Diazirine Chemistry and
Applications in Materials Science

The research work described in this thesis has focused on the design, synthesis,
optimization, and applications of trifluoromethyl aryl diazirine molecules in materials
science. The central core of this work is based on a fundamental investigation of aryl
diazirine reactivity towards C—H insertion reactions, which provided valuable insights
into the design and synthesis of optimal crosslinkers for low-functionality commodity
polymers. In addition, to build upon this success, the modification of the tether which
connects the two diazirine moieties was explored, and in particular, cleavable linkages
were incorporated into the rationally designed small molecule crosslinkers, enabling the
exploration of new applications in polymer upcycling and polymer functionalization.
Finally, alternative methods for polymer functionalization were explored by directly
linking a reactive functional group to the diazirine motif, retaining its functionality
through surface functionalization steps. Through this work, the potential uses of
trifluoromethyl aryl diazirine chemistry are expanded beyond materials science, with
significant contributions to fundamental understanding and innovative solutions for
polymer science.

Chapter 2 described a detailed assessment of structure—function relationships
within several families of momno-aryl-diazirines via a combination of synthetic and
computational investigations, calorimetry experiments (DSC), and model C—H and O-H
insertion reactions. Ultimately, we identified the optimal electronics for favoring C—H
insertion reactions with low-functionality polyolefins. The yield of C—H insertion to
cyclohexane (a convenient small-molecular model for polyethylene) was significantly
improved by up to ~15-fold under thermal activation conditions, and up to ~4-fold using
photochemical activation. We also showed that these reactions work under ambient
conditions, exposing reagents and substrates to air and moisture. These highly significant

findings will be of use to many other research groups who are currently using diazirines



309
in a broad range of applications from photoaffinity probes to tissue adhesion,
photopatterning, and polymer crosslinking.

Building upon this study, we then explored a new generation of ether-linked bis-
diazirine crosslinker in Chapter 3. Our electronically optimized crosslinking reagent was

36,61 and, for the first time, enabled

more than 10 times as effective as previous generations
the use of visible light and low temperatures for diazirine activation. The effectiveness of
the electron-rich tether has been shown at the molecular and polymer level through the
ability of the new linkers to covalently adhere low functionality substrates and to
strengthen ultra-high molecular weight polyethylene fabrics.

We furthered the field of low-functionality polymer upcycling by developing new
generation crosslinkers where cleavable linkages were installed into electronically
optimized bis-diazirine reagents. The result is a useful new series of chemical tools that
can be exploited to turn commodity, low-functionality thermoplastics into reversible
thermosets: crosslinked materials in which the linkage between polymer chains can be
cleaved with the application of specific chemical inputs (acid, base, or fluoride anions).
In Chapter 4, for the first time, we used dynamic mechanical thermal analysis to both
qualitatively and quantitatively characterize the crosslinked thermosets. Additionally, we
see substantial possibilities for these cleavable bis-diazirine crosslinkers to upcycle mixed
polyethylene/polypropylene wastes into covalent composites.

Chapter 5 explores the broader application of trifluoromethyl aryl diazirine
reagents for protein immobilization on low-functionality surfaces. To enhance protein
immobilization, newly synthesized diazirine molecules conjugated with electrophiles
were used to modify PDMS substrates. Importantly, the study demonstrates that reactive
electrophiles can be directly attached to the surface without undergoing unwanted
reactions with reactive singlet or triplet carbenes. The resulting substrates were
characterized, and the amount of protein on the surface was quantified. This result
highlights the potential for this broadly applicable surface modification technique to be
translated to other materials and contribute to the development of biotechnological and

medical devices.
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6.2. Future Work

Following on from the results presented in this thesis a number of future research
directions could be pursued and are outlined below.

Expanding the structural diversity of the aryl diazirine scaffold is a major
direction of interest for future development of this technology. Research on diazirines has
focused predominately on trifluoromethyl-substituted aryl diazirine since Brunner’s
discovery in 1980, as discussed in Chapter 2. However, fluorinated molecules in
materials are becoming increasingly unfavorable due to their environmental persistence
and potential risks to human health.2332%* As a result, it is prudent to consider alternatives
for the a-trifluoromethyl group. In Chapter 2, we studied the activation temperature and
activation free energy for aryl diazirines containing different a-substituents using
calorimetry and computational analysis. However, we did not investigate the relationship
between these substituents and their ability to efficiently insert X—H (X = C, N, O) bonds
experimentally.

To address this gap, I propose conducting a future study on X—H insertion
reactions using thermally and photochemically activated aryl diazirines containing a
variety of a-substituents (Figure 6.1a). Due to the ability of electron-withdrawing groups

to stabilize diazirines,''?

I suggest exploring a series of aryl diazirines with alpha
electron-withdrawing groups such as nitrile, ester and trichloromethyl groups.
Trifluoromethyl aryl diazirines are traditionally synthetized starting from the
corresponding trifluoromethyl ketone and several steps are required to produce the
desired product. Conversely, the synthetic route to a-Cl aryl diazirine is known since
1965, when Graham et al reported a one-step oxidation reaction that converts amidine to
diazirine using sodium hypochlorite (bleach) as reagent.?> The chloride substituent in the
diazirine formed from the Graham reaction can also be displaced with various
nucleophiles such as fluoride (using TBAF) or as cyanide (using tetrabutylammonium
cyanide).?>® The nitrile is a great isosteric replacement of the trifluoromethyl group and
eliminates the issue of having fluorine content in the molecule. Previous literature reports
suggest that cyanophenyl diazirine is thermally unstable,’>%° however, this problem
could be potentially addressed by tuning the electronics around the aromatic ring.

Alternatively, the inclusion of an ester group can be considered. Ethyl diazoacetate (EDA,
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Figure 6.1b) is a commonly used diazo compound, in which the ester group is utilized for
safe manipulation and increasing the degree of electrophilicity of the carbenoid.?6%26! The
results from these future investigations will not only help us to design new molecules
without the presence of fluorinated carbons but also allow us to compare the X-H

insertion efficiency of different diazirine scaffolds.

Figure 6.1 a) Proposed a-substituent electronics to examine X—H insertion efficiency. b)
The structure of ethyl diazoacetate.

In Chapter 4, we successfully developed a more efficient route to electronically
optimized diazirine reagents. This same approach can also be applied to streamline the
synthesis of non-cleavable electronically optimized bis-diazirine 4.11. To achieve this,
we can react suitable linkers with the key building block, ethylene glycol diazirine as
illustrated in Figure 6.2. Furthermore, our research in Chapter 4 revealed that crosslinkers
containing less-polar tethers (compound 4.6 and 4.11) crosslinked paraffin wax more
efficiently than crosslinkers 4.4 and 4.5, which have more-polar tethers. To enhance
polymer crosslinking performance, a range of different linkers (Figure 6.2) can be
incorporated into bivalent or multivalent diazirine reagents to facilitate effective

recycling purposes on different substrates.
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Figure 6.2 Schematic representation of potential linkers for one-pot synthesis of
electronically optimized diazirine crosslinkers.

With the proof-of-concept of recycling low-functionality polymers having been
developed in Chapter 4, the next step is to focus on the real-life application of post-
consumer mixed plastic wastes. One approach is to integrate a melt-extrusion step using a
twin-screw extruder, which can mix plastic waste streams and crosslinkers more
efficiently, as illustrated recently in the work from the Chen group.?”” We can also
incorporate dynamic linkages such as boronic esters with internal B-N coordination
bonds (Figure 6.3) into diazirine reagents. Dynamic B—O bonds have been widely used
for constructing multifunctional recyclable polymers due to their dynamic
properties.'””?62 The dissociation of B-N coordination bonds upon loading provides an
efficient energy dissipation pathway for the crosslinked network.?6*264 Therefore,
introducing dynamic B—O bonds with internal B-N coordination into covalent networks

would be an ideal platform for designing high performance thermoset materials.
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Figure 6.3 The proposed structure of the tetra-diazirine crosslinker with internal B-N
coordination bonds in cyclic boronic esters.

In conclusion, the trifluoromethyl aryl diazirine reagents studied in this work
demonstrate exceptional efficiency in C—H insertion reactions, and in the crosslinking of
low-functionality polymers. The unique features of these diazirine reagents make them an
excellent choice for addressing the recyclability issues of existing low-functionality
commodity polymers. With a better understanding of diazirine chemistry, researchers can
develop novel and innovative methods for converting used plastic waste into recyclable
and degradable materials. This research provides a strong foundation for the development
of new strategies for the sustainable management of plastic waste, opening up new
possibilities for sustainable materials and reducing the environmental impact of plastic

waste.
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Appendix

Appendix A: NMR Spectra
"H and '3C NMR spectra of S3.1 in CDClj:



340
'H, 13C, and "F NMR spectra of $3.2 in CDCls:



341
"H and '°F NMR spectra of $3.3 in (CD3).CO:



342
"H and '°F NMR spectra of S3.4 in CDCls:



343
'H, 13C, and "F NMR spectra of $3.5 in CDCls:



344
"H and '°F NMR spectra of $3.6 in CDCls:



345
'H and 'F NMR spectra of $3.7 in CD;0D:



346
'H, 13C, and "F NMR spectra of $3.8 in CDCls:



347
"H and '°F NMR spectra of $3.9 in CDCls:



348
'H, 13C, and "F NMR spectra of $3.10 in CD,Cl:



349
"H and '°F NMR spectra of S3.11 in (CD3)>CO:



350
"H and '°F NMR spectra of $3.12 in CDCls:



351
'H, 13C, and "F NMR spectra of $3.13 in CDCls:



352
'H, 13C, and ""F NMR spectra of mono-diazirine 4.2 in CDCls:



353
'H, 3C, and "F NMR spectra of mono-diazirine 4.3 in CDCls:



354
'H, 13C, and ""F NMR spectra of bis-diazirine 4.4 in CDCls:



355
'H, 13C, and ""F NMR spectra of bis-diazirine 4.5 in CDCls:



356
'H, 13C, and ""F NMR spectra of bis-diazirine 4.6 in CDCls:



357

'H, 13C, and °F (inset shows proton coupled '°F) NMR spectra of compound 4.7 in
CDCl;:



358

'H, 13C, and '°F (inset shows proton coupled '°F) NMR spectra of compound 4.8 in
CDCl;:



359

'H, 13C, and '°F (inset shows proton coupled '°F) NMR spectra of compound 4.9 in
CDCl;:



360
29Si NMR spectrum of compound 4.9 in CDCls:
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'H, 13C, and "°F (inset shows proton coupled '°F) NMR spectra of compound 4.10 in
CD2Cla:



362
'H, 13C, and ""F NMR spectra of imidazole carbamate diazirine 5.3 in CDCls:



363
'H, 13C, and ""F NMR spectra of benzyl bromide glycol diazirine 5.4 in CDCl;:



364
"H and '°F NMR spectra of C-H insertion product 5.7 in CDCls:



365
"H and '°F NMR spectra of C-H insertion product 5.8 in CDCls:



366

'H, 13C, and '°F (inset shows proton coupled '°F) NMR spectra of amine-functionalized
compound 5.9 in CDCls:



367

'H, 13C, and '°F (inset shows proton coupled '°F) NMR spectra of amine-functionalized
compound 5.10 in CDCl;:



Appendix B: DSC Data

Representative DSC data for D2.2 (top) and D2.3 (bottom):
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Representative DSC data for D2.4 (top) and D2.5 (bottom):

0.4
—LB-Cha-095-3 20200714
] N=N
CF4
o 024
=
O 4
E Enthalpy (normalized): 121.30 J/g
= Peak temperature: 127.59 °C
E 1 Onset x: 103.18 °C
ZO Heat per mole: 22579.2 J/mol
z ]
o
o
©
£ 004
BRI e A S S S e S S T
40 60 80 100 120 140 160 180
Exo Up Temperature T (°C)
1.500
—LB-2-071-SFM_009_FL_2 20200223
N=N
] CF3
1.075 Br

Heat Flow (Normalized) Q (W/g)
o
1<)
(5
[=]
1

Enthalpy (normalized): 553.61 J/g
Peak temperature: 132.34 °C
Onset x: 105.57 °C

Heat per mole: 146724 J/mol

-0200 4———F—7—7—"F—"—F7—+—

T
120
Exo Up Temperature T (°C)

369



Representative DSC data for D2.6 (top) and D2.7 (bottom):

3.40
—LB-TCI-BnOH-diazirine-2 20200807
. N=N
2.68 - CF3
HO
=) |
=
o 1.96 4
=1
3 J
N
g 1 Enthalpy (normalized): 1134.5 Jig
2 Peak temperature: 131.95°C
= 1 Onset x: 106.84 °C
3 104 Heat per mole: 245241 Jimol
[
© J
@
T
0.52 4
\ |
-0.20 -—— 7
40 60 80 100 120 140 160 180 200
Exo Up Temperature T (°C)
2.00
—LB-SFM-093-1 20200311
. N=N
] F
156 - CFs
] Br
o |
=
o 1124
o
3 J
N
© 4
g Enthalpy (normalized): 787.43 J/g
z Peak temperature: 133.19 °C
= Onset x: 101.96 °C
u_? 0.68 4 Heat per mole: 219741 J/mol
®
L)
T
0.24 4
N f
-0.20 T T T T T T T T T T T T T T T T T T T T T T T T T T T
40 60 80 100 120 140 160 180 200
Exo Up Temperature T (°C)

370



Representative DSC data for D2.8 (top) and D2.9 (bottom):
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Representative DSC data for D2.10 (top) and D2.11 (bottom):
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Representative DSC data for D2.12 (top) and D2.13 (bottom):
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Representative DSC data for D2.14 (top) and D2.15 (bottom):
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Representative DSC data for D2.16 (top) and D2.17 (bottom):
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Representative DSC data for 4.3 (top) and 4.4 (bottom):



377
Representative DSC data for 4.5 (top) and 4.6 (bottom):



378
DSC traces for iPP and PE mixture vehicle control (top, sample VC) and crosslinked with
10 wt% of 4.11 (bottom, sample G):
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DSC traces for iPP and PE mixture crosslinked with 10 wt% of 4.4 (top, sample C), 4.5

(middle, sample O), and 4.6 (bottom, sample S):
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— Ramp 10.00 °C/min to 200.00 °C
— Ramp 10.00 °C/min to -90.00 °C
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— Ramp 10.00 °C/min to 200.00 °C
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DSC traces for iPP and PE mixture vehicle control after NaOH treatment (top, sample
VC) and crosslinked with 10 wt% of 4.11 after NaOH treatment (bottom, sample G):
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— Ramp 10.00 °C/min to -90.00 °C
— Ramp 10.00 °C/min to 200.00 °C

Enthalpy (normalized): 69.798 J/g
Peak temperature: 156.21 °C
Onset x: 146.99 °C

-100
Exo Up

T T
-50 0 50 100
Temperature T (°C)

T
150 200



381

DSC traces for iPP and PE mixture crosslinked with 10 wt% of 4.4 (top, sample C) after

NaOH treatment and 4.5 (bottom, sample O) after NaOH treatment:

3
— Ramp 10.00 °C/min to 200.00 °C
— Ramp 10.00 °C/min to -90.00 °C
— Ramp 10.00 °C/min to 200.00 °C
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DSC traces for iPP and PE mixture vehicle control after TBAF treatment (top, sample
VC), crosslinked with 10 wt% of 4.11 after TBAF treatment (middle, sample G), and 10
wt% of 4.6 after TBAF treatment (bottom, sample S):



