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Abstract 

The KAT ligation proceeds when potassium acyl trifluoroborates (KATs) couple with 

hydroxylamines, forming an amide bond in aqueous environment with remarkable 

chemoselectivity, robustness, and reaction rates. The reactivity of KAT ligation depends on 

both the structure of the KAT and of the hydroxylamine. Under certain circumstances, when 

the hydroxylamine oxygen is unsubstituted, a KAT nitrone intermediate is formed reversibly 

between the KAT and the hydroxylamine. From this dynamic KAT nitrone, a static amide bond 

can be formed upon acidification.  This “two-step” KAT ligation via KAT-nitrone formation could 

be a candidate for building a dynamic chemical system which can be fixed by acidification. 

 

Chapter 2 of this thesis sets out to explore the properties of KAT nitrones, including their 

formation, spectroscopic properties, and reactivity. Mild and aqueous conditions for KAT 

nitrone formation were identified, which enabled the investigation of the dynamic exchange of 

KAT-hydroxylamine pairs, as well as conditions for converting the KAT nitrone into an amide. 

These findings supported our earlier hypothesis that KAT nitrone formation was dynamic, and 

laid the foundation for KAT-nitrones to power dynamic chemistries.  

Covalent Organic Frameworks (COFs) are structure-rigid, pore-persistent, highly 

crystalline materials with high surface areas that have found widespread applications. The 

formation of COFs relies on conditions for the dynamic formation of their constituent bonds, 

as crystallinity arises from reversible assembly. Chemical bonds with higher dynamicity form 

COFs with higher crystallinity, but are also more prone to hydrolysis, setting up a trade-off 

between COF stability and crystallinity. We hypothesized that by building COFs with KAT-

nitrone bonds, the COF assembly could be performed with high dynamicity under aqueous, 

ambient conditions to achieve crystallinity. The resulting KAT-nitrone COF could be fixed into 

a permanent, chemically more resistant amide COF by its acidification. 
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A collection of highly symmetric di-, tris-, and tetra KATs were designed and synthesized, 

along with the complementary bis- and tris hydroxylamines, as potential KAT-nitrone building 

blocks. The KAT-nitrone formation among these building blocks was facile in aqueous 

conditions, yet no crystalline COF products were formed in our hands. Findings related to 

these multivalent building block KATs and hydroxylamines were nonetheless interesting and 

were summarized in Chapter 3. 

 

In Chapter 4 we explored the possibility of using KAT-nitrones for creating a Dynamic 

Covalent Library for the search of suitable PROteolysis TArgeting Chimera (PROTAC) linkers. 

During the preparation of the required library building blocks, we encountered the need of a 

new class of alkyl KATs, α-alkoxy KATs, which could not be easily synthesized with existing 

methods. To overcome this, new cyclic KAT reagents that expedite the synthesis of alkyl KATs 

from alkyllithiums were designed, evaluated, and reported in Chapter 5. 

 

Chapter 6 collects some KAT related findings that couldn’t fit in the other chapters. 
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Zusammenfassung 

Die KAT Ligation tritt ein, wenn Kalium Acyltrifluoroborate (KATs) auf Hydroxylamine 

treffen und eine Amidbindung in wässrigem Medium mit einer beachtlichen Geschwindigkeit, 

Chemoselektivität und Robustheit formen. Die Reaktivität der KAT Ligation hängt beträchtlich 

von der Struktur ihrer Reaktionspartner, den KATs und den Hydroxylaminen, ab. Verwendet 

man N-monoalkylierte Hydroxylamine, kann ein KAT-Nitron-Intermediat reversibel mit einem 

KAT geformt werden. Vom KAT Nitron-Intermediat aus, kann unter Zugabe von Säure das 

entsprechende Amid gebildet werden. Diese “two-step” KAT Ligation, die über ein Nitron-

Intermediat verläuft, könnte zum Aufbau eines Dynamic Chemical Systems verwendet werden, 

das unter Protonierung fixiert werden kann.  

 

Das zweite Kapitel dieser Thesis befasst sich mit der Erkundung der Eigenschaften von 

KAT-Nitronen, einschliesslich ihrer Reaktivitäten und spektroskopischen Eigenschaften. Milde 

und wässrige Bedingungen für die Herstellung von KAT-Nitronen konnten identifiziert werden, 

die eine Untersuchung des dynamischen Austausch von KAT-Hydroxylamin-Paaren 

ermöglichten, wie auch die Umsetzung dieser Nitrone in ihre entsprechenden Amide. Diese 

Resultate unterstützen die Hypothese, dass die KAT-Nitron-Bildung dynamisch abläuft und 

gestatten ihre Nutzung für Dynamic Chemistries.  

Covalent Organic Frameworks (COFs) sind strukturell harte, poröse und hochkristalline 

Materialien mit grossen Gesamtoberflächen und besitzen infolgedessen eine Reihe von 

Anwendungen. Die Bildung von COFs beruht auf der dynamischen Herstellung ihrer einzelnen 

Bindungen, aus der ihre Kristallinität hervorgeht. Chemische Bindungen, die sich mit hoher 

Dynamik formen lassen, bilden COFs mit hoher Kristallinität, sind jedoch auch anfälliger für 

Hydrolysen, wodurch ein Trade-off Szenario zwischen Stabilität und Kristallinität entsteht. 

Diese Betrachtungen führten zur Annahme kristalline COFs mit hoher Dynamik und unter 

milden und wässrigen Bedingungen über eine  KAT-Nitron-Bindung herstellen zu können. Das 
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daraus resultierende KAT-Nitron-COF könnte über eine Ansäuerung in ein permanentes und 

chemisch resistenteres Amid-COF umgewandelt werden.  

 

 

Eine Reihe von hochsymmetrischen bi-, tri-, und tetra-funktionalen KATs wurden designt 

und synthetisiert, wie auch ihre komplementären Hydroxylamine, die als potentielle KAT-

Nitron Bausteine fungieren können. Die KAT-Nitron Bildung war einfach unter wässrigen 

Bedingungen herzustellen, jedoch konnten keine kristallinen COFs daraus geformt werden. 

Interessante Erkenntnisse konnten aus den Experimenten mit multivalenten KAT- und 

Hydroxylamin-Bausteinen gewonnen werden und wurden in Kapitel 3 zusammengefasst.  

 

In Kapitel 4 wurde die Möglichkeit untersucht eine Dynamic Covalent Library mit KAT-

Nitronen aufzubauen, um geeignete PROteolysis TArgeting Chimera (PROTAC) Linker zu 

finden. Während der Synthese der benötigen Bausteine für die Zusammenstellung einer 

Library, wurde eine neue Klasse vom aliphatischen KATs benötigt, den α-alkoxy KATs, die 

mit den zur Verfügung stehenden Methoden nicht einfach hergestellt werden konnten. 

Daraufhin wurde ein neues zyklisches KAT-Reagenz designt, das die Herstellung von Alkyl-

KATs aus einem Alkylithium in einem Schritt ermöglicht (Kapitel 5).  
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Kapitel 6 beinhaltet Resultate, die mit KATs zusammenhängen und inhaltlich nicht zu den 

oben genannten Kapiteln passen.  
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1.1. Acyl borons, acyltrifluoroborates (KATs) and KAT ligation 

1.1.1. KAT as a keystone acylboron 

The bonding between a carbonyl group and a boron atom has never been boring since 

their discovery in 1937, when Burg and Schlesinger prepared borine carbonyl from borane 

and carbon monoxide.1,2 The structure elucidation of borine carbonyl by vibrational 

spectroscopy came a decade later in the 1950s.3,4 In the 60s, Hillman and Brown reported that 

treating trialkylboranes with carbon monoxide initiated a series of boron to carbon alkyl shifts, 

giving trialkylcarbinol or dialkyl ketones depending on the reaction conditions,5–8 through a 

proposed acylboron intermediate. Such structures were not isolated until the first stable 

acylborane was reported by Nozaki et al. in 2007, where the substituent on boron was a rigid 

diamine that stabilized the tricoordinate borone.9 Shortly thereafter, tetra-coordinated 

acylboronates were synthesized and found to be stable. Acylboron compounds have since 

recently enjoyed a rapid expansion of their synthetic accessibility10–13 and gained numerous 

applications. Scheme 1 summarizes these milestone structures in the development of 

acylboron chemistry. 

 

Scheme 1. Milestones in the development of carbonyl-boron compounds. 

The Bode group has been exploring the synthesis and applications of potassium acyl 

trifluoroborates (KATs) since 2012.14,15 KATs are usually bench-stable crystalline solids, which 

benefits their synthesis, purification, and handling. As of today 25 KATs are commercially 

available from Sigma-Aldrich, along with reagent 1, allowing one-step synthesis of KATs from 

aryl halides or boronic acids.16,17 Its constituent parts, namely the acyl group and the 

trifluoroborate moiety, both have their own rich repertoire of reactivity as shown in Scheme 2. 
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Scheme 2. KAT exhibits both reactivity at the carbonyl and the trifluoroboryl group as an acylboron. 

The reactivities of KATs can also be vaguely categorized into those derived from the 

trifluoroborate group, and reaction of the carbonyl group. The following two sections describe 

briefly the current developments in both categories. 
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1.1.2. KAT Ligation 

The KAT ligation is an amide bond forming reaction of KATs and hydroxylamines14,15 or 

chloroamines,18 during which the C–B bond and the N–O or N–Cl bond cleaves (Scheme 3). 

The chemical energy stored in KATs and hydroxylamines, both chemically stable, allows KAT 

ligation to operate rapidly yet selectively in the presence of unprotected nucleophilic functional 

groups under aqueous conditions without the need for a catalyst. This grants KAT ligations 

the ability to form native amide bonds quickly in complex, biological relevant environments, 

which is not enjoyed by most bioconjugation reactions with some exceptions such as native 

chemical ligation (NCL).19,20 

 

Scheme 3. KATs and acylboronates react with hydroxylamine or chloramines to form amides in 

aqueous environments. 

Since the departure of the boron group is a pivotal event during KAT ligation, exchanging 

ligands on the boron provided an opportunity to alter KAT ligation reactivities. Some examples 

are shown in Table 1.21–24 Substituting three fluorides on the boron with a tridendate N-

methyliminodiacetic acid (MIDA) ligand forming a MIDA boronate (5), or substituting two 

fluorides with a N-O bidendate forming monofluoro acylboronates (3 and 4) resulted in stable 

acylboronates with KAT ligation reactivity. Some of these acylboronates exhibited faster KAT 

ligation rates compared with KATs, but most of them decompose in aqueous solutions with a 

half-life shorter than one day. In contrast, KATs are usually stable in aqueous solutions. Both 

the stability and reactivity of the acyl monofluoroboronates were sensitive to the ligand 

structure, and ground state destabilization has been proposed to the reason of increased 

ligation rate.23 
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Table 1. Stability of acylboronates in aqueous solution and their relative ligation rate of acylboronates 

with hydroxylamine. R1 = p-methylphenyl. KAT 2 was only slightly less reactive than the acylboronates 

but was significantly more stable. 

Being able to substitute the ligand on boron also provided an entry point to install 

molecular recognition sites for template-enhanced ligations, which was demonstrated earlier 

in our group.25 As shown in Scheme 4, a desthiobiotin was introduced on both the the boronate 

ligand of a KAT-derived monofluoroacylboronate 6 and the hydroxylamine 7 O–substituent. 

Desthiobiotin was recognized by streptavidin, which acts as a template to bring the two 

reactants together and increase their mutual effective molarity. After the ligation, both 

desthiobiotin templates were cleaved from the ligation product, rendering this a traceless 

template ligation. 

 

Scheme 4. Traceless templated KAT ligation. The streptavidin template brings the acylboronate and 

the hydroxylamine into proximity. The desthiobiotin and linker do not remain on the product after ligation. 
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A suitable O–substituent on the hydroxylamine is also crucial to its KAT ligation reactivity. 

It was found that hydroxylamines like 13 with N,N-diethylcarbamoyl group as the O–

substituent gave the best balance between reactivity and stability,15 not unlike the situation 

where BF3 substitution on the boron was the optimal balance among other substituents such 

as MIDA or monofluoro-pyridyl-phenol boronates mentioned above.23  

 

 

Table 2. Relative reactivities of 8 - 13 with various R group substituent on the hydroxylamine oxygen. 

The amine conditions for stability test were either piperidine 20% in DMF or 10 equiv phenylethylamine 

in DMF. Acid condition was 50% TFA/CH2Cl2. 
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The combination of bifunctional KATs26 and O–carbamoyl hydroxylamine has made KAT 

ligation applicable in various applications. Hydrogels can be formed and chemically decorated 

with KAT ligation27–31. Proteins with a hydroxylamine handle such as 17 can be PEGylated by 

PEG-KAT 15, dimerized with PEG-di-KAT 16 or immobilized on support via KAT ligation.28,32,33 

Post-polymerization modification of a polymethacrylate with KAT pendant groups 19 can be 

achieved under dilute aqueous conditions34. All of these applications were enabled by the 

stability of both KATs and O-carbamoyl hydroxylamines in aqueous reaction media, and the 

fast kinetics of KAT ligation, which have a second order rate constants as high as 10 M-1 s-1.35 

 

Scheme 5. Application of KAT ligation for hydrogel formation, protein conjugation and polymer 

modification. 
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1.1.3. Reactions at the KAT carbonyl group 

The carbonyl part of the KAT group can exhibit reactivities similar to ordinary carbonyl 

groups. For instance, they form thioacetals31 which was used as a protection group for KATs 

against ligation. They can also be formed from the oxidation of α-hydroxyboronates just like a 

ketone or an aldehyde can be formed from the corresponding alcohol. An example is seen in 

a novel KAT synthesis reported by Ito et al.36,37  

 

Scheme 6. Examples of KAT carbonyl group reactivity A: The KAT carbonyl can be formed by the 

oxidation of an α-boryl alcohol. KAT can also undergo condensation with a 1,3-dithiol to form a 
trifluoroboryl dithiane. B: KAT 20 was found to cyclize upon deprotection of its amino group, forming a 

trifluoroboryl imine 21.12 

Just as carbonyl compounds form imines and iminiums, KATs also condense with amines 

to form trifluoroborate iminiums(TIMs).12,38,39 Their formation transforms KATs, an ionic salt, 

into charge neutral zwitterionic compounds that are soluble in a wider range of organic 

solvents. TIMs are also less polar and therefore more amendable to chromatography than the 

corresponding KATs. The formation of TIMs occur under mild conditions when KATs were 

mixed with an amine and acid, and their hydrolysis require one equivalent of base be added 

to the reaction mixture. Unlike ordinary iminiums, iminium-enamine tautomerizations was not 

observed in TIMs, which makes them a suitable electrophilic synthetic intermediate to react 

with organometallic nucleophiles, granting synthetic access to highly substituted amine 

structures including α-aminoboronic acids39 and N,N-alkylated α-tertiary amines38. TIMs can 

also be oxidized swiftly into amides, affording tertiary amides that are otherwise harder to 

obtain.40 
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Scheme 7. Trifluoroborate iminiums (TIMs) were formed by condensing a KAT with a secondary amine. 

A: TIMs were not observed to isomerize into enamines and allowed the nucleophilic attack from 

Grignard reagents to occur smoothly, forming α-aminotrifluoroborates, which can be hydrolyzed with 
fluorophilic reagent to form α-aminoboronic acids. B: α-aminotrifluoroborates formed this way can also 

be oxidized with Barluenga’s reagent to eliminate the trifluoroborate forming an iminium, which can then 
be treated with a second Grignard reagent to form α-tertiary amines in a three-component fashion. C: 

Oxidation of TIMs with hydrogen peroxide gives the corresponding amide. 

1.2. KAT nitrones 

Just like TIMs, KAT nitrones also belong to the category of KAT carbonyl condensation 

products. Their discovery was also deeply linked with the early investigations on KAT ligation 

reactivity. When the first general KAT synthetic route was established,12 it was already known 

that KATs can form imine like condensations such as trifluoroborate imine 21 (Scheme 21) 

and nitrone 33. The original expectation was that KATs may have an amide forming reactivity 

towards hydroxylamines, similar to α-ketoacids in KAHA ligations.41–45 It turns out out that 

under KAHA ligation type I conditions KAT 30 reacts with O-H hydroxylamine 31 only to form 

nitrone 33 and not amide product 32, unlike the corresponding α-ketoacid 34 which exhibit 
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KAHA type I reactivity. The need to transform the hydroxylamine oxygen into a better leaving 

group to enable KAT ligation reactivity was only discovered shortly after. Had we realized that 

O-substituted hydroxylamines ligate better with KATs at before that point, O–H 

hydroxylamines might have not been tried, and KAT nitrones may have been overlooked for 

longer. 

 

Scheme 8. Early investigation in the reactivity of KAT towards hydroxylamine and it's comparison with 
an α-ketoacid. A: Benzyl KAT 30 did not form amides with O–H hydroxylamine 31 directly, unlike α-

ketoacids, B: Phenylpyruvic acid 34 can be regarded as the carboxylate equivalent of 30 and reacts 

with N-phenethyl hydroxylamine 31 to form an amide. This was termed KAHA type I ligation, in contrary 

to KAHA type II ligation where the hydroxylamine has an O-substituent like in 35. KAHA type I prefers 

the reaction media to be anhydrous.46 

While KAT nitrones are stable, isolable compounds, early studies suggested that their 

formation was reversible, and further acidification could convert them into the corresponding 

amides.47 Similar to the amide formation from oxidation of TIMs, where a nitrogen bearing 

reactant condenses with KAT to form an intermediate in a reversible manner, this can be 

regarded as a “two-step KAT ligation.” The slow kinetics or requirement of additional reagents 

to initiate the subsequent second step allows the first step to reach equilibrium. We believe 

this feature would make KAT nitrones useful towards dynamic chemistry, which is the main 

theme of this thesis. 
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Scheme 9. Two-step amide formation reactions through an imine-like condensation products with KATs. 
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1.3. Dynamic Chemistry 

1.3.1. Systems chemistry and dynamic chemistry 

A dynamic system of chemical reactions, constantly breaking and forming chemical bonds, 

is what keeps us alive. Earlier this century, the term systems chemistry was proposed to 

describe an emerging chemical approach to analyze or create dynamic systems pertaining to 

the chemical origin of life, which exhibit self-organizing, self-amplifying, or energy-dissipative 

behaviors.48 The scope of  systems chemistry soon expanded as it grew, to cover studies 

towards any dynamic chemical system, as advocated by Otto.49 These include concurrently 

expanding fields including dynamic combinatorial chemistry,50–56 dynamic combinatorial 

libraries (DCLs),57–59 and dynamic covalent chemistry.54,60–64 

 

Scheme 10. In 2000 Stoddart et al. reported61 the reversible imine bond formation allowed the 

components in cage compound 36 to be exchanged. They also observed that acid catalysis facilitated 

the imine exchange, as well as the release of the cage content. The term “dynamic covalent bond” was 

used to describe this kind of behavior. 
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Synthetic chemists spend most of their effort in the careful combination of reagents, 

starting materials, and operations to direct the reaction outcome to a kinetically controlled state, 

in a way encoding the reaction conditions into the reaction outcome63. Dynamic chemistry on 

the other hand emphasizes another dimension of information input, relying on a common 

reaction condition experienced by a system of multiple possible reactants. It probes the energy 

landscape of all possible combinations, and finally records the result in form of chemical bonds. 

 

Figure 1. An analogy of chemical space as a puzzle maze. Synthetic chemists have specialized in 

finding the solution out to the desired target by navigating the possible paths on the potential energy 

surface. Where as in systems chemistry, the emphasis was turned to the attempt to sample, measure, 

and perhaps understand the whole maze.  

The progress of dynamic chemistry was fueled by chemists’ improving capability in 

analyzing complex mixtures in real-time, for instance as analytic techniques like ESI mass 

spectrometry65 became widely accessible, or as liquid chromatography tandem mass-

spectrometry (LCMS) became common.66 Methods like scanning tunneling microscopy that 

can reveal the collective behavior like the geometry of molecular assembly have also found 

application in analyzing dynamic chemical systems.67 The development of supramolecular 

chemistry and molecular recognition also offered more non-covalent interactions to be studied 

by dynamic covalent chemistry.59,62,68–72 Efforts aiming at controlling supramolecular 

interactions eventually enabled the construction of dynamic molecular systems such as 

molecular machines, which was awarded the 2016 Nobel Prize in Chemistry.  
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1.3.2. Dynamic chemical bonds used in dynamic chemistry 

The foremost requirement of a dynamic chemical system is to have a dynamic chemical 

bond that can form and break reversibly. Ideally, there should also be a trigger to switch on or 

off the dynamicity of the chemical bonds, if one wishes to store information in the bond 

configurations for readout later. Imines,58,69,73,74 acyl hydrazones,75,76 oximes,77 and nitrones78 

have been utilized for dynamic covalent chemistry. These carbonyl condensation linkages are 

generally dynamic at an acidic pH, and fixed when acid is removed. Disulfides66,79,80 have also 

been used in dynamic combinatorial libraries and can be fixed oxidatively, and promoted to 

exchange by light irradiation.81 Diselenides82 has been incorporated into DCC system in a 

similar manner. Boronate linkages also exchange readily in the presence of water by 

reversible hydrolysis.83 The dynamic forming and breaking of C–C bonds can be seen in 

systems based on reversible cycloaddition, olefin and alkyne metathesis.84–86 
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Scheme 11. Dynamic covalent bonds and the conditions to promote their exchange. 

A few dynamic covalent systems can be used to form amide bonds. Dynamic imine bonds 

in covalent organic frameworks can be converted to a static bond by oxidation.87 Recently 

Arndtsen et al. reported a dynamic N-α-chloroalkyl amide formed between imines and 

acylchlorides (Scheme 12A), which can be fixed into a static amide by either reduction, 

hydrolysis or alkoholysis of the α-chloride.88 Reversible amide bond formation was also 

observed at specific peptidic sites in reversible native chemical ligation conditions89 and in 

sortase catalyzed peptide N-terminus acylations.89 When catalysts such as Zr(NMe2)4 or 

thermolysin were used, the formation and breakdown of peptide bonds could also be dynamic, 

with no sequence selectivity on the peptide cleavage/formation site.90,91  
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Scheme 12. Examples of reversible amide formation. A: N-α-chloroalkyl tertiary amide forms reversibly 

when acyl chlorides were mixed with imines in CD3CN, and can be transformed irreversibly into 

secondary amides by hydrolysis, tertiary amides by reductive dehalogenation or alcoholysis of the 
chloride.88 B: When N-methyl cysteine was used at a NCL site, the NCL can be pushed in the reverse 

direction by addition of another thiol, in this case DTT, and give rise to dynamically formed amide 
bonds.89 C: When dipeptide mixture FD and FS were treated with thermolysin, an endoprotease, a 

dynamic mixture of peptide tetramer, hexamer and octamers were formed. The octamer FDFSFDFS 

was selectively amplified due to hydrogen bond directed self-assembly.91   
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1.3.3. Bond dynamicity enables chemical system to adapt to stimuli 

Dynamic chemical systems react and adapt to environmental perturbation and have 

enabled several applications.92–95 Polymer cross-links reacting to mechanical stress give rise 

to a class of materials termed “vitrimers” that exhibits a desirable mix of properties between a 

thermoplast and a thermoset.96 Dynamic polymers connected with dynamic bonds can be 

degraded back to monomeric units and recycled.97 The crystallinity of Covalent Organic 

frameworks (COFs) also benefits from the dynamic, reversible bond formation during its 

synthesis, which allows self-correction of structural defects and relaxation of stress.98,99  

  

 

Scheme 13. Dynamic chemical linkages in polymers can be used to generate A: Dynamically 

crosslinked-polymer termed vitrimers or B: polymers constructed through dynamic such as enamine 

polymer 40, which can be depolymerized back to separable building blocks ketone 41 and triethylene 

tetramine (TREN). 

Lehn et al. demonstrated a dynamic library that adapts to both physical and chemical 

stimuli as shown in Scheme 14. Acylhydrazone 42 isomerizes to cis-42 upon irradiation and 

loses its binding affinity to zinc ion. Hydrazone 44 in the cis form benefits from an 

intramolecular hydrogen bond and is stabilized.  The system is shifted towards 44 + 45 under 

irradiation, and favors the combination 42 + 43 when Zn(II) is present.75 
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Scheme 14. A dynamic covalent chemical system that responds to light and the presence of zinc ion. 

42 formed from 2-pyridinecarboxaldehyde, was stabilized in trans form when Zn(II) can be chelated, 

and 44 was a favored configuration when pyridine-2-yl hydrazones were driven into the cis-configuration 

photochemically. 
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Two examples of dynamic combinatorial libraries for host-guest interaction are shown 

below. A Dynamic Combinatorial Library from eight di-thiols has been shown by Otto et al. to 

contain roughly 9000 unique compounds was shown in Scheme 15. With the combination of 

HPLC and mass spectrometry two hits containing just four dithiol units were found to have 

micromolar affinity towards a small molecule, ephedrine, although the isomeric forms of the 

hits were not identified.66  

 

Scheme 15. A: A dynamic combinatorial library by Otto et al. contained eight dithiols 46 – 53 was added 

the recognition target molecule ephedrine. This library was estimated to contain 9000 unique compound. 
B: the library mixture was analyzed by HPLC, where the upper chromatogram was the blank control 

without no ephedrine added. Certain peaks were formed or enriched in the lower chromatogram due to 

template effect between the library and the target molecule. Subsequent mass spectrometry analysis 
disclosed the enriched peaks to have the composition (51)2(53)2 and (51)(53)3, which were subjected 

to isothermal titration calorimetry as a mixture of isomers, and found to have binding constants of 77 
μM and 67 μM respectively. The chromatogram was adapted from “Two-Vial, LC−MS Identification of 
Ephedrine Receptors a Solution-Phase Dynamic Combinatorial Library of over 9000 Components”66 

with permission. Copyright (2008) American Chemical Society. 
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Ciulli et al. used a smaller library,79 which consisted of the components shown in Scheme 

16, to answer a more specific question. The R group on compound 54–56 was shuffled 

dynamically to achieve optimal binding towards M. tuberculosis pantothenate synthetase. 

Thiols 54 and 57 – 64 were mixed in a glutathione redox buffer to form the library mixture. 

After adding the target protein, the intensity of the HPLC peak corresponding to disulfide 55, 

which was the combination of 54 and 57 increased. The synthesized hit 55 had a binding 

affinity of 210 μM. Further derivatization from 55 reached their strongest protein binder 56 with 

70 μM affinity. 

 

Scheme 16. A dynamic library used by Ciulli et al. to identify a binder for M. tuberculosis pantothenate 

synthetase. 

Both examples shown above were based on disulfide linkages. Detection of the shift of 

equilibrium in the dynamic library can quickly identify tight binding hits to the target molecule. 

These dynamic bonds in the hits identified from a dynamic library, complicates their analysis 

due to their dynamic nature. Also the exchange condition for disulfide linkages may interfere 

with cysteine containing proteins, especially ones with important, labile disulfide bridges. We 

expect that KAT nitrones to be a good candidate in creating a dynamic library without these 

two drawbacks, since KAT nitrones form and exchange under physiological conditions, and 

can be converted into the amide by acidification. 
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1.4. Nitrone Chemistry 

1.4.1. Nitrones and their formation 

The name nitrone was first used by Pfeiffer in 1916 when he was carrying out the 

synthesis of an indole derivative 66 from the photochemical ring closure of 65. He identified 

that compound 66 has a functional group that contains a nitrogen and has similar properties 

to a ketone to form a condensation product 67 with hydroxylamine, just as ketone 68 forms 

oxime 69 when treated with hydroxylamine.100 

 

Scheme 17. Pffeifer's nitrone: nitrogen-ketone 

Nitrone chemistry, especially their synthesis and cycloaddition reactivity were already well 

studied and reviewed in the early 20th century.101–106 The impact of nitrone chemistry continued 

its presence in synthetic organic chemistry till today.107–116 The rich redox chemistry of nitrone, 

along with its controlled oxidation outcome compared to other nitrogen containing compounds 

such as hydroxylamine or nitroso compounds, also enabled a variety of nitrone synthesis 

methods via oxidation as new oxidants and catalysts emerge.117–120  A few of these oxidative 

nitrone formation methods were highlighted below in Scheme 18. 
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Scheme 18. Nitrone synthesis from the oxidation of nitrogen containing compounds. A: The catalytic 

oxidation of piperidine occurs in the presence of butyl vinyl ether, which traps the nitrone formed in situ. 
B: Perruthenate catalyzed hydroxylamine oxidation is sensitive to steric bulk and gave the less 

substituted nitrone. C: The Fukuyama synthesis of N-monoalkyl hydroxylamine relies on the controlled 

oxidation of cyanomethyl amine to the nitrone, followed by its hydroxylaminolysis. 

1.4.2. Reactivity of nitrones  

 

Scheme 19. Nitrone undergoes 1,3-dipolarcycloaddition to form isoxazolidines 

 Nitrones are powerful synthetic intermediates, especially as 1,3-dipoles that undergo 

cycloaddition to form isoxazolidines.108 Isoxazolidines are valuable synthetic intermediates 

with various downstream transformations.121 For example, a hidden 1,3-aminoalcohol can be 

released reductively. The stereochemical control of such cycloadditions were also well 

established, both in the cases of intermolecular and intramolecular reactions.122 The following 

synthesis of dl-cocaine reported by Turfariello utilized three intramolecular dipolar 

cycloaddition steps, in which the last one constructed the bicyclic tropane skeleton at the same 

time fixing the stereochemistry at position 2 and 3. 
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Scheme 20. The dl-cocaine total synthesis by Tufariello. In the overall sequence contained three nitrone 

dipolar cycloadditions steps marked in blue arrows, with one of them serving to protection nitrone 72 

before the dehydration step to form 74 . The stereochemistry at position 2 and 3 (shaded in blue) was 

defined during the last cycloaddition (75 – 76). 

The diastereoselectivity of intermolecular nitrone dipolar cycloadditions can be controlled 

by chiral auxiliary groups. Vasella has shown that a sugar derived oxime-hydroxylamine 79 

condenses with aldehydes to form a nitrone, which undergoes cycloaddition with an olefin with 

facial selectivity, leading to the enantioselective synthesis of 5-oxaproline 82 as an analog of 

a proline derivative angiotensin-converting-enzyme (ACE) inhibitor. This strategy was 

employed by our group in the enantioselective synthesis of various oxaxoline derivatives used 

for KAHA ligation. 
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Scheme 21. Asymmetric intermolecular nitrone 1,3-dipolar cycloaddition. A: Treating D-mannose with 

hydroxylamine gives oxime 79, which has a hydroxylamine tautomeric form that undergoes nitrone 

formining condensation with aldehydes to form nitrone 80. B: Cycloaddition of nitrone 80 with ethylene 

gave isoxazolidine 81 with 54% diastereomeric excess. The stereochemical purity of 81 can be 

improved by repetitive crystallization before cleaving off the chiral auxiliary. C: Aspartic acid forming 
KAHA ligation monomer 83 was synthesized following a similar strategy. The cycloaddition of 

difluoroethylene did not have observable diastereoselectivity, but the two diastereomers are well 
resoluted by recrystalizaiton. α-ketoacid forming KAHA ligation monomer 84 was also prepared 

following the same strategy. 

Another important aspect of nitrone reactivity is their radical trapping capability.123 They 

readily take up a radical at the carbon to form a N-oxide, for instance nitrone NXY-059 forms 

85. NXY-059 was once found to have neuroprotective efficacy in preventing oxidative damage 

during ischemic stroke, but later found to have significance in clinical studies.124,125 The radical 

accepting reactivity, however, can be used to alkylate nitrones. Reductive coupling between 

nitrones and a α,β-unsaturated olefin or allenoates was reported.126,127 Nitrones also undergo 

carboxylation with CO2 when reduced by SmI2.128  
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Scheme 22. Radical reactivity of nitrones 

1.4.3. Dynamic behavior of nitrones 

Nitrones are also known to hydrolyze back to the corresponding carbonyl compound and 

hydroxylamine, resulting in the exchange of aldehyde-hydroxylamine pairs. In 2008 Philp et 

al. prepared a dynamic nitrone system 86 and 87 in CDCl3 in equilibrium with 88 and 89. This 

system is responsive towards addition of a di-acid guest molecule that interacts strongly with 

nitrone 89. Naota et al. studied the ring opening metathesis of cyclic nitrones in CHCl3 

catalyzed by tosylic acid. It is interesting to see that the ring opening of cyclic nitrone was 

reversible for 91 and 92, but irreversible for 9- and 10- membered ring cyclic nitrones 93 and 

94.129 
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Scheme 23. The equilibrium of a nitrone dynamic chemical system was shifted by the addition of diacid 

90, which was recognized by nitrone 89 with high affinity.  

 

Scheme 24. Ring opening metathesis of cyclic nitrones. 
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2  

Properties and dynamics of KAT nitrones 

什麼是不變的呢？ 

 

一切記憶與書寫 

不過是刻舟求劍： 

我們把事件的記憶 

深鏤船舷 

流動的河水卻在原處 

改變了事件 

 

What doesn’t change? 

 

All memories and writings 

Are but cutting a mark for a sword overboard 

Memories from an event 

We carve into the hull 

Yet the flowing stream where it happened 

Has already altered it all 

羅智成—藍色時期 XIV / Chih-Cheng Lo– Blue era XIV 

 

Early observations have indicated that KAT nitrones could be a dynamic chemical bond, 

suitable for dynamic chemistry as described in 1.2. This expectation motivated us to 
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characterize the dynamic formation of KAT nitrones and their subsequent conversion to a 

static amide linkage, which will be described in sections 2.3  – 2.5. Before that, a comparative 

account of the spectroscopic properties and reactivities of KAT nitrones, versus that of normal 

nitrones, will be given in sections 2.1 – 2.2. 

 

 
2.1. Reactivity comparison with normal nitrones 

2.1.1. KAT nitrone forms easier than aldehyde nitrones 

The most direct way to synthesize a nitrone is to mix an aldehyde or a ketone with a 

hydroxylamine, while using drying agents or Dean-Stark trap to remove the water 

formed.104,105,109,115 Microwave-assisted conditions130 and ball-mill solvent-less setups131 have 

been developed to improve nitrone synthesis yields through this condensation route. Some 

nitrones hydrolyze readily in the presence of water, or even undergo solvolysis with ethanol.104 

On the contrary, KAT nitrones form quantitatively even when KATs and hydroxylamines were 

mixed in aqueous solutions without the need of desiccants or drying procedures. Adding 

hydroxylamine to KATs in low mM or μM concentration range in 1:1 CH3CN-water always 

gives a detectable nitrone peak in the LCMS chromatogram of the mixture, and was routinely 

used as a rapid test to check if a hydroxylamine or a KAT was formed under a given condition. 

As an example, the LCMS from reaction depicted in Scheme 25C was shown in Figure 2. 
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Scheme 25. A: Aldonitrone synthesis requires water removal. B: KAT nitrone synthesis is less sensitive 

towards water in the reaction media. C: During the condition screening for the synthesis of 95, which 

gave a mixture of KATs 95 and 96, hydroxylamine 97 was used as a probe for KAT formation. 

 

 

Figure 2. LCMS analysis of a mixture of KAT 95 (2 mM), 96 (trace) with hydroxylamine 97 (5 mM) in 

1:1 CH3CN showed formation of nitrone 98 (Peak 3) and 99 (Peak 2) with a little remaining 95 (Peak 1) 
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The synthesis of KAT nitrones faces other unique challenges. The reaction solvent should 

dissolve the KAT, but must not react with hydroxylamines. KAT typically dissolves well in polar 

aprotic solvents such as DMF or DMSO, which is hard to remove after the reaction. 

Chromatography is often required to purify a KAT nitrone, and most of the yield loss occurred 

during the chromatography step. 

The solvent of choice for KAT nitrone formation will be discussed further in Section 2.3.1. 

2.1.2. Cycloaddition 

When KAT-nitrones were first synthesized12 we were immediately interested in their 

possible cycloaddition products. The 1,3-dipolar reactivity of KAT nitrones still has not been 

realized today, eight years later. Simple KAT nitrones were subjected to common 

conditions108,132,133 for the addition between normal nitrones and unsaturated compounds, 

such as alkynes or olefins, but so far signs of the desired reactivity were not observed.  

 

Scheme 26. KAT nitrones did not undergo cycloaddition reactions with alkyne and olefin dipolarphiles 

Difference in steric bulk as well as electronic structure of KAT nitrones from typical 

nitrones could be responsible in the modulation of the cycloaddition reactivity. The steric size 

of the BF3 group was larger than a hydride or primary alkyl group. The negative charge of the 

BF3- group as well as the difference between a C-B bond and a C-H bond could have both 

perturbed the frontier orbital of the C=N+(R)O- system. Some insights might be obtained from 

the crystal structures of nitrones and KAT nitrones.134,135  
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Scheme 27. C=N and C–O bond lengths from crystal structures of nitrones. The C=N bond and N–O 

bond length  in alkyl and aryl aldonitrones are more similar to each other (Δ < 0.005 Å), whereas the 

KAT nitrone C=N / N–O length difference is 0.22 Å, suggesting that the conjugation between the C=N 

and N–O bonds is less prominent in a KAT nitrone. 

2.1.3. Slow light promoted rearrangement 

Normal nitrones are known to undergo light-triggered rearrangements to form oxaziridines, 

which further rearranges to amides.115,136 An aromatic KAT nitrone 100 was subjected to 

various photochemical conditions, but only 254 nm UV irradiation of a solution in quartz tube 

gave detectable amount of amide product 101. The conversion was too low for light irradiation 

to be a practical way to fix a nitrone into an amide. 
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Figure 3. UV chromatogram from the LCMS analysis of p-bromophenyl KAT nitrone (100) solution 

irradiated under 254 nm. Solvent: 1:10 MeOH-H2O. Concentration: ~ 3mM. 

2.2. Spectroscopic properties of KAT nitrone 

2.2.1. Infrared spectroscopy 

Some distinct bands in the infrared spectrum can be identified for a KAT nitrone. A strong 

absorption around 1070 cm-1 corresponding to the N–O stretching reported for aromatic 

nitrones109 was found to overwhelm the B–F stretching patterns, which is the most prominent 

feature in the IR spectrum of a KAT from 900 cm-1 to 1200 cm-1. The band at 1635 cm-1 was 

broadened compared with the KAT and corresponds to the C=N stretching band reported for 

aromatic nitrones. 
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Figure 4. Infrared spectra of p-bromophenyl KAT and its N-benzyl nitrone 

2.2.2. Nuclear Magnetic spectroscopy 

The NMR features of a KAT nitrone is demonstrated with p-fluorophenyl KAT- 

propylphenyl nitrone as shown in Figure 5. The KAT nitrone group was slightly more 

deshielding than a reference aryl aldonitrone137 the 13C and 1H nuclei on its N-substituent. The 

chemical shift of the α-methylene protons on the N-propylphenyl group was 4.17 ppm (CD3CN), 

compared to 3.84 ppm (CDCl3) in the aryl aldonitrone reference, and 2.90 ppm (CD3CN) in N-

propylphenyl hydroxylamine before condensation with the KAT. The 13C chemical shift (180 

ppm) of the C=N group in the KAT nitrone was also more downfield than that in the aldonitrone 

(161 ppm). The deshielding power of a KAT nitrone group was however lower than that of a 

KAT group, which contains a carbonyl group with chemical shift 230 ppm. The proton on the 

phenyl ring ortho to the KAT group also shifted significantly, from 8.06 ppm to 7.38 ppm. The 

chemical shift difference of the ortho aryl protons and nitrogen α-methylene protons turned out 

to be useful in determining the composition of a KAT/KAT-nitrone/hydroxylamine mixture. The 

13C peaks suffer from severe broadening due to the B–C quadrupolar coupling, similar to the 

situation with alkyl trifluoroborates138 and cannot be well resolved without particularly long 

measuring time. For example, a 100 mM sample typically requires ~10000 scans on a 600 

MHz spectrometer. 
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Figure 5. 1H and 13C NMR charaterstics of a KAT nitrone 102 

19F and 11B NMR also give clear indications of a KAT nitrone as shown in Figure 6. Both 

the boron peak and the fluorine peak shifted downfield when a KAT was converted to the 

nitrone. The B–F coupling constant decreases from about 50 Hz to around 40 Hz. The 19F 

spectrum was particularly useful to detect residual KAT during KAT nitrone synthesis due to 

the wide chemical shift spread and lack of interfering peaks compared to 1H NMR. However, 

19F NMR could not give a quantitative measure without modifying the acquisition pulse 

sequence since the 19F relaxation time of KATs and KAT nitrones were different.  

 

Figure 6. 19F and 11B NMR signature of a KAT nitrone 
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Cis-trans isomerism was observed during the formation of nitrone 100. The singlet peak 

in the 1H NMR at 5.12 and 4.68 ppm were assigned to the methylene protons from the (Z) 

and the (E) nitrone, respectively (Figure 7). The (Z) nitrone was found to be the more stable 

isomer in DMSO-d6, and the isomerization rate constant measured at 80 °C was found to be 

around 4.65 * 10-6 M-1s-1 (Figure 8). 

  

 

Figure 7. Isomerization of nitrone 100 traced with 1H NMR in DMSO at 80 C. 
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Figure 8. Kineic plot for the isomerization of nitrone 100. 

2.2.3. UV-Vis spectroscopy 

Figure 9 shows the UV absorption spectra of some KATs and their N-benzyl nitrones. 

The absorption profiles of KAT nitrones varied greatly with the KAT incorporated, but in 

general a KAT nitrone exhibits a red-shifted tailing absorption from the longest wavelength 

peak of the KAT. This feature can be used to measure the nitrone content in a mixture with 

the corresponding KAT, and allowed the kinetic measurements of fast KAT nitrone formation 

by UV absorption. 
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Figure 9. UV absorption spectra of some KATs and their N-benzyl nitrones 
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2.3. Conditions for KAT-nitrone formation 

2.3.1. Solvents 

To prepare nitrones from the condensation between KAT and hydroxylamines, the chosen 

solvent must dissolve the KAT. Most KATs dissolve well only in polar aprotic solvents such as 

acetone, acetonitrile, DMF, and DMSO. Acetone was the first solvent of choice to extract a 

KAT from the reaction mixture after being synthesized, but it was not compatible with 

hydroxylamines due to oxime formation. Acetonitrile was a better choice and was for a long 

time the standard solvent for KAT nitrone synthesis. Recently however, we found that 

hydroxylamines were not stable at higher concentrations in acetonitrile. 

KAT-nitrones were soluble in all solvents that dissolve KATs, and additionally dissolve 

well in methanol or methanol-chloroform mixtures. We tried to suspend p-bromophenyl KAT 

in a MeOH solution of N-benzyl hydroxylamine, to see whether the KAT could be gradually 

converted to the nitrone which dissolves away, but no nitrone conversion was detected. 

 

Solvent outcomes 

Acetone Reacts with hydroxylamine 97 

CH3CN Good conversion. Reacts slowly with the hydroxylamine 

if not quickly consumed. 

EtOAc Did not dissolve 103 

THF Did not dissolve 103* 

H2O Did not dissolve 103 

Methanol Did not dissolve 103 

DMF Good conversion, difficult to remove. Often co-elutes with 

the nitrone on silica column 

DMSO Good conversion. Very difficult to remove. 

1:1 CH3CN-H2O Good conversion. Works well for di-, tri- and tetra-KATs 

Table 3. Solvent screening for KAT nitrone synthesis with p-bromophenyl KAT 103 and N-benzyl 

hydroxylamine 97 as model substrates. *: p-tolyl KAT partially dissolves in THF and gave some 

conversion. 
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2.3.2. Effect of water 

After the preliminary finding that acetonitrile could be a suitable solvent for KAT nitrone 

synthesis, we wished to quantify of how fast the nitrones form. A series of kinetic experiments 

were carried out by mixing KATs and hydroxylamines in deuterated solvents and monitoring 

the concentration change of KATs, hydroxylamines (HA in Figures), and KAT nitrones (Nitrone 

in Figures) over time by NMR. A first surprising outcome was that the nitrone formation is 

faster when performed in an aqueous co-solvent, despite it being a condensation that 

eliminates a water molecule. Figure 10 is an example of this effect using p-bromophenyl KAT 

and N-benzylhydroxylamine. This is an example where a thermodynamic argument (nitrone 

formation equilibrium is more complete when water was removed) should not be mixed with a 

kinetic one (nitrone formation is slower when water concentration was low).  

 

 

Figure 10. Left: p-Br-phenyl KAT reacting with benzyl hydroxylamine in CD3CN. Right: Same reaction 

performed in 1:1 CD3CN-D2O 

The nitrone formation rate dependency on water content complicated the extraction of 

rate constant from experiments done in low water content solvents, since the reaction itself 

produces water. This incurs a self-accelerating effect which could be seen clearly on pyrydyl 

and quinolyl KATs which react faster compared to p-bromophenyl KAT. Their reaction profiles 

are plotted in Figure 11. The reactions were slow for an induction period of three hours, and 

accelerated afterwards. 
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Figure 11. Nitrone formation from pyridyl KAT 104 (Left) and quinolyl KAT 106 in DMSO (Right) 

When the reactions were performed in 1:1 DMSO-H2O mixture, the increase in water 

concentration from the reaction progress became negligible. The reaction profiles return to the 

expected behavior with faster initial rates that slow down as reactants deplete, as can be seen 

in the right hand side plot in Figure 12, where the nitrone formation of n-Butyl KAT was 

measured.  

 

 

Figure 12. Nitrone 109 formation from n-Butyl KAT 108 in DMSO (left) and in 1:1 DMSO-H2O (right). 

The KAT concentration was not measured due to overlap with the nitrone 1H signals. 
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The solvent effect on nitrone formation rate was explored further in DMSO, 1:1 DMSO-

MeOH and 1:1 DMSO-H2O with p-bromophenyl KAT and benzyl hydroxylamine. Methanol can 

also increase the nitrone formation rate, albeit to a lesser extent than water. 1:1 DMSO-water 

mixture was chosen to be the standard reaction media of nitrone formation, in which the 

second order rate constants of some KATs with N-benzyl hydroxylamine were extracted and 

listed below in Scheme 28.  

 

Scheme 28. Nitrone formation rate constants in DMSO-D2O measured with 1H NMR. The 

hydroxylamine used was 97, and the rate constants were second-order. 

 

 

Figure 13. Summary of solvent effect on the formation rate of nitrone 100 from p-bromophenyl KAT 

103. The starting concentration of both 103 and 97 were 10 mM for all reactions, except for that 

performed in 90% D2O/DMSO, which was too fast to measure with 1H NMR under 10 mM. 
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Figure 14. Summary of nitrone formation measured in 1:1 DMSO-H2O. All reactions were performed 

under 20 mM initial concentration of KATs and hydroxylamine 97 excepts for the case of p-OMe-phenyl 

KAT. 

The reaction rates of pyridyl KAT 104 and quinolyl KAT 106 nitrone formation in 1:1 

DMSO-H2O were fast. Starting at 10 mM of both the KAT and the hydroxylamine, the reactions 

ran close to completion within five minutes, making them difficult to be measured by NMR. 

Fortunately, the UV absorption profile of pyridyl KAT and its nitrone was very different, with a 

new band at 330 nm arising only from the nitrone (See Section 2.2). The nitrone formation 

rate was measured by UV absorption change where the temporal resolution was higher than 

NMR. With UV-Vis kinetic measurement we found that pyridyl KAT nitrone formation has a 

second order rate constant of ~ 0.59 M-1s-1 when performed in 1:1 DMSO-H2O.  

 

 

Figure 15. Kinetic measurement of pyridyl KAT nitrone 105 formation in 1:1 DMSO-H2O. 
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2.3.3. Acid catalysis 

The finding that KAT nitrone formation is faster when water or methanol was present led 

us to suspect that nitrone formation is subject to acid catalysis. We then measured the 

formation rate of nitrone 100 under standardized conditions with varying solvent and buffer 

concentrations. HFIP was chosen as a more acidic alcohol. Potassium acetate buffer at pH 

3.8 with concentration from 0.05 M to 0.2 M was added to probe the effect of general acid 

catalysis. The reaction rate constants were measured by UV-Vis. 

 

Solvent kobs (M-1s-1) 

1:1 DMSO-H2O 0.0867 

1:1 DMSO-HFIP 0.159 

1:1 DMSO-0.05 M AcOK buffer 2.17 

1:1 DMSO-0.1 M AcOK buffer 2.88 

1:1 DMSO-0.2 M AcOK buffer 3.57 

Table 4. 2nd order rate constant of the formation of KAT nitrone 100 under various conditions. The 

solution of 103 and 97 potassium acetate buffer were adjusted to pH 4.8 before starting the reaction. 
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HFIP, being more acidic than H2O, accelerated the formation of 100 more than H2O. 

Adjusting the pH to 4.8 accelerated the reaction rate even more, to about 20 times faster than 

that in DMSO-H2O. The observed rate constant has a slight dependence on the concentration 

of buffer used, suggesting a general acid catalysis scheme for KAT nitrone formation. 

𝑘𝑜𝑏𝑠 =  𝑘0 + 𝑘𝐴𝑐𝑂𝐻[AcOH] + ⋯ 

 

Figure 16. Rate constant of 100 at pH 4.8 plotted against the concentration of buffer in the reaction 

mixture. k0 at pH 4.8 can be determined to be 1.82 M-1s-1, and kAcOH was found to be 9.00 M-2s-1. 
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2.3.4. Acetonitrile is not always an innocent solvent 

During the kinetic studies a surprising and alarming discovery came from the CD3CN stock 

solution of benzyl hydroxylamine 97 used. After two days the concentration of the benzyl 

hydroxylamine dropped from 160 mM to 120 mM, and large, transparent crystals precipitated 

from the solution! X-ray crystallography showed that the crystal was an amidoxime adduct139 

between the hydroxylamine and CD3CN. 

 

Figure 17. Amidoxime formation in CD3CN stock solution, evident from the δ 4.8 ppm singlet. 

The pseudo 1st-order rate constant of the amidoxime adduct formation is estimated to be 

about 1.7 *10-6 s -1, assuming the concentration of CD3CN to be constantly 17 M. This may 

seem slow, but is a significant competing side reaction when the reaction being studied is a 

bimolecular event with both reactants at mM concentrations. As shown below in Figure 18, 

the formation of amidoxime is observable even when 1:1 CD3CN-H2O was used instead of 

pure CD3CN as reaction solvent. Hydrolysis of the amidoxime did not proceed under both 

acidic and basic conditions, suggesting amidoxime formation to be an irreversible side reaction 

that greatly impacts nitrone formation studies performed in acetonitrile. Luckily, the 

hydroxylamine was stable in DMSO therefore DMSO-H2O was chosen to be the standard 

condition for kinetic measurements described above. 
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Figure 18. 1H NMR experiment of p-bromophenyl KAT nitrone 100 formation in 1:1 CD3CN-H2O. The 

amdoxime 110 is clearly forming as in parallel with the nitrone formations as told from the singlet peak 

around 4.8 ppm. 

2.4. Nitrone partner exchange 

To probe the exchange of the nitrone partner an isotopomer exchange experiment was 

performed. Nitrones 100 and 112 were prepared and mixed in a 1:1 fashion and left to 

exchange partners, producing nitrones 113 and 114. The hydroxylamine used in 100 was 

benzyl hydroxylamine, and its isotopically labeled version d7-benzyl hydroxylamine was used 

in 112, making the nitrones 100 / 114 a pair of isotopomers, and 112 / 113 another pair of 

isotopomers. As the KATs and hydroxylamines exchange a statistical mixture will be reached 

where [100]:[114] and [112]:[113] approach unity. We assume the ionization yield in LCMS for 

isotopomers be the same, leading to that ion count ratios of isotopomers from LC-ESI-MS 

analysis serving as a close estimate of the real ratio between isotopomer concentrations, 

which is an indicator of the exchange process. The exchange experiment was performed in 

both pH 5 acetate buffer (50 mM) and pH 3 citrate buffer (50 mM) concentration, with the initial 

nitrone concentrations being 10 mM each. LCMS analysis was performed after certain time 

durations and the isotopomer ion count ratios were plotted below in Scheme 29. 
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Scheme 29. Nitrone isotopomer exchange experiment. Isotopomeric ratios were obtained by 

integration of the mass channel of LCMS data (355 – 359 Da for 100, 362 – 366 Da for 114, 318 – 322 

Da and 311 – 315 Da for 112 and 113 respectively). The isotopomeric ratio will approach one as the 

nitrones scramble to a statistical mixture. The equilibration progress at pH 3 were depicted by the solid 

black data points, and were much faster than that observed at pH 5.  

2.5. Nitrone to amide conversion 

2.5.1. Identifying a flash acidification condition 

A remaining challenge of the KAT nitrone dynamic chemistry is whether it is possible to 

lock the dynamic nitrones into a static amide bond. Figure 19  shows a preliminary screen of 

conditions to transform pyridyl KAT nitrone 105 into the amide 115. Acidifying with 10% v/v 

acetic acid after 3 days only gave trace amount of the amide. Treating the nitrone with 20 % 

HCl(aq) successfully transformed the nitrone to amide over 40 min, and the conversion can be 

higher if heated to 60 °C.  20 % HCl(aq) was also effective in transforming KAT nitrones from 
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other classes of KATs listed in Scheme 30, and was a general condition for KAT nitrone 

fixation. 

 

Figure 19. 20% HCl promotes conversion of nitrone to amide. 

 

Scheme 30. KAT nitrones that were tested to convert into amide in 2M HCl 

Conditions of nitrone acidification with weaker acids or HCl with lower concentrations were 

also screened by LCMS, using p-bromophenyl KAT nitrone 100 as a model substrate. Table 

5 summarizes the outcome of subjecting 100 to these conditions. The reactions were carried 

out in aqueous methanol solution, with the nitrone concentration being 3 mM. Under all 

conditions trace amounts of the amide product can be detected with the mass detector, as 

shown in the XIC chromatograms 1 ~ 6 in Figure 20. The mass of the product amide 116 

appears in both the elution time of the nitrone and the amide, but their relative heights increase 

at the amide peak position, as stronger acids are being used. Aqueous hydrochloric acid at 

1.2 M also was not strong enough to facilitate the efficient nitrone-to-amide conversion. The 

broad peak at 2.85 min in UV trace was p-bromophenyl KAT, showing that significant KAT 

nitrone hydrolysis under these conditions. 
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 Conditions Outcome 

1 2 M oxalic acid Slight conversion 

2 0.1 M HATU n.r. 

3 2 M Formic acid n.r. 

4 2 M dichloroacetic acid n.r. 

5 2 M H2SO4 n.r. 

6 0.6 M HCl n.r. 

7 1.2 M HCl n.r. 

8 2.0 M HCl > 50% 

9 2.0 M HCl, 60 °C Complete conversion 

Table 5. Conditions to convert pBr-phenyl KAT nitrone 100 into amide after 4 hr 

  

Figure 20. Extracted Ion Chromatograms (XICs) from reaction mixtures of p-Br-phenyl KAT nitrone 100 

subjected to various acidifying conditions. The UV chromatogram (the lowest line) was shifted 0.04 min 

to the later to align the time of arrival difference between the diode array and mass detector. XIC 

chromatograms collected cations with m/z from 290–293 Da. The UV trace was almost identical under 

all conditions, and that from condition 6 was taken as an example. 
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2.5.2. “Snapshot” experiment 

The condition to fix the KAT nitrone bond into a persistent amide linkage is acidification, 

which also promotes nitrone exchanges shown in Scheme 29. We wished to find a stronger 

acidic condition under which the amide formation can be fast enough to fix the current 

combination of KATs and hydroxylamines quickly, so that this condition can be used record a 

“snapshot” of the off-equilibrium system. Nitrone 105 was dissolved in 5% DMSO-10% AcOH-

H2O to form a 2 mM solution. To this solution,1 equiv of d7-hydroxylamine 97′ was added to 

exchange with the h7-hydroxylamine part of 105. 30s, 60s, 120s, 240s, and 480s after the 

addition of d7-hydroxylamine 97′, a portion of the reaction mixture is mixed with equal volume 

of 12 M HCl(aq) to take a “snapshot” of the distribution of nitrones, represented by the ratio of 

amides [118]:[118′], which changes over time to approach unity. 

 

Scheme 31. Hydroxylamine exchange for "snapshot" experiment 

The results are summarized in Scheme 32. LCMS chromatograms from the snapshots 

indicated complete conversion of nitrone to amide within the ~ 2 minute delay between 

acidification and LCMS injection. The ESI+ mass trace extracted from the amide peak 

indicated a gradual growth of the 118′ abundance, and the decrease of 118. The reaction 

mixtures stored overnight underwent minimal amide formation. We were pleased to see that 

we could use a weak acidic conditions to facilitate the nitrone exchange without prematurely 

fixing the dynamic exchange, and use a strong acidic conditions to quickly freeze the current 

state of exchange without blurring the snapshot to equilibrium state. This validates KAT nitrone 

exchange to be a dynamic chemistry system. 
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Scheme 32. LCMS analysis of the acidification snapshots. Chromatograms (left) were monitored at 254 

nm. The ESI+ ion counts (right) were extracted from the retention time of the amide. 

 

Figure 21. Relative MS intensities from isotopomer pair 118 and 118' converge in the snapshot 

experiment 
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2.6. Summary 

KAT nitrones were found to be a stable compound that can be formed in aqueous 

environments from KATs and hydroxylamines. The spectroscopic behavior of KAT nitrones 

were characterized, so studies on the rate of their formation can be undertaken. The formation 

rate was found to be higher when the H2O contents of the solvent mixtures were higher. The 

KAT nitrone formation rate for KATs were found to be pyridine KATs > butyl KAT > phenyl 

KATs in 1:1 DMSO-H2O. CH3CN was not a suitable solvent for these studies since 

hydroxylamines were reactive towards CH3CN. 

The KAT-hydroxylamine pair exchange of KAT nitrones was also found to be facile in 

aqueous solutions. The exchange rate was pH dependent, with the rate being faster at lower 

pH. Under strongly acidic conditions such as 6 M HCl, a system of KAT nitrones can be 

converted to the amide, before the KAT hydroxylamine partner exchange reaches equilibrium, 

rendering this a viable condition to freeze the combinations of KAT nitrone bonds. These 

findings suggest KAT nitrone to be a fixable dynamic chemical system. 
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KAT-nitrones for covalent organic frameworks (COFs) 
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3.1. Covalent organic frameworks (COFs) 

The first covalent organic frameworks (COFs) were reported by Yaghi et. al in 2005. It 

was constructed from boronic ester condensation,140 and since its premiere as a novel 

crystalline, pore-shape persistent material, novel designs and new applications COFs emerge 

continuously.141 Similar to other rigid porous materials, such as metal organic frameworks and 

zeolites, COFs have shown its capabilities in gas storage, separation, and catalyst 

immobilization due to their shape persistency, high surface area and prominent host-guest 

interactions. With regards to the rational design of these materials, COFs allow the highest 

freedom in terms of chemical diversity. Not long after the report of the first COFs, a variety of 

chemical bonds were employed in COF synthesis including imine,142 borosilicate,143 

hydrazone,144 azine,145 borazine,146 ester,147 and nitrosyl-dimer.148 

 

Scheme 33. Common chemical linkages used for COF formation 

One of the most prominent challenges of COF synthesis is to find conditions to form a 

highly-ordered crystalline material instead of just an amorphous hyperbranched polymer. 

Successful COF synthesis conditions often employ heat and strong acid catalysis, posing a 

restriction on functional groups that can be installed on a building block for COF synthesis. 

The underlying reason for these harsh COF synthesis conditions is that they enhance 

reversibility of bond formation, and allow amorphous regions of the material to reorganize and 

crystallize. This process of annealing an amorphous kinetic product into the final COF has 

been characterized by Dichtel et. al in a boronic ester COF and a imine COF, where addition 

of water or end-capping monomers helps to make the COF formation more reversible, to avoid 

pre-mature precipitation, and results in products with higher crystallinity and surface 

area.98,149,150  

In Chapter 2 we identified that KAT-nitrone formation could be a dynamic chemical linkage 

which is convertible to static amide bonds. We hypothesized that from carefully designed KATs 

and hydroxylamines one might be able to build COFs from forming KAT-nitrone bonds. 
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Furthermore, the KAT-nitrone bond could be later converted by acidification after COF 

formation, forming a hydrolysis-resistant amide COF that is harder to obtain directly due to the 

amide bond formation being less reversible. This would enable the synthesis of amide COFs 

under aqueous and ambient conditions (Scheme 34). Triggering chemical bond formation 

between building blocks after COF assembly has been reported in a few cases.87,151 Yaghi et 

al. reported a similar strategy in 2016, which is shown in in Scheme 35.87 First an imine linked 

COF was synthesized, followed by treatment with Pinnick oxidation mixture which oxidized 

the imine bonds to amide bonds. 

 

Scheme 34. Proposed concept of dynamic COF construction based on KAT-nitrone formation 

 

 

Scheme 35. An imine COF was shown to be convertible to amide COF via oxidation by the Yaghi 

group.87  

We designed a series of symmetrical KATs 119–122 and hydroxylamines 123–126 with 

high degree of symmetry hoping that they might assemble in a reversible manner and 

reorganize into an ordered KAT nitrone framework as depicted in Scheme 35. These 

symmetric di-, tri- and tetra KATs and hydroxylamines were synthesized and the following 

section reports their synthesis. Although the desired KAT-nitrone COFs were not yet obtained 

by the time this thesis was written, the findings and lessons learned along the preparation of 

related KATs and hydroxylamines are none the less of merit and will be summarized in this 

chapter.  
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Scheme 36. Symmetric KAT (119 – 122) and hydroxylamine (123 - 126) building blocks synthesized 

for attempted COF synthesis. 

3.2. Synthesis of multivalent KATs 

Although 4-arm-PEG tetra KATs were already known28 at the beginning of this research, 

the synthesis of small molecule multivalent KATs was still non-trivial. 121 was the first small 

molecule di-KAT synthesized from transition metal catalyzed coupling between two KATs, as 

shown in Scheme 37. During the work-up and purification of this di-KAT, it soon became clear 

that it did not dissolve in acetone or CH3CN, but only in DMF or DMSO.  

 

Scheme 37. Sonogashira coupling on KATs to create a di-KAT. Note that using N,N-diisopropylamine 

as the base afforded very low yields. It was found later that secondary amines can form TIMs with the 

reactant KAT under this condition. 

Previous attempts on preparing multivalent KATs mostly adopted the KAT transfer 

reagent route. The problem was not limited to the product KAT being insoluble in acetone, 

which has also known precedents such as 2-pyridy KATs.17 The key obstacle was the lower 
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solubility of synthetic intermediates that were expected to be hydrolyzed during work-up 

procedures. Scheme 38 describes the synthesis of biphenyl-di-KAT 122. Diiodobiphenyl was 

lithiated with nBuLi and the resulting aryllithium was trapped in situ by the KAT transfer reagent 

to form either a tetrahedral thioaminal intermediate, or a TIM by losing an ethanethiol anion. It 

was found that a mixture of these intermediates was carried over during work up, together with 

the product di-KAT, and was not hydrolyzed efficiently by the workup mixture of KF(aq)/THF. 

The synthesis of this KAT was previously considered unsuccessful152 earlier, probably due to 

this inseparable contamination. 

 

Scheme 38. Insolubility of intermediate complicated multivalent KAT synthesis 

Luckily the mixture of all productive intermediates were soluble in aqueous acetonitrile. 

With stronger basic condition and prolonged work-up time all the KAT groups can be released 

to afford a clean product. The progress of the N,N-dimethyl TIM hydrolysis could be traced by 

19F NMR, or by detecting the generated dimethylamine in the gas outlet with pH paper. 

 

Scheme 39. Stronger TIM hydrolysis condition was needed for multivalent KATs 

The other obstacle to tris-KAT synthesis was incomplete lithiation, which produces 

inseparable di-KAT byproducts. This was less severe in the case of mono-KAT or di-KAT 

synthesis, because the less-KATylated byproduct was either an aryl halide, or a mono-KAT, 
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which could be easily removed by CH2Cl2 or acetone while leaving the product KAT 

undissolved. This was not the case for the synthesis of triphenylbenzene-tris-KAT 119 or of 

tetra-KAT 120. The monoiodo di-KAT 127 has the same solubility behavior as the desired 

product tris-KAT 119. We found that 6 equiv of lithiation reagent and KAT reagent were 

needed to drive the KATylation to completion.  

 

Scheme 40. Incomplete lithiation leads to complex mixtures during the synthesis of KAT 119. 

After optimization of the synthetic and work-up procedure, satisfactory isolation yield and 

purity can be obtained on KAT 119 and 120. The lower solubility of these multivalent KAT in 

organic solvents turned from a curse to a blessing because most impurities can be dissolved 

away more easily than the KAT of interest, and repetitive precipitation was often a smooth 

process. 

 

Scheme 41. Optimized synthesis of tris-KAT 119 and tetra-KAT 120. 
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3.3. Strong intermolecular association of multivalent KATs 

The dramatically lower solubility of multivalent KATs compared to mono-KATs suggests 

the existence of strong intermolecular interaction in these KATs. Clues from variable-

temperature NMR indicated that the KAT groups of multivalent KATs are strongly interacting 

with each other as shown in Figure 22. 

 

Figure 22. 11B and 19F NMR of KAT 120 in DMSO, recorded at 25 °C, 50 °C and 75 °C. The B–F 

coupling patterns were usually clearly seen in mono-KATs, but appear as broad singlets for molecules 

bearing more than one KAT group. 

The intermolecular interactions between KAT groups were also visible in the crystal 

structure of KATs. In most cases the KAT groups will form an ionic cluster, layer or column in 

the crystal packing. In cases of multivalent KATs, this leads to a porous structure as shown 

below in Figure 23. Tris-KAT 119 crystal grown from evaporating acetone into its saturated 

DMF solution was shown to co-crystallize with solvents included in the hexagonal pore forming 

from its KAT-KAT interactions. The pore and ionic aggregate in each layer of the structure 

stack up to form continuous columns along the c axis of the crystal. This assembly is already 

a sort of metal organic framework (MOF), if we consider potassium to be the metal in this case. 
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Figure 23. X-ray diffraction structure of a KAT 119 crystal grown from diffusing acetone into its DMF 

solution. Hydrogens were omitted for clarity. A: The unit cell shows that 119 assembled in a way that 

KAT groups aggregate in ionic clusters and formed hexagonal pores across its trigonal core. B: the 

non-equivalent subunit contains one molecule of 119, together with one molecule of acetone and DMF 

each included in the hexagonal pore. The thermal ellipsoids of the included solvent were more diffuse 
than the KATs. C: The space filling model of the same crystal structure, viewed along the c axis showing 

6 stacked unit cells indicates that layers of the hexagonal assembly stack up along the c axis to form 

long columns of hexagonal pore, aromatic stack, and ionic cluster. 

The tetra-KAT crystal structure was also largely determined by its KAT-KAT interactions. 

The unit cell contains eight equivalent KAT molecules, forming an array of KAT ionic clusters, 

each with a “coordination number” of eight arising from eight KAT groups, arranged in a body-

centered cubic packing. If the substituent on the terminal phenyl rings were a nitro group, the 

major intermolecular interaction becomes the stacking between nitrophenyl groups leading to 

a more compact crystal packing (Figure 24). From these findings we expect the interaction 

between KAT or KAT nitrone groups to be a determining factor in molecular assemblies or the 

crystal engineering of related materials. 

 

Figure 24. A: Crystal structure of tetrahedral tetra-KAT 120 crystal grown from DMF-acetone. B: One 

non-equivalent molecule of 120 lies in each unit cell. Note that the disorder arising from the rotational 

position of the phenyl rings. C: Crystal structure of 1,3,5,7-tetrakis(p-nitrophenyl)adamantane grown 
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from DMF-CH2Cl2 for comparison. The clathrate DMF in the structure was omitted for clarity. The 

nitrophenyl groups between two neighboring molecules interact in a Ph-NO2 stacked manner.* 

  

                                                

 

* A note-worthy similarity among these multi-KATs and 1,3,5,7-tetrakis(p-nitrophenyl)adamantane 

is that they all have very low solubilities in most organic solvents, but dissolve rather well in DMF. With 

no surprise, DMF is also included in all their crystal structures.  
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3.4. Synthesis of multivalent hydroxylamines 

A protection group strategy is key to successful preparation of multivalent hydroxylamines. 

At the beginning of this study the N-alkyl hydroxylamines were synthesized either from 

reductive hydroxyamination or direct replacement of a halide by hydroxylamine. These two 

methods suffered from several drawbacks when we moved to the synthesis of multivalent 

hydroxylamines. The first is that the conversion per halide site, which is acceptably high for 

the synthesis of monohydroxylamine, is not necessarily high enough for multi-hydroxylamine 

synthesis and could complicate the purification of multi-hydroxylamine mixture. The second 

was the hydrophilicity of the product multivalent hydroxylamines, which hampered their 

extraction from the aqueous phase after reaction workup. Direct evaporation of an aqueous 

work-up mixture would leave ionic impurities behind, however without an aqueous work-up, 

free-base hydroxylamine will remain in the crude mixture and its evaporation raised safety 

concerns. A N,O-doubly protected hydroxylamine was needed to solve these synthetic and 

processing issues. 

 

Scheme 42. A: Direct substitution of an alkyl halide with hydroxylamine is satisfactory only for the 

synthesis of mono-hydroxylamines. B: reductive hydroxyamination was also not suitable for bis-

hydroxylamine synthesis. 
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With N-Boc-O-2-methoxy-prop-2-yl protected hydroxylamine 130, alkyl halides can be 

smoothly transformed to the triple-doubly protected hydroxylamine which upon acidic 

deprotection gives 124. The acetone from the deprotection of the isopropylene acetal reacts 

with the hydroxylamine formed, so we switched the O-protection group to a benzyl group with 

reagent 131. 131 also undergoes smooth substitution with alkyl halides, however the 

hydrogenation posed a restriction on the deprotection sequence to avoid overreduction of the 

hydroxylamine to an amine (Scheme 43B). Finally the adaptation of O-carbonate carbamate 

132153–158 gave the most satisfying results. 132 was found to be more acidic and gave higher 

conversions under milder conditions compared to what was needed for 130 and 131 (Scheme 

43C). The higher acidity of 132 also permitted it to serve as a nucleophile in Mitsunobu 

reactions to convert an alcohol directly to a protected hydroxylamine, where the synthesis of 

the halide is problematic (Scheme 44B). A selected example of multi-hydroxylamine 

synthesized by 132 was summarized in Scheme 45. Among which, hydroxylamine 140 is 

considered to be the smallest stable bis-hydroxylamine possible was also synthesized from 

132 and 1,2-dibromoethane. 

 

Scheme 43. O–carbonate protected hydroxylamines enabled the easy synthesis and purification of 

multivalent hydroxylamines. 
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Scheme 44. N-Boc-O-Boc carbamate 132 undergoes substitution and A: gives high conversion also 
with non-benzylic alkyl halides. B: and can undergo Mitsunobu reaction. C: Yields of hydroxylamine 

from the corresponding alcohols after Mitsunobu reaction with 132. 

 

Scheme 45. Bis- and tris-hydroxylamines synthesized from the corresponding alkyl bromides and 

reagent 132. 

 

Figure 25. X-ray diffraction structure of A: 126 with HCl. B: 140 with formic acid gave the corresponding 

formyl hydroxamic acid 
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3.5. Attempts on COF formation from KATs and hydroxylamines 

3.5.1. Fast formation of the nitrone 

With the building block multivalent KATs (119–122, 141) and hydroxylamines (123–126) 

in hand we attempted COF formation by mixing them under various conditions. The nitrone 

formation occurs rapidly under concentration ranges from 10–100 mM and results in 

precipitation. The reaction progress can be traced with NMR, in which the observable signals 

in the solution phase decreased over time as the formed nitrone precipitates, and solid state 

19F and 13C NMR indicated the formed solid to contain mainly the nitrone. 

 

 

Figure 26. Reaction between KAT 141 (5 mM) and hydroxylamine 142 (10 mM) in 1:1 CH3CN-H2O 

formed precipitates quickly. A: The KAT solution B:  Right after addition the solution of 142 C: 1s after 

142 addition D: 15s after addition. 

The solid precipitate was analyzed by powder XRD. As shown in Figure 27 the peak from 

KAT 141 (~7°) was not found in the diffraction profile of the product precipitate, and peaks at 

lower angle (~3°) suggests the existence of repeating  structure of longer range. The sharp 

peaks around 19°, 31° and 38° arises from potassium fluorosilicate, and their relative 

intensities increased as the mixture as incubated at pH3 for longer time. We suspect that the 

aryl silyl group at the center of KAT 141 hydrolyzes, therefore the use of KAT 141 was avoided 

in further COF formation trials. 
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Figure 27. Powder XRD profile of the nitrone product from KAT 141 with hydroxylamine 142, in 

comparison with KAT 141 and potassium fluorosilicate. The sharp reflection peaks were attributed from 

the hexafluorosilicate and rise over reaction time. 

 

Figure 28. Magic Angle Spinning (MAS) Solid state NMR of insoluble solid formed from hydroxylamine 

124` and di-KAT 121. A: 19F NMR shows that nitrone was the main component (-135 ppm), with a trace 

amount of remaining KAT (-142 ppm). B: 13C NMR shows the shift of the methylene carbon from that 

of 124` (54 ppm) to that of the nitrone (60 ppm). 
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The insoluble precipitate obtained from the reaction of KAT with hydroxylamines can also 

be analyzed with IR. In an example from the reaction between KAT 119 and hydroxylamine 

126, the characteristic bands of both the KAT and hydroxylamine have disappeared and new 

bands have been formed.  

 

Figure 29. IR spectrum of the precipitated formed from mixing COF 119 and hydroxylamine 126 in 1:1 

CH3CN-H2O, in comparison of that of 119 and 126. KAT bands (1600–1700 cm-1, 900–1200 cm-1) have 

disappeared and new bands were formed. 

3.5.2. Seeking crystallinity with powder XRD 

Table 6 listed eight combinations of KAT-hydroxylamine combination, namely A–H, that 

were chosen for the screening of COF formation conditions. Tris-KAT 119 and tetra-KAT 120 

were combined with bis-hydroxylamines 123, 125, and 126, while as di-KATs 121 and 122 

were combined with tris-hydroxylamine 124. A variety of solvents, temperatures and 

acidic/basic conditions (Table 7) have been used and powder XRD was used to identify 

crystallinity of the precipitate formed under such conditions. 
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Table 6. KAT and hydroxylamine combinations used for screening COF forming conditions 

From the findings in Chapter 2, we are aware that the solvents used must dissolve KAT 

and hydroxylamine for facile nitrone formation. We also wished the nitrone exchange to be 

facile, which would allow the formed material to rearrange into the thermodynamically more 

stable configuration. The solvents, reaction temperature, and pH values were therefore 

modulated, and the initial precipitation behavior was recorded. Once the precipitation forms 

from a COF formation trial, the solid part was collected by centrifugation and dried on vacuum 

before subjecting to powder XRD analysis. Table 7 lists some representative conditions that 

has been tried with combinations A–H.   
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 Combination Solvent Temp. pH/acid/base Results 

1 A 1:1 MeCN-H2O (20 mM) rt 123(HCl)2 used Precipitate 

2 A 1:1 MeCN-H2O (20 mM) rt pH 3.8 Precipitate 

3 A 1:1 MeCN-H2O (20 mM) rt pH 4.7 Precipitate 

4 A 1:1 MeCN-H2O (20 mM) rt 2 equiv K2CO3 Precipitate 

5 A 1:1 MeCN-H2O (2.0 mM) rt 123(HCl)2 used Turbid solution 

6 A DMF (20 mM) rt 123(HCl)2 used Precipitate 

7 A DMF (2.0 mM) rt 123(HCl)2 used Turbid solution 

8 A 2:2:1 MeCN-H2O-DMF  

(2.0 mM) 

rt 123(HCl)2 used Turbid solution 

9 A 2:2:1 MeCN-H2O-MeOH 

(60 mM) 

rt pH 4.7 Turbid solution 

10 A DMSO (2.0 mM) rt / 80 °C 123(HCl)2 used Clear solution. 

Turns turbid upon 

heating. 

11 A 80:20:5 mesitylene-

dioxane-H2O (2.0 mM) 

rt 123(HCl)2 used Turbid solution 

12 A 1:1 mesitylene-DMF rt / 125 

°C 

123(HCl)2 used Clear solution. 

Turns turbid upon 

heating. 

13 B DMSO (80 mM) rt 123(HCl)2 used Precipitate 

14 B DMSO (80 mM) rt 2 equiv K2CO3 No precipitate 

15 B DMSO (80 mM) rt 1.25 equiv TEA Turbid solution 

16 B DMSO (80 mM) rt pH 4.7 Turbid solution 

17 C 1:1 MeCN-H2O (20 mM) rt pH 3.8 Precipitate 

18 C 1:1 MeCN-H2O (20 mM) rt pH 4.7 No precipitate 

19 D 1:1 MeCN-H2O (20 mM) rt pH 3.8 No precipitate 

20 D 1:1 MeCN-H2O (20 mM) rt pH 4.7 No precipitate 

21 E 1:1 MeCN-H2O (20 mM) rt pH 4.7 Precipitate 

22 E 1:1 MeCN-H2O (20 mM) rt 2 equiv K2CO3 Precipitate 
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23 E 2:2:1 MeCN-H2O-DMF 

(20 mM) 

rt pH 4.7 Turbid solution 

24 E 2:2:1 MeCN-H2O-MeOH 

(20 mM) 

rt pH 4.7 Turbid solution 

25 E 4:1 DMF-H2O (20 mM) rt pH 4.7 No precipitate 

26 E 4:1 DMF-H2O (60 mM) rt pH 4.7 Turbid solution 

27 E 5:1 NMP-H2O (20 mM) rt pH 4.7 Turbid solution 

28 E 2:1 DMF-DIPEA (100 

mM) 

rt - No precipitate 

29 E DMSO (20 mM) rt 125(HCl)2 used No precipitate  

30 E DMSO (20 mM) rt 2 equiv TEA Turbid solution 

31 E Neat grinding with H2O rt 2equiv TEA Not dissolved 

32 F DMSO (20 mM) 90 °C 2 equiv TEA Turbid solution 

33 G 1:1 MeCN-H2O (2 mM) rt 2 equiv K2CO3 No precipitate 

34 G 1:1 MeCN-H2O (2 mM) rt 125(HCl)2 used Precipitate 

35 G 1:1 MeCN-H2O (20 mM) rt 2 equiv K2CO3 Turbid solution 

36 G  DMF (20 mM) rt 2 equiv K2CO3 Precipitate 

37 G  1:1 MeCN-H2O (20 mM) rt pH 7.0 (K2CO3) Turbid solution 

38 G  1:1 MeCN-H2O (60 mM) rt 2 equiv K2CO3 Turbid solution 

39 G  1:1 DMF-H2O rt 2 equiv K2CO3 Turbid solution 

40 H 1:1 MeCN-H2O (2 mM) rt 2 equiv K2CO3 Turbid solution 

41 H 1:1 MeCN-H2O (20 mM) rt 2 equiv K2CO3 Turbid solution 

42 H 1:1 MeCN-H2O (60 mM) rt 2 equiv K2CO3 Turbid solution 

Table 7. Selected results of various KAT-hydroxylamine combinations treated with various conditions. 

Concentrations and equivalences were calculated basing on the number of nitrones. pH 3.8 was 

achieved with glycine buffer (0.1 M), and pH 4.7 was achieved with potassium acetate buffer.  

The last column of Table 7 classified the trial outcome into three categories. Right after 

mixing the reaction components, “No precipitate” denoted that no visible cloudiness could be 

seen with naked eyes. But in all cases fine suspension particles can be observed by using a 

laser pointer to illuminate a light path through the solution, which was described as Tyndall 

effect (Figure 30A). A “turbid solution” was used to describe the cases shown in Figure 30B. 
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Examples of “Precipitate” were shown in Figure 30C. Regardless of the initial precipitation 

behavior, all conditions produced solid after standing for 72 hours. 

 

Figure 30. A: Particle suspension invisible to bare eyes can be detected with light scattering. B: 

Examples of turbid solution. C: Examples of precipitate. 

A general trend was found that precipitation was faster, and the solid yield was higher 

when the reaction media was concentrated and acidic. The addition of dioxane, mesitylene 

and toluene did not change the outcome significantly and posed a risk of phase separation of 

the solvent mixture. Polar aprotic solvents such as DMSO, DMF, and NMR tend to delay the 

precipitation, which was considered beneficial because premature precipitation was 

considered detrimental to the dynamicity of COF annealing,98,159 but the solid yield was lower 

when these solvents were used. 

Powder XRD is the method of choice to detect long-range order in COFs, which is highly 

correlated to their stability and high surface area as a porous material. The diffraction peak 

positions for 2D COFs can be estimated from the dimension of the proposed structures with 

the Braggs condition2𝑑 sin 𝜃 = 𝑛𝜆. The strongest peaks in reported 2D COFs were always 

the (100) peak, corresponding to the longest axis of the unit cell. We followed reported 

procedure to synthesize BND-TFB-COF from 1,3,5-triformylbenzene and benzidine and found 

the XRD pattern to be identical as reported.160 The (100) peak and a weak interlayer stacking 

(001) peak can be identified in our measurements. If the desired COF was formed in the trials, 

we would also expect to observe these two peaks in the positions (2–3° and 15–25° 2θ) 

predicted from the proposed structure, as shown in Figure 31B. 
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Figure 31. Dimension of COF unit cell determines the position of diffraction peaks. A: The unit cell of 

BND-TFB-COF, which was synthesized from benzidine and 1,3,5-triformyl benzene following reported 

procedure,160 has a unit cell with a = 25 Å, giving the (100) reflection peak at 2θ = 3.532°. A faint 

peak at 2θ = 19.489° corresponds to the interlayer stacking vector (001) 4.5 Å. B: Hypothesized 

structure of COF system A. With the projected a axis to be around 33 Å, we expect to find a reflection 

peak around 2θ = 2.6° as the (100) reflection, if the desired COF was formed. 

A series of Powder XRD data from the trials with system E was shown below in Figure 

32. No strong peak under 3° 2θ was observed. Only conditions 25 and condition 28 showed a 

slight bulge in the low angle region of the measurement. Conditions 27, 29 and 30 involving 

DMSO and NMP gave a broad peak around 20° 2θ, indicating that these solvents might be 

beneficial for the inter-sheet organization of the formed aggregate. 
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Figure 32. Selected XRD result of system E treated with conditions  24–31 in Table 7. 

The low angle rise in cases 25 and 28 were signatures of nanoparticles, where the 

reflections arise from not intermolecular order, but inter-particle order. We hypothesize that 

the ionic nature of KATs and KAT nitrones might produce negatively charged nitrone particles, 

that repels the approach of KAT building blocks therefore retarding the particle growth beyond 

a certain limit. 

  

Figure 33. Charge build-up hypothesis. Potassium ion has a higher diffusibility than the formed nitrone 

network, and will leave behind net negative charges on the KAT-nitrone particle. 



 
KAT-nitrones for covalent organic frameworks (COFs) 

 

76 

 

This theory was supported by the SEM image of COF system E under condition 5. The 

material has a texture similar to sponge, and the particle size was found to be around 10 nm, 

which could explain the amorphous results obtained from XRD analysis.  

 

Figure 34. SEM image of the condensation product from system E 
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In attempt to overcome the charge imbalance, bipyridyl bis-hydroxylamine 126 was 

designed for the formation of COF systems G and H. Selected powder XRD results were 

summarized in Figure 35. 

 

 

Figure 35. Selected XRD result of system G treated with conditions 36–39 in Table 7. Conditions 33–

35 only gave weakly diffracting materials and the profiles are not shown. *: acidification of the material 

formed from condition 37. 

The powder XRD analysis of material obtained from condition 35, 37 and 38 indicated 

that system G is very sensitive to acid-base equilibrium. The carefully controlled neutral 

condition 37 gives by far the results most similar to a COF, yet still lacks the signature (100) 

reflection. Acidification of this material (37* in Figure 35) with 6M HCl again gives very strong 

zero-angle scattering peak, which indicated the formation of nanoparticles. 
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3.6. Summary and Outlook 

Symmetric multivalent KATs and multivalent hydroxylamines were designed with the 

purpose to apply them in KAT nitrone COF synthesis. Complete lithiation of the aryl halide 

precursor, as well as a solvent mixture with better solubility for the basic work-up, were both 

crucial for successful synthesis of multivalent KATs. The lower solubility of multivalent KATs 

was attributed to strong intermolecular KAT-KAT interactions. The synthesis of multivalent 

hydroxylamines was improved by adapting N-carbamate-O-carbonate reagent 132, which is 

more reactive than other N,O-doubly protected hydroxylamine variants and give cleaner 

deprotection results. These multivalent KATs and hydroxylamines react quickly and 

completely in aqueous solvents as predicted, yet the material formed has yet to show the 

characteristics of a COF. 

Unfortunately all attempts so far in synthesizing a COF from a KAT and a hydroxylamine 

have failed. Mixing a multi-KAT and multi-hydroxylamine immediately generates insoluble 

precipitate readily under dilute conditions. The materials formed was shown by IR and solid-

state NMR to be mainly consisting of KAT-nitrones, however powder X-ray diffraction analysis 

indicated that there is not much order at the range of ~ 1nm, which corresponds to most pore 

diameter of COFs. The particle size formed from KAT-nitrone polymerization was also found 

to be smaller than most COF particles in SEM analysis, which is consistent with the strong 

zero-angle scattering signals observed, suggesting that a condition more favorable for particle 

growth is needed.  

Two new key findings (See Section 0) regarding KAT-nitrone formation that only arrived 

recently that could shine a new light on further approaches of KAT-nitrone COF formation. 

The first is that the presence of water increases the nitrone formation rate, the second is that 

acetonitrile reacts with N-alkyl hydroxylamines. We originally considered adding water to the 

reaction mixture as a means to retard KAT nitrone formation, which however would accelerate 

their formation opposite to our wishes. Also all reaction conditions using acetonitrile should be 

avoided since the amidoxime formed will irreversibly cap the hydroxylamine building block, 

forbidding further particle growth. 

 

 



 

 

 

 

4  

Design and building block synthesis of a KAT-nitrone 

dynamically linked PROTAC 

 

 

 

 

 

中級山 

Mid-ranged mountains.  

 

Taiwanese mountaineering term, referring to mountain area within altitutde 1500 m – 3000 m. 
The forest physiognomy within this range were complex and made navigation difficult within, 
at times more dangerous than in higher altitudes. 80% of the mountaineering accidents in 
Taiwan were reported in mid-range mountains.  
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4.1. PROTACs 

4.1.1. Adapter of an adapter 

Proteolysis Targeting Chimeras (PROTACs) degrade proteins by creating a new 

molecular recognition mode that rewires the substrate specificity of an E3 ubiquitin ligase.161–

163 A PROTAC consists of a ligand to the Protein of Interest (POI), an E3 ligase ligand, and an 

interconnecting linker to bring the E3 ligase together with the POI, which is not a native 

substrate of that E3 ligase. The ubiquitination machinery is then directed to ubiquitinate the 

POI, labeling it for proteasomal degradation. Targeted degradation is considered to be a 

promising therapeutic approach to address protein targets, alternative to their inhibition with 

synthetic ligands. 

 

Figure 36. A PROTAC connects a Protein of Interest (POI) and a certain E3 ligase in cases where A: 

No native protein-protein interaction exists and the POI was not degraded. B: A new mode of induced 

protein-protein interaction was turned on by the product, and leads to the polyubiquitination of the POI 

and its subsequent degradation by the proteasome.   

An example PROTAC MZ-1 is shown in Scheme 46, which consists a Bromo- and Extra-

terminal (BET) protein ligand JQ1,164 and a von Hippel-Lindau (VHL) E3 ligase ligand, linked 

by a triethylene glycol linker. BET proteins are a class of proteins involved in regulating cellular 

proliferation, and their deregulation is correlated to cancer and inflammatory diseases.165 

Among the members of BET proteins, namely BRDT, BRD2, BRD3, and BRD4, the inhibition 

or silencing of BRD4 was proposed to be a valuable target for inflammatory diseases. However 

existing BET protein ligands did not exhibit high selectivity across the BET class. PROTAC 
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MZ-1, on the other hand, was shown to degrade BRD4 selectively over BRD3 and BRD4,166 

showing how the PROTAC strategy may bring new possibilities and to previously unreachable 

therapeutic targets, by generating new modes of protein-protein interactions. 

 

Scheme 47. Example of a PROTAC MZ-1,166 reported by Ciulli et al. in 2015 to direct the selective 

degradation of BRD4, a potential drug target for cancer and immunological diseases.  

The potency of the PROTAC-generated molecular recognition mode depends nontrivially 

on the combination of the three components and requires new strategies for their discovery. 

In the case of MZ-1, the triethylene glycol linker between the E3 ligand and the POI ligand 

also participates in the binding event.167 A dynamic combinatorial library would be able to 

screen these cooperative events that only arise when the PROTAC, the POI, and the E3 ligase 

are all present. In Chapter 2 we showed an example (Scheme 16) where Ciulli et al. have 

demonstrated that a disulfide linked fragment-based dynamic library can be biased towards a 

stronger binder when the target protein is used as a molecular template.79 In a thiol-disulfide 

based DCC system, target proteins with cysteine residues may interfere as the required thiol 

concentration ( > 3mM) in such systems can lead to the reduction of disulfide bridges. We 

consider KAT-nitrone dynamic chemistry to be a better alternative for dynamic library 

generation, since the reaction between KAT and hydroxylamines does not mutually interfere 

with thiols or other functional groups on native proteins. In addition, the fixation of KAT-nitrones 

would give rise to an amide bond, which is abundant in known PROTAC constructs.  

4.1.2. KAT-nitrone split MZ-1 design 

When E3 ligand hydroxylamines (HAs) and POI Ligand-linker KATs are mixed, a dynamic 

library will be formed over all possible combination of KATs and HAs (Scheme 48). When the 

E3 and the POI proteins were added to this dynamic library, it is expected that a ternary 
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complex be formed between the E3, the POI and the nitrone with a productive combination 

that results in high affinity binding. The formation of such ternary complex would shift the 

equilibrium towards such a nitrone PROTAC hit. This bias in nitrone population could be fixed 

upon acidification and the hit could be identified by LCMS. 

 

Scheme 48. Dynamic library consisting of KATs and hydroxylamines building blocks 

MZ-1 was chosen to be the first proof-of-concept target of this library due to its relatively 

well understood binding mode with the VHL E3 and the target protein BRD4.167 Switching one 

amide bond to a KAT nitrone gives a KAT nitrone linked MZ-1, which can be formed from 

building blocks 142 and 143. Their synthesis will be described in the next sections. 
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Scheme 49. Design of a KAT-nitrone split MZ-1 PROTAC and building blocks 142 and 143. 

4.2. Synthesis of the VHL hydroxylamine 

The synthesis of the VHL hydroxylamine 143 was largely based on the reported synthesis 

of the VHL-1 amine 144 reported by Crews et al.168 

 

Scheme 50. Retrosynthesis of the VHL ligand hydroxylamine 143 leads to the corresponding amine 

144, which was obtained from two consecutive amide coupling steps. 

The conversion of the amine to the hydroxylamine can be done in two steps via 

Fukuyama’s method.169 The mCPBA oxidation time is crucial for the overall yield, as 

overoxidation to the oxime occurs over prolonged time or under higher temperature. 
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Scheme 51. The synthesis of VHL hydroxylamine 143 from the amine precursor 144. 

After synthesis of the VHL hydroxylamine 143, it was tested with an α-alkoxy KAT 185 

and acidified to verify that KAT nitrone formation and amide formation could occur with 143 as 

shown in Scheme 52. The LCMS outcomes shows that both the KAT nitrone and the amide 

formed in dilute aqueous conditions. ( < 2 mM, 1:1 CH3CN-H2O) 

 

Scheme 52. KAT nitrone formation test with VHL hydroxylamine 143. 
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Figure 37. LCMS analysis of nitrone and amide formation between VHL hydroxylamine 143 and KAT 

185. KAT 185 was selected as a model for KAT 142 due to their common α-alkoxy motif. The nitrone 

was detected at 673 Da (negative), and the amide at 607 Da (positive). Hydroxylamine 143 was 

detected at 447 Da (positive), and shows a smaller impurity peak which is attributed to the oxime 

byproduct. 

4.3. Synthesis of the JQ1-KAT 

4.3.1. Via a final amide coupling with amine-linker KAT 

The first attempt to synthesize 142 was to perform an amide bond coupling of JQ1 acid 

145 with an triethylene glycol amine KAT 146.  

 

Scheme 53. A: First retrosynthesis attempt to synthesize KAT 142 

With a new KAT reagent 147 (described in Chapter 5) the Boc protected version of 146 

can be prepared from the corresponding stannane 148. 149 was isolated as a mixture 

containing 150, as some of the Boc groups were removed during the basic work-up conditions. 

Unfortunately KAT 146 could not be isolated, despite the facile Boc deprotection of KAT 

149/150. A newly formed peak in the LCMS chromatogram with 240 Da in the negative ion 
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channel was attributed to the cyclic TIM 146′. Attempts to shorten the Boc deprotection time, 

or basic hydrolysis of 146 failed to regenerate 146. 146′ also did not undergo acylation with 

acetyl chloride, indicating the acylation with activated 144 to be unlikely. Therefore, we sought 

other nitrogen protecting groups that could be released in non-acidic conditions which would 

be less likely to facilitate TIM formation. These deprotection conditions should also be 

compatible with amide bond coupling conditions. 

 

Scheme 54. Attempts on the synthesis of triethylene glycol amine KAT 146 by the cyclic reagent 147. 

KAT 146 was not stable and couldn’t be a building block for the desired amide across the triethylene 

glycol linker. 

N,N-dibenzyl KAT 151 and N,N-diallyl KAT 152 were prepared through the same route of 

148, from their corresponding stannanes. The primary amine of 151 can be released by 

catalytic hydrogenation, and that of 152 by Pd(0) catalysis. We wished to perform the amide 

bond coupling between JQ1 acid 145 with the KAT with in situ amine deprotection therefore 

the amine deprotection conditions were tested with 145 both for its stability, and the 

robustness of its amide bond coupling under such conditions. H2 at 1 atm with Pd(OH)2 
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catalysis was identified as a viable hydrogenation condition, and Pd(PPh3)4/1,3-

dimethylbarbituric was found to be compatible with the amide bond coupling conditions. 

 

Scheme 55. KAT 151 and 152 were synthesized and their N-deprotection conditions were tested with 

JQ1 acid 145, showing that 145 was stable in the hydrogenative condition for releasing 146, and that 

1,3-dimethylbarbituric did not interfere with amide bond coupling. 

The in situ de-benzylation of KAT 151 in HATU mediated amide bond coupling with 145 

gave the desired KAT 142, although in very low conversion. In situ de-allylation amide coupling 

of 152 lead to a complex mixture beyond our purification attempt, with significant amount of 

N-allyl amide that can be observed, and did not convert to N–H amide over time. Both routes 

were not successful for the preparation of 142. 
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Scheme 56. In situ amine deprotection with JQ1 amide formation 

4.3.2. Via alkylative KATylation 

Another approach to 142 was the alkylation of primary amide 143 by an alkyl electrophile 

KAT 153. 153 was obtained from KAT 155, which can be synthesized also from the 

corresponding stannane 154 and reagent 147. 

 

Scheme 57. Retrosynthesis of KAT 142 leading to JQ1 primary amide 143 and electrophilic KAT 153. 
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Scheme 58. Synthesis of alkyl electrophile KAT 153 and attempts to the alkylation of amide 155. 

All our attempts at deprotonating amide 155 for alkylation by 153 failed. We observed that 

155 was unstable under strongly basic conditions over prolonged time. Two other alkylative 

approached tried were summarized below in Scheme 59. Both routes still suffer from the same 

obstacle of JQ1’s instability in basic conditions required for amide or alcohol alkylation. 



 
Design and building block synthesis of a KAT-nitrone dynamically linked PROTAC 

 

90 

 

 

Scheme 59. Alkylative approachs to KAT 142 relying on α-functionalized alkyl electrophile KATs 157 
and α-hydroxy KAT 159. Aside from the instability of 156 and 158 under basic condition, 157 and 159 

also could not be isolated yet and has to be generated freshly from TIM 160. 

4.3.3. Via photocatalytic hydroamidation with a JQ1 redox-active hydroxamic acid 

During our struggle in the assembly of KAT 142, an anti-Markovnikov hydroamidation 

reaction of alkenes reported by the Studer group came to our attention.†170 We see this as a 

                                                

 

† The literature reconnaissance credit goes to former colleague Dr. Yayi Wang. We are also 

thankful to Yayi for his knowledge in photoredox chemistry and generosity in helping develop these 

conditions. 
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candidate route for installing the amide bond in 142, which did not require strong bases, and 

could be orthogonal to KAT reactivities. 

 

Scheme 60. A: An anti-markovnikov hydroamidation of alkenes that could lead to B: A strategy to 

disconnect the N-C bond between the amide group and triethylene glycol linker in 142. 

We tested if this chemistry was compatible with both JQ1 or KATs and could therefore be 

used to construct the amide linkage in 142. The building block olefin KAT 162 was easily 

synthesized from stannane 163 with reagent 147, and the required redox active amide in the 

form of a hydroxamic acid 164 was synthesized from JQ1 acid in two steps with moderate 

yield. 
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Scheme 61. Synthesis of olefin KAT 162 from stannane 163, and redox active hydroxamic acid                                                                                                                                                                                                                                                                                                                                 

164 from JQ1 acid 145. 

Initial screening showed that hydroxamic acid 164 underwent smooth addition to vinyl 

ethers. An unprotected KAT, however, was not compatible, and the KAT group was converted 

to an unknown species, according to 19F NMR of the crude mixture (Scheme 62A). We soon 

found that the KAT has to be protected in form of a TIM to survive the photoredox conditions, 

but the original solvent mixture, aqueous CH2Cl2, hydrolyzes the TIMs back to KATs. A screen 

of more suitable reaction solvent was conducted using less precious redox-active hydroxamic 

acid 165 and olefin TIM 166 (Scheme 62B). These studies revealed that the reaction works 

equally well in acetonitrile to form TIM 167 (Scheme 62C).  
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Scheme 62. A: The Ir catalyzed photoredox condition was not compatible with a bare KAT. B: Less 

expensive model substrates used for photoredox condition screening C: Revised photoredox 

hydroamination condition allows the hydroamidation of a TIM in acetonitrile. 

The photoredox hydroamidation of olefin TIM 168 gave 169 and its subsequent hydrolysis 

gave 142. The presence of KAT 142 is checked by mixing it with hydroxylamine 97 and 

observing the nitrone formation with LCMS. 
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Figure 38. LCMS analysis of mixing KAT 142 with hydroxylamine 97. Nitrone formation was observed. 

The separation of either 169 or 142 from the reaction mixture turns out to be a difficult 

and low yielding chromatographic process. The next section will describe the most recent 

approach to synthesize 142. 

 

Scheme 63. Synthesis of 169, the TIM form of 142, via an iridium-catalyzed photoredox hydroamidation. 

4.3.4. Brute-force JQ1-linker lithiation via stannane chemistry 

So far the best approach of preparing KAT 142 is via the lithiation or stannane 171 

(Scheme 64). 171 can be synthesized from JQ1 acid 145 and stannylamine 170. Lithiation of 

171 with 3 equivalents of nBuLi followed by trapping the formed alkoxymethyllithium with 3 

equivalents or 147 gives a mixture containing mostly 142 and butyl KAT 172 after work-up. A 

suitable procedure to isolate 142 in pure form from this mixture needs to be further optimized. 
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Scheme 64. Synthesis of KAT 142 via lithiation of 171 and reagent 147. 

 

Figure 39. LCMS analysis of reaction mixture of 142 synthesis via stannane 171. 

4.4. Summary and Outlook 

A VHL E3 Ligand hydroxylamine 143 was successfully synthesized and was shown to 

under go the “2-step” KAT ligation as described in Section 1.2. With this hydroxylamine in 

hand, we could envisage that a KAT-nitrone dynamic covalent library can be formed with any 

protein binder with a KAT functional group. 
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Scheme 65. Other protein binders with a KAT group can be used to form a nitrone library with the E3 

hydroxylamines 

The attempted synthesis of JQ1-KAT 142, however, proved to be difficult and is still 

ongoing. This situation lead us to a proposal that, if KAT synthesis was the bottle neck, it might 

be more productive to place the KAT group on the VHL ligand, and prepare the variety of 

protein binders bearing a hydroxylamine. The number of potential protein binders overwhelm 

that of known E3 ligase ligands, therefore the more synthetic challenging functional group 

should be placed on the E3 ligases to avoid a KAT synthesis bottleneck on protein ligand KAT 

syntheses. 

 

Scheme 66. Reversed polarity of disconnecting an amide bond in PROTACs gives a VHL-KAT.
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Everything not forbidden is compulsory 

-The totalitarian principle  
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5.1. A need for α-alkoxy KATs, and synthetic routes of alkyl KATs 

Four common strategies for the synthesis of alkyl KATs are listed in Scheme 67. The first 

method was reported by our group in 2018, using a dialkyl cuprate to transfer an alkyl group 

to the KAT transfer reagent 1,17 widening the applicable scope of 1 from aryl KATs synthesis 

to include the synthesis of alkyl KATs (Scheme 67A).171 The second strategy involves the 

trapping of a masked acyl anion in form of Katrizky’s benzotriazole N,O-acetal172–174 by a 

trialkyl borate, which was reported in 2012 by our group as the first general route to KAT 

synthesis (Scheme 67B).12 Two other approaches, developed by the Ito group, construct the 

C–B bond by copper catalyzed addition of bis(pinacolato)diboron to an aldehyde or an alkyne, 

and furnishes the KAT carbonyl group by an oxidation of the intermediate after boron addition 

(Scheme 67C/D).36,37 The α-hydroxytrifluoroborate or alkenylboronate formed underwent 

ligand switch on the boron and oxidation to form the KAT group.  

 

Scheme 67. Common strategies used to synthesize alkyl KATs. A: Construct of the C–C bond from the 

addition of dialkyl cuperate to the KAT transfer reagent 1.171 B: Construct the C–B bond from borylation 

of an acyl anion equivalent.12 C: Construct the carbonyl group by the ozonolysis of an alkenyl MIDA-

boronate derived from an alkyne.36 D: Construct the carbonyl group by oxidation of an α-trifluoroboryl 

alcohol, which was synthesized from Cu(I) catalyzed borylation of an aldehyde.37 

Reagent 1 enabled the synthesis of a variety of aryl KATs due to the facile and selective 

nucleophilic addition of aryllithium to 1.17 This was not the case when an alkyllithium was used, 

as the intermediate adduct reacted with another equivalent of alkyllithium to form a double 

addition byproduct (Scheme 68A). An example was shown in Figure 40, where LCMS 

analysis shows that reacting nBuLi with 1 gave mostly the double addition product and only 

trace amounts of n-Butyl KAT. To enable the synthesis of an alkyl KAT from the alkyl anion, 

the reaction environment must favor the first addition step, and disfavor the second addition 

step, which would consume an extra alkyl anion, as well as destroy the productive mono-

adduct intermediate. Converting the carbon nucleophile to a dialkyl cuperate was found to 

successfully suppress the second addition step and allowed the synthesis of alkyl KATs by 
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Scheme 68. A: KAT reagent 1 undergoes neucleophilic addition with carbanion organometallic 

reagents to form a tetrahedral intermediate, which forms a KAT after hydrolysis, or undergoes a second 
addition to form a double addition byproduct. B: The second addition of dialkyl cuprates to reagent 1 is 

suppressed, enabling the synthesis of alkyl KATs with reagent 1. 

 

Figure 40. LCMS analysis of the crude mixture after of treating KAT reagent 1 with nBuLi under -78 °C. 

The double addition α-aminotrifluoroborate (238 Da) was found to be the main product in the total ion 

count (TIC-) trace. The amount of butyl KAT (153 Da) formation was negligible.  
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We encountered KAT 142 as a key building block during the pursuit of a KAT-nitrone split 

MZ-1 PROTAC described in the Chapter 4. All attempts at the synthesis of 142 required 

access to a novel class of alkyl KATs that has not been reported before: α-alkoxy KATs. 

 

Scheme 69. α-alkoxyalkyl KATs were needed to construct JQ1-TEG-KAT 

Scheme 70 outlines the outcome of applying known methods of alkyl KAT synthesis to α-

alkoxy KATs, using p-methoxybenzyloxymethyl KAT 173 as a model target. The benzotriazole 

N,O-acetal did not stabilize the β-alkoxy anion and was not suitable for boron trapping 

(Scheme 70A). The borylation of p-methoxybenzyloxy acetaldehyde with subsequent 

oxidation gave the desired KAT, but the yield left room for improvement (Scheme 70B). The 

cuperate route also afforded the desired KAT, albeit with low yields (Scheme 70C). The 

reaction between the alkyllithium with reagent 1 gave predominantly the double addition 

product, and no 173 was isolated, implying that α-alkoxyalkyllithiums also undergo a second 

addition to reagent 1 readily, as occurs with other alkyllithiums (Scheme 70D). We wished to 

have a KAT reagent that could react with an alkyl nucleophile to form KATs selectively and in 

higher yields. The path to finding such a reagent, based on 1, will be described in the rest of 

this chapter. 
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Scheme 70. Synthetic attempts towards α-alkoxy KATs. R = p-methoxybenzyl. 

5.2. Pyrrolidine iminiums didn’t stabilize the tetrahedral intermediate enough 

We sought to design a reagent that favors the first addition step in Scheme 68A while 

preventing the second addition of carbon nucleophiles. This could be achieved if the KAT 

reagent were more reactive, and the tetrahedral intermediate were more stabilized. We 

hypothesized that using a cyclic amine fragment in KAT reagents, instead of the 

dimethylamine in 1, could favor the pyramidalization of the central carbon atom in KAT 

reagents. This could destabilize the KAT reagent and favor the formation of a tetrahedral 

intermediate, possibly enhancing the reactivity of the first nucleophilic addition and retarding 

the second addition. Azetidine could have a powerful pyramidalization effect, but its 

thioformamide synthesis was not successful therefore we took a step back to start with the 5-

membered ring pyrrolidine. KAT reagent 174 was synthesized from pyrrolidine formamide 

through the sequence shown in Scheme 71.  



 
Cyclic thiotrifluoroborate iminium reagents for alkyl KAT synthesis 

 

102 

 

 

Scheme 71. A: Azetidine thioformamide synthesis was not successful. B: Synthesis of pyrrolidine 

iminium KAT reagent 174. C: 174 did not prevent double addition of carbanions. 

Unfortunately 174 did not prevent double addition of organometallic reagents, even with 

a weaker carbon nucleophile such as phenylacetylide. Furthermore, a competitive trapping 

experiment of 1 versus 174 with phenyllithium (Scheme 72A) indicated that 1 was slightly 

more reactive than 174, nullifying the hypothesis that the pyrrolidine ring could enhance the 

carbon nucleophile trapping of 174 or prevent a second carbon nucleophile addition. 
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Scheme 72. A: Competitive reaction of KAT reagent 1 and pyrrolidine KAT reagent 174 towards PhLi 

B: the 19F NMR of the reaction mixture. From a 1:1 mixture of 1 and 174, the yield of 175 was higher 

indicating that 1 to be more reactive. 

5.3. A cyclic, N-S tethered reagent that stabilizes the intermediate 

5.3.1. Synthesis, properties and clean single addition 

The tetrahedral intermediate needed to resist a second addition. With inspiration from the 

Weinreb amide, which stabilizes a mono-adduct of organometallics to N-methoxy-N-methyl 

amides through chelating the metal ion to form a cyclic tetrahedral intermediate, we designed 

an N–S tethered KAT reagent 179 (Scheme 73). 179 was synthesized through the steps 

shown in Scheme 74A. Compound 177, which was also the precursor of KAT reagent 1, was 

alkylated to give 178. Upon Boc deprotection and neutralization, 178 cyclized spontaneously 

to expel a molecule of N,N-dimethylamine and formed reagent 179. 

 

Scheme 73. Inspiration from Weinreb’s ketone synthesis175 lead the design of a new KAT reagents 
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Scheme 74. A: Synthesis of N-S tethered cyclic KAT reagent 179 B: and the X-ray diffraction structure 

in comparison with 1′, which had a methylthiol group in place of the ethylthiol in 1.17 The geometry 

around the central carbon of 179 was almost identical to that in 1′. 

Reagent 179 was isolated as a crystalline white solid which was odorless upon long term 

storage, unlike 1, which was odorless fresh after synthesis but soon emits the smell of 

ethanethiol in a few hours due to slight amount of hydrolysis. The fact 179 being odorless 

could either be attributed to its higher hydrolytic stability, or to the nonvolatility of its hydrolysis 

product, 3-methylaminothiol. Either way, the odor nuisance of 1 during storage or use was not 

a problem for 179. 179 was also found to have a higher melting point and lower solubility in 

organic solvents (mp 112.6–113.5 ºC, < 0.15 M solubility in THF at 23 °C) than 1 (mp 45 ºC, 

> 1M solubility in THF at 23 °C). 

Although competitive trapping of 179 versus 1 showed that reagent 1 was more reactive 

towards phenyllithium, 179 was found to give cleanly the single addition product when one 

equivalent of butyllithium was added at –78 ºC, according to LCMS analysis. This suggested 

that 179 favors the mono-addition product by stabilizing the tetrahedral intermediate against 

nucleophilic attack. Reagent 179 was treated with 1.65 equiv of nBuLi and still gave 

predominantly the single addition intermediate, and afford the resulting n-butyl KAT with 83% 
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isolated yield. The reaction temperature however, must be kept below –40ºC, otherwise only 

the double addition product 183 was observed in the LCMS analysis of the reaction mixture. 

 

Scheme 75. A: Competitive reaction of KAT reagent 1 and cyclic KAT reagent 179 towards PhLi. B: 

the 19F NMR of the reaction mixture. From a 1:1 mixture of 1 and 179, the consumption of 1 was higher 

than that of 179, indicating 1 to be more reactive.  

 

 

Scheme 76. Reaction between 179 and nBuLi 
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 Conditions Outcome 

1 1 equiv nBuLi, –78 °C Mono-addition 181 

2 1 equiv nBuLi, rt Double addition 183 

3 1 equiv nBuLi, 0 °C 181 + 183 

4 1 equiv nBuLi, –40 °C 181 

5 1.65 equiv nBuLi, –78 °C 181, 83% KAT 182 isolated 

6 1 equiv 184, followed by adding nBuLi at –78 °C 185  

Table 8. Reaction outcome of cyclic reagent 179 under various conditions 

5.3.2. Extraordinary stability of the KAT thioaminal after single addition 

The tetrahedral adduct from reagent 179 was exceptionally stable. 186 was isolated as 

an example. It eventually hydrolyzes when dissolved in the LCMS solvent 1:1 MeCN-H2O, but 

the process is slow enough to give a well-formed peak when the sample was prepared in 1:1 

MeCN-MeOH instead. This gave an illusion that the hydrolytic workup procedure for KAT 

synthesis from reagent 179 was a trivial task since the hydrolysis occurs spontaneously 

without additional reagent. It turned out the challenge was the removal of solvent: since the 

hydrolysis product 3-methylaminopropanethiol was not volatile, concentration of the 

hydrolyzed reaction mixture will facilitate the condensation between the aminothiol and the 

KAT, reversing the intended hydrolysis. 
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Figure 41. 1H NMR spectrum of tetrahedral intermediate 186. The NMR spectrum was not well resolved 

in solvents other than DMSO and gives very broad peaks in acetone-d6, CD3CN and CD3OD. 

 

Scheme 77. A: Hydrolysis of intermediate 186 to form KAT 173 was spontaneous in dilute aqueous 

solutions (cf Scheme 76 LCMS chromatogram, where the peak of KAT 182 was dominant over peak 

of the tetrahedral intermediate 181). However, upon evaporation in intention to isolate the KAT, the 3-
methylaminothiol adds back onto the KAT. B: A similar hydrolysis could also be in action for KAT-

dithiane hydrolysis. 
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A series of work-up conditions were tested to prevent the thioaminal from re-forming 

during solvent removal. In the end we found it necessary to use an aminothiol trapping reagent. 

Both formaldehyde and acetaldehyde successfully trapped the aminothiol and liberated the 

KAT for further purification. We have previously seen that KAT synthesis through the 

borylation of dithiane was also troubled at the step of removing the 1,3-propanethiol from the 

dithiane, and required the addition of methyl iodide.176 A similar reversible hydrolysis could be 

the common problem. 

 

 Conditions Outcome 

1 KF(aq) 6.5M 10% v/v N.R. 

2 KHF2(aq) satd. 10 % v/v N.R. 

3 HF(aq) 48%, 10 % v/v N.R. 

4 K2CO3(aq) satd., 20% v/v N.R. 

5 KOH(aq) 6M, 20% v/v N.R. 

7 CH2O(aq) 35%, 20% v/v 182 + slow decomposition 

8 CH2O(aq) 35%, 5% v/v Mixture of 181 and 182 

9 CH2O(aq) 35%, 20% v/v, KF(aq) 6.5 M 10% v/v 182, slowly forms a byproduct 

10 Acetaldehyde 20% v/v, KF(aq) 6.5 M 10% v/v 182, complete in 4 hr 

Table 9. Conditions screening for the hydrolysis of intermediate 181 to KAT 182. A 181 solution formed 

from treating 179 with nBuLi was added the reagents listed and stirred vigorously overnight before being 

evaporated and analyzed by LCMS using non-aqueous MeOH-CH3CN to prepare the injection sample. 

Upon prolonged treatment with formaldehyde, α-alkoxy KATs formed byproducts that 

have yet to be identified (Figure 42). Treatment with acetaldehyde did not give rise to this 

byproduct and was chosen to be the standard aminothiol trapping agent. The final work-up 

procedure to accompany the use of reagent 179 with alkyllithiums is as follows: 1 mL of the 

reaction mixture was quenched with 0.1 mL of 6.5 M KF(aq) followed by 0.2 mL acetaldehyde. 

The quenched reaction mixture was left to stir vigorously overnight before evaporation. The 

byproduct 3-methyl-1-thia-3-azacyclohexane could be washed away with Et2O, in which most 

KATs were insoluble. 
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Figure 42. Byproduct formation from intermediate 186 when treated with formaldehyde for prolonged 

time. 186 shows up at retention time 2.7 min, with m/z = 247 Da. Peaks with 277 Da appear at 2.46 

min, and 307 Da appear at 2.34 min. Only α-alkoxy KATs exhibit this behavior. 

. 

5.3.3. Reactivity towards other organometallics or radical sources 

Reagents and conditions under which 179 was treated with and gave no conversion was 

summarized below in Table 10. We hoped that the ability of reagent 179 to stabilize the 

tetrahedral adduct will allow it to react with other organometallic reagents and form KATs, 

under harsher conditions where reagent 1 only gives a mixture containing double addition 

products (entries 1–6). We were also constantly interested in the possibility of generating 

KATs from alkyl radicals (entries 8–9). Unfortunately, reagent 179 only reacted with 

alkyllithiums so far. 
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 Conditions Outcome 

1 iPrMgCl, THF, -78°C N.R 

2 iPrMgCl, THF, rt Trace amount of double addition. 

3 EtMgBr, -78 °C N.R. 

4 ZnEt2 neat, rt N.R. 

5 ZnEt2, ZnCl2, rt N.R. 

6 Allyl iodide, In(0) N.R. 

7 MeLi, -78°C Mono-addition 

8 Benzoyl peroxide, CD3Cl N.R. 

9 Benzoyl peroxide, PhMe, reflux N.R. 

Table 10. Miscellaneous reaction conditions used to activate reagent 179 
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5.3.4. Alkyl di-KATs, potential α-leaving group KATs, and JQ1-TEG-KAT 

The ability of 179 to directly trap an alkyllithium and form the corresponding KAT has 

enabled the synthesis of some KATs that were otherwise hard to obtain. These include α-

alkoxy, α-phenoxy and alkyl di-KATs as listed below. 

 

Scheme 78. Scope of KATs synthesized from reagent 179. 

  

5.4. Alternative synthesis of 179 and its more soluble N-ethyl variant 

We have previously tried to substitute the amine and thiols of 1, by reacting 1 directly with 

thioaniline (Scheme 79A), but did not obtain the desired product.152 We were pleased to find 

that, on the contrary, reaction between 1 and N-methylaminopropanthiol gave 179 smoothly. 

This gave an expedient alternate synthesis of 179, since reagent 1 is now commercially 

available, and is purchased by our group in decagram quantities. The yield of 179 from this 

amine-thiol substitution route is comparable with the original procedure described in section 

5.3. An N-ethyl variant can also be prepared through the same strategy with N-

ethylaminopropanethiol. The N-ethyl variant 192 was more soluble in organic solvents and 

dissolves up to 0.2 M in THF at –78ºC, whereas 179 dissolves no more than 0.05 M in THF 

under room temperature. The handling and usage of 192 was therefore less problematic since 

it is easier to transfer and prepare a homogenous reaction mixture. The yield of KAT synthesis 

with 192 was essentially the same with that obtained from 179. 
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Scheme 79. Alternative synthesis of reagent 179 and 192 from commercially available 1. 

5.5. Summary 

A class of N–S tethered cyclic KAT reagent, 179 and 192 was designed to avoid the 

double addition problem of alkyl KAT synthesis and enabled access to α-alkoxy KATs in 

satisfying yields. With alkyllithiums, these reagents forms a cyclic thioaminal structure which 

stabilized the intermediate during KAT synthesis, and required a modified work-up procedure 

that traps the thioamine byproduct, to release the KAT. 

It would be interesting to see if some minimalistic KATs and di-KATs might also be 

accessible from reagent 179 in the future, from alkyldilithium addition, hydride reduction or 

single electron reduction (Scheme 80B). The N-alkyl may also serve as a handle to place the 

aminothiol part of the KAT reagent on a solid support (Scheme 80B), which will greatly simplify 

the workup and purification of KAT synthesis. 

 

Scheme 80. Further possible developments basing on reagent 179

Me2N BF3

SEt

1

A)

SH

NH2
N

S
BF3

-

B)

Me2N BF3

SEt

1

Me

H
N SH

179

N

S

BF3
EtSH NHMe2

C)

Me2N BF3

SEt

1

Et

H
N SH

N

S

BF3
EtSH NHMe2

192

Me

Et

52%

70%



 

 

 



 

 

 

6  

Brief journey with other KATs 

 

This chapter aims to summarize some other findings in KAT chemistry that could not be 

developed into independent chapters. 

 

 

 

請硬朗地戰鬥去罷。至於我，這失敗的一生，也該有個結束。 

Do fight on gallantly. As for me, my lifelong failure, should now end. 

 

陳映真‧山路 / YingZhen Chen – Mountain Road 
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6.1. The role of a proton donor neighbor on KAT ligation rates 

6.1.1. Basicity of pyridine and quinoline KATs 

During the investigation of KAT ligation rate we discovered that a nearby protonation site 

can enhance KAT ligation rate drastically.35 Scheme 81 shows a representative collection of 

KAT ligation rate constants measured in aqueous CH3CN buffered at pH 7.4. Quinoline KAT 

was found to ligate 60 times faster than pyridine KAT under these conditions. This was 

contradictory to our first instinct, which says that pyridines (pKa 5.2) should be more basic than 

quinolines (pKa 4.9) and serve as a more populated intramolecular proton donor at pH 7.4.  

We performed acid-base titrations to help decipher this seemingly inverted trend of KAT 

ligation rates and KAT basicity. To our surprise, we found quinoline KAT to be one pKa unit 

more basic than pyridine KAT in aqueous CH3CN, as shown in Figure 43. In the crystal 

structure the KAT group was found to be interacting with the proton, possibly contributing to 

the observed, unexpectedly higher basicity (Figure 44). 

 

Scheme 81. KAT ligation rate constants of phenyl, 2-pyridyl, and 8-quinolyl KATs with hydroxylamine 

193 in aqueous acetonitrile at pH 7.4. 

 

Figure 43. Acid titration curve shows that A) pyridne KAT has a conjugate acid pKa of 4.41 and B) 

quinoline KAT to that of 5.89. The titration was performed in 1:1 CH3CN-H2O, with concentration 0.1 M.  
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Figure 44. X-ray diffraction structure of quinoline KAT crystallized with 2 equiv of HCl. The proton is in 

interaction with both the quinoline nitrogen and the KAT carbonyl. The KAT group was fixed in a 

coplanar conformation with the quinoline ring. 

6.1.2. Synthesis of KATs bearing proton donors 

With the hypothesis that a nearby proton could accelerate the rate of KAT ligation, we 

went on to synthesize KATs with built-in proton donor, like 194 with a hydroxyphenyl group¸ 

or with a sp3 hybridized nitrogen heteroatom like 195, 196, and 197. 194 was synthesized 

through a Suzuki coupling of 6-bromo-pyridyl-2-KAT and 2-hydroxyphenyl boronic acid pinacol 

ester. KATs 195, 196, and 197 were synthesized through lithiation guided by the nitrogen or 

the tert-butyl carbamate group (Scheme 82). None of these KATs ligated significantly faster 

than known pyridyl KATs. The fastest among them was 195, with a second order rate constant 

of ~ 0.2 M-1s-1, but it proved to be unstable in aqueous solution (Scheme 83). The N,N-dimethyl 

TIM intermediates in the synthesis of 196 and 197 were remarkably stable towards hydrolysis 

and additional bases were required to obtain the KAT. The X-ray diffraction structure of 194 

and the N,N-dimethylamino TIM of 196 were depicted in Figure 45. 
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Scheme 82. Synthesis of KATs 194–197 with proton donors in proximity. 

 

Scheme 83. The KAT ligation 2nd order rate constants of KATs 194 – 197 reacting with hydroxylamine 

200. Rate constants were measured in 1:1 CD3CN-D2O 50 mM potassium phosphate buffer at pH 7.4. 

The rate constant of 4-methoxy-2-pyridyl KAT ligating with 200 was shown as a reference. 
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Figure 45. X-ray diffraction crystal structure of A) KAT 194 and B) N,N-dimethyl TIM of KAT 196 with 

HCl 

6.2. Synthesis of KATs and hydroxylamines for incorporation in polymers 

This section describes the synthesis of bromomethyl KATs and stryryl KATs, which were 

the preliminary studies paving way to the incorporation of KATs to polymer building blocks.34 

6.2.1. Bromomethylphenyl KATs 

Installing an electrophilic handle on a KAT is essential for countless potential applications 

of KATs, unfortunately a naive bromination of a p-methylbenzoyl KAT 203 did not result in the 

desire benzyl bromide. Conditions for radical bromination did not employ solvents that could 

dissolve KATs, while bromination reagents such as NBS oxidize the KAT functional group in 

polar aprotic solvents that dissolve KATs. Fortunately, we found that TIM 204 could be 

brominated, in a biphasic condition that generates bromine radical by gradual reduction of 

potassium bromate,177 to give the bromomethyl TIM 198. It was later found that the benzylic 

position of 204 can also be selectively brominated by NBS in acetonitrile.178 The TIM acts both 

as a solubilizing group and a protection group for KATs in this context. 
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Scheme 84. A: Bromination at benzyllic position on KATs is difficult but B: can occur on TIMs 

6.2.2. KATs with polymerizable groups 

Some of the works in this section were done with the help of Maria Reichenbach during 

her semester project in the Bode group. 

We set out to design a KAT that could be incorporated in a polymer, for example, 

polystyrene. A logical polystyrene monomer with a KAT group would be KAT 199, or its 

pyrrolidine TIM form 208. The synthesis of styryl KAT 199 from the KAT reagent route required 

extensive modification from the general procedure. Lithiation of p-bromostyrene required 

longer time at -78 °C, and a thiol scavenger was necessary to prevent the ethylthiol work-up 

product from adding to the styryl double bond. Methyl vinyl ketone was found to be suitable 

for this purpose. The product KAT 199 can be converted to a pyrrolidine TIM for 

chromatographic purification or ATRP polymerization. 

 

Scheme 85. The synthesis of styryl KAT by the KAT reagent suffers from a thiol adduct byproduct that 

was generated during work-up. 
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Lithiation duration Thiol scavenger Outcome 

0 (in situ lithiation) - Styryl bromide mostly remained 

Forming 207 

2 hr - Less styryl bromide remaining 

Forming 207 

3.5 hr AgNO3 Lithiation complete 

207 formation reduced 

Crude mixture polymerized 

3.5 hr Methyl vinyl ketone Mostly 199. 65% yield. 

Table 11. Condition optimization for the synthesis of styryl KAT 199.  

 

Figure 46. Crystal structure of the TIM 208. The terminal vinyl carbon position is in disorder. 

A hydroxylamine 200 for polystyrene incorporation was also synthesized. Hydroxylamine 

201 and TIM 202 bearing a methyldimethoxysilyl group at the terminal were also synthesized 

as possible PDMS monomers with the sequence shown in Scheme 86. 



 
Brief journey with other KATs 

 

121 

 

 

Scheme 86. Other KAT and hydroxylamine derivatives synthesized with polymerizable group in this 

project. 
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7.1. Synthetic procedures and characterization of compounds 

7.1.1. General Procedural information 

All reactions were carried out in over-dried glassware and were stirred with Teflon-coated 

magnetic stir bars unless specified otherwise. Air- or moisture-sensitive reactions were 

conducted in dry glassware sealed with a rubber septum under nitrogen atmosphere. Thin 

layer chromatography (TLC) was performed on glass backed plates pre-coated with silica gel 

(Merck, Silica Gel 60 F254) which were visualized by fluorescence quenching under UV light 

or by staining with KMnO4 solutions. Flash column chromatography was performed on 

Silicycle Silica Flash F60 (230–400 Mesh) using a forced flow of air at 0.4 bar. Internal volume 

(Vint) of flash silica columns were measured by the volume of solvent taken up during column 

packing. Eluent ratios were recorded in volume-volume ratios. Cyclohexane, CH2Cl2, and 

EtOAc were distilled before use. THF for reactions involving organometallic reagents were 

distilled from Na-fluorenone ketyl before use. N,N-diisopropylamine was distilled from CaH2 

and stored under N2 before use. LC-MS was performed either on a Dionex UltiMate 3000 

RSLC connected to a Surveyor MSQ Plus mass spectrometer, or on a Waters H-class Acuity 

HPLC connected to a SQ detector 2. Some KAT reagent 1 was provided by Eli Lily through a 

collaboration, and was purified by column chromatography (CHCl3) before use. Synthetic 

reagents were not purified unless stated in the procedure.  

7.1.2. Synthesis of nitrones and amidoxime in Chapter 2 

General procedure for the preparation of a KAT nitrone 

The KAT (0.2 mmol) and the hydroxylamine hydrochloride (0.2 mmol) were dissolved in 

2 mL 1:1 DMF-H2O and stirred at room temperature. The reaction progress was monitored by 

LCMS analysis of a portion of the reaction mixture, diluted 200 fold with 1:1 CH3CN-MeOH. 

After the desired reaction time the solvent was either evaporated or removed by N2 purge. 

Purification was carried out by chromatography on silica, or precipitation from Et2O. 

Preparation of nitrone from N-benzyl hydroxylamine and benzaldehdyde(r374-378) 

 

N-benzylhydroxylamine (42.5 mg, 345 μmol, 1.0 equiv) and 4-bromobenzaldehyde (102.4 

mg, 553 μmol, 1.6 equiv) were dissolved in CH3CN (1.5 mL) and stirred for 12 hr at 23 °C, 

after which TLC and 1H NMR indicated consumption of the hydroxylamine. The solvent was 

evaporated and the residue was chromatographed on silca (Eluent: 1/3 EtOAc/Cy) to give a 
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white solid as the product (12.2mg, 42.0 μmol, 12.2%). The spectroscopic signals were in 

agreement with previous reports.179 

1H NMR (400 MHz, CDCl3): δ [ppm] = 8.09 (d, J = 8.7 Hz, 2H), 7.52 (d, J = 8.7 Hz, 2H), 

7.49–7.38 (m, 5H), 7.35 (s, 1H), 5.04 (s, 2H); 13C NMR (100 MHz, CDCl3): δ [ppm] = 133.26, 

133.09, 131.83, 130.03, 129.44, 129.42, 129.26, 129.18, 124.41, 71.56. 

Nitrone from N-benzyl hydroxylamine and phenyl KAT 21c01-3-6 

 

Phenyl KAT (50.0 mg, 236 μmol, 1 equiv), N-benzylhydroxylamine hydrochloride (38.2 

mg, 239 μmol, 1.01 equiv), and K2CO3 (16.4 mg, 119 μmol, 0.50 equiv) were dissolved in 2 

mL 1:1 DMF-H2O and stirred at 23 °C for 12 hr before the solvents were evaporated. The 

residue was chromatographed on a silica column packed in 1:1 cyclohexane-acetone. 

Chromatography: Vint 25 mL, eluents: 20 mL 1:1 cyclohexane:acetone, 100 mL 2:1 

cyclohexane:acetone into fractions 1~12, among which fractions 3–6 contained the product, 

and was evaporated to give the nitrone as a clear oil. 

1H NMR (400 MHz, CD3OD): δ [ppm] = 7.67 – 7.52 (m, 2H), 7.49 – 7.25 (m, 8H), 5.39 (s, 

2H); 19F NMR (377 MHz, CD3OD): δ [ppm] = -140.60 (q, J = 38.4 Hz); 11B NMR (128 MHz, 

CD3OD) δ 0.26 (q, J = 38.9 Hz); IR (ν/cm-1, neat ATR): 3069, 3036, 1658, 1459, 1297, 1055, 

1032, 922, 905, 886, 751, 701; HRMS(ESI): calcd for C14H12BF3NOK (M-K-): 278.0970, found 

278.0972. 

Nitrone (100) from N-benzyl hydroxylamine and phenyl KAT 

 

p-Bromophenyl KAT (89 mg, 307 μmol, 1 equiv), N-benzylhydroxylamine hydrochloride 

(51.3 mg, 321 μmol, 1.05 equiv), and K2CO3 (23.5 mg, 170 μmol, 0.55 equiv) were dissolved 

in 3 mL 1:1 DMF-H2O. The yellow color of the KAT in solution vanishes in ~ 2 min. The reaction 

mixture was stirred at 23 °C for 12 hr before being evaporated. The residue was 

chromatographed on a silica column packed in 1:1 cyclohexane-acetone. Chromatography: 

Vint 23.5 mL, eluents: 29 mL 1:1 cyclohexane:acetone, 100 mL 2:1 cyclohexane:acetone into 
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fractions 1~12, among which fractions 7–12 contained the product and was evaporated to give 

100 as a clear oil. 

1H NMR (400 MHz, DMSO-d6): δ [ppm] = 7.49 – 7.45 (m, 2H), 7.43 – 7.39 (m, 2H), 7.37 

– 7.31 (m, 4H), 7.27 (M, 1H), 5.13 (s, 2H). 13C NMR (150 MHz, DMSO-d6): δ[ppm] = 154.97 

(br), 138.80, 137.34, 131.80, 129.92, 129.17, 128.28, 127.52, 119.29, 65.62 (q, J = 3.4 Hz).19F 

NMR (376 MHz, DMSO-d6): δ [ppm] = -133.79 (br, s); 11B NMR (128 MHz, DMSO-d6) : δ 

[ppm] = 1.60 (br, s) ; IR (ν/cm-1, ATR/CD3OD dried film): 3110, 3088, 3063, 3032, 3008, 2966, 

2941, 2847, 1718, 1635, 1589, 1565, 1540, 1483, 1454, 1396, 1357, 1300, 1279, 1244, 1197, 

1172, 1130, 1104, 1069, 1029, 1010, 985, 924, 902, 882, 864, 835, 796, 754, 723, 700, 672, 

637, 552, 519; HRMS(ESI): calcd for C14H11BBrF3NOK (M-K-): 356.0075, found 356.0076. 

Elemental analysis: Calc 42.46% C, 2.80%H, 3.54% N, found 42.45% C, 2.73%H, 3.82%N. 

KAT Nitrone (102) from N-propylphenyl hydroxylamine and p-fluorophenyl KAT 

 

p-fluorophenyl KAT (198.8 mg, 864.3 μmol, 1 equiv) and N-(3-phenylpropyl)-

hydroxylamine (263 mg, 1.74 mmol, 2.01 equiv)  were dissolved CH3CN (2 mL) and left to 

stand overnight. The solvent was evaporated and the residue was chromatographed on silica. 

The residue was chromatographed on a silica column (Φ 2.5 cm, l 11.5 cm) packed in 10:90:1 

MeOH-CHCl3-Et3N. Chromatography: Vint 50 mL, eluents: 50 mL 10:90:1 MeOH-CHCl3-Et3N, 

100 mL 14:90 MeOH-CHCl3 into fractions 1~27, among which fractions 9–25 contained the 

product. 

1H NMR (400 MHz, CD3CN): δ [ppm] = δ 7.42 – 7.34 (m, 2H), 7.34 – 7.27 (m, 2H), 7.25 – 

7.18 (m, 3H), 7.13 (t, J = 9.0 Hz, 2H), 4.19 – 4.09 (m, 2H), 2.75 – 2.61 (m, 2H), 2.23 – 2.07 

(m, 2H); 13C NMR (100 MHz, CD3CN) δ [ppm] = 181.75 – 177.08 (m)z, 165.07, 162.61, 142.16, 

131.76(d, J = 3.3 Hz), 131.21 (d, J = 8.6 Hz), 129.41 (d, J = 3.4 Hz), 127.08, 118.38, 115.75, 

115.53, 60.89 (q, J = 3.4 Hz), 33.19, 30.21; 19F NMR (377 MHz, CD3CN) : δ [ppm] = -140.05 

(q, J = 37.0 Hz); 11B NMR (128 MHz, CD3CN) : δ [ppm] = -1.00 (q, J = 52.8 Hz); IR (ν/cm-1, 

KBr pellet): 3419 (br), 3220(br), 3027, 2962, 2929, 2864, 1664, 1636, 1605, 1566, 1502, 1455, 

1412, 1241, 1158, 1112, 1079, 1063, 1020, 993, 956, 827, 745, 698, 598; HRMS(ESI): calcd 

for calcd for C16H15BF4NOK (M-K-): 324.1191, found 324.1188. 
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Nitrone (111) from N-Benzyl hydroxylamine with p-fluorophenyl KAT 

 

p-fluorophenyl KAT was used, following the procedure for nitrone 102 to obtain nitrone 

111 as a white powder (73.2%, mp227.7-231.7 dec). 

1H NMR (400 MHz, DMSO-d6) δ 7.49 – 7.41 (m, 4H), 7.37 – 7.24 (m, 3H), 7.03 (m, 2H), 

5.12 (s, 2H, major isomer CH2), 4.66 (m, 0.2H, minor isomer CH2). 13C NMR (151 MHz, DMSO-

d6) δ 160.87 (d, J = 242.5 Hz), 155.07(br, s), 137.47, 135.66 (d, J = 3.2 Hz), 131.66 (d, J = 7.7 

Hz), 129.17, 128.27, 127.49, 115.25 (d, J = 21.3 Hz, minor isomer), 113.68 (d, J = 20.9 Hz, 

major isomer), 65.58 (d, J = 3.4 Hz, major isomer), 64.55 (s, minor isomer). 19F NMR (377 

MHz, DMSO-d6) δ -133.23 (major isomer), -138.23 (minor isomer). 11B NMR (128 MHz, 

DMSO-d6) δ 0.24 – -2.32 (m). IR (ATR, cm-1):3072, 3046, 2960, 1604, 1552, 1506, 1454, 

1401, 1282, 1214, 1155, 1131, 1091, 1041, 1012, 979, 939, 907, 884, 857, 833, 804, 781, 

749, 707, 665, 638, 612, 586, 536, 514. HRMS (ESI): calcd for C14H11BF4NO (M-K-): 

296.0875, found: 296.0878 

Nitrone (105) from N-Benzyl hydroxylamine with Pyridyl KAT 

 

Pyridyl KAT (8.1 mg, 38 μmol, 1 equiv) and N-benzylhydroxylamine hydrochloride (23.7 

mg, 148.5 μmol, 3.9 equiv), and K2CO3 (9.7 mg, 70 μmol, 1.85 equiv) were dissolved in 2 mL 

1:1 DMF-H2O and evaporated immediately. The mixture was dried under vacuum overnight 

before being dissolved in 4 mL 10% MeOH/CHCl3 and filtered with 5 μM PVDF filter. The 

filtrate was evaporated down to 1 mL, precipitated with 15 mL Et2O. The precipitated was 

collected by centrifugation (7500 rpm, 20 min), and reprecipitated twice more before being 

dried under vacuum overnight to give the product as an oil (7 mg, 22 μmol, 58%).  

1H NMR (600 MHz, DMSO-d6): δ [ppm] = 8.47 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 7.64 (td, J 

= 7.7, 1.9 Hz, 1H), 7.58 – 7.45 (m, 2H), 7.39 – 7.33 (m, 2H), 7.32 – 7.28 (m, 1H), 7.18 – 7.10 

(m, 2H), 5.13 (s, 2H);13C NMR: (151 MHz, DMSO-d6): δ[ppm] = 158.83, 156.46 (br, s), 148.16, 

136.55, 134.91, 128.89, 127.82, 127.14, 123.24, 120.86, 64.83; 19F NMR (377 MHz, DMSO-

d6): δ [ppm] = -134.81 (s); 11B NMR (128 MHz, DMSO-d6) : δ [ppm] = 0.86 (s); IR (ATR, cm-
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1): 3096, 3068, 3032, 1586, 1536, 1427, 1191, 1124, 1087, 1040, 1010, 983, 958, 909, 887, 

781, 750, 721, 694, 679, 632, 618, 546;HRMS (ESI): calcd for C13H12BF3N2OK (M-K-): 

279.0922, found: 279.0929. 

Nitrone (107) from N-Benzyl hydroxylamine with Quinolyl KAT 

 

Quinoline KAT (10.1 mg, 38.4 μmol, 1 equiv), N-benzylhydroxylamine hydrochloride 

(15.8mg, 99 μmol, 2.58 equiv), and was dissolved in 1:1 DMF-H2O (1 mL) and evaporated. 

The residue was dried in vacuum, dissolved in 1:10 MeOH-CHCl3 and filtered. After three 

times reprecipitation with Et2O (8 mL), the product was obtained as a hygroscopic wax (9 mg, 

24.4 μmol, 63.5%) 

1H NMR (400 MHz, DMSO-d6)δ [ppm] = 8.86 (dd, J = 4.1, 1.8 Hz, 1H), 8.28 (dd, J = 8.3, 

1.8 Hz, 1H), 7.78 (dd, J = 8.2, 1.5 Hz, 1H), 7.69 – 7.63 (m, 2H), 7.52 (dd, J = 8.1, 7.0 Hz, 1H), 

7.46 (dd, J = 8.2, 4.1 Hz, 1H), 7.41 – 7.21 (m, 4H), 5.31 (d, J = 13.1 Hz, 1H), 5.19 (d, J = 13.1 

Hz, 1H); 13C NMR (151 MHz, DMSO) δ 157.75, 149.12, 145.80, 140.81, 137.32, 135.66, 

128.54, 127.66, 127.11, 126.64, 125.86, 125.63, 120.65, 113.18 (d, J = 20.9 Hz), 64.60 (d, J 

= 2.9 Hz); 19F NMR (376 MHz, DMSO-d6) δ -135.55. 11B NMR (128 MHz, DMSO-d6) δ 1.77; 

IR (ATR, neat): 3062, 3035, 2972, 1662, 1595, 1553, 1497, 1454, 1388, 1366, 1314, 1281, 

1259, 1230, 1197, 1157, 1131, 1108, 1039, 1010, 921, 894, 829, 799, 743, 709, 663, 618, 

587, 541, 516; HRMS (ESI): calcd for C17H13BF3N2OK (M-K-): 329.1079, found: 329.1083. 

KAT nitrone formation in NMR sample without isolation of the nitrone 
Nitrone (99) from N-Benzyl hydroxylamine with Butyl KAT 

 

A solution of butyl KAT in DMSO-d6 (61.4 mM, 195.5 μL, 1 equiv) was mixed with a 

solution of N-benzylhydroxylamine (DMSO-d6, 351.3 mM, 22.2 μL, 0.650 equiv), DMSO-d6 

(82.3 μL), and D2O (300 μL). The conversion of the hydroxylamine was > 66% after 20 min, 

and complete after 70 min according to 1H NMR monitoring. 1H NMR (400 MHz, 1:1 DMSO-

d6-D2O): δ [ppm] = 7.38 – 7.12 (m, 5H), 4.90 (s, 2H), 2.29 (td, J = 7.7, 4.6 Hz, 2H), 1.37 – 1.20 

(m, 4H), 0.85 – 0.60 (m, 3H). 19F NMR (377 MHz, 1:1 DMSO-d6-D2O) : δ [ppm] = -135.55 
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(br);IR (ATR,neat): 2957, 2931, 2871, 1653, 1636, 1604, 1568, 1497, 1465, 1455, 1418, 1404, 

1378, 1361, 1320, 1308, 1296, 1263, 1241, 1196, 1159, 1106, 1077, 1015, 936, 881, 837, 

810, 780, 754, 733, 720, 697, 673, 660, 646, 630, 619, 606, 593, 577, 564, 547, 536, 524, 

511; HRMS(ESI): calcd for C12H16BF3NOK (M-K-): 258.1283, found: 258.1285.  

Nitrone (112) from d7-N-Benzyl hydroxylamine with p-chlorophenyl KAT 

 

p-chlorophenyl KAT and d7-N-benzylhydroxylamine hydrochloride was used, following 

the procedure for nitrone 102 to obtain nitrone 112 as a white powder. 

1H NMR (400 MHz, DMSO-d6) δ 7.43 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.6 Hz, 2H); 13C 

NMR (151 MHz, DMSO-d6) δ 155.00, 138.36, 137.07, 131.47, 130.67, 129.92, 129.09 – 

128.56 (m), 128.05 – 127.52 (m), 126.97, 65.30 – 64.51 (m); 19F NMR (377 MHz, DMSO-d6) 

δ -133.83 (br), -139.44 (minor isomer). 11B NMR (128 MHz, DMSO-d6) δ 0.69 – -2.62 (m); IR 

(ATR, neat): 3092, 1666, 1595, 1550, 1488, 1396, 1329, 1299, 1280, 1225, 1176, 1133, 1113, 

1081, 1042, 1007, 970, 941, 913, 899, 843, 821, 798, 777, 728, 710, 657, 636, 623, 601, 582, 

549, 509; HRMS (ESI+): calcd for C14H4BClF3NOD7: 319.1019, found 319.1019. 

Nitrone (109) from N-Benzyl hydroxylamine with p-methoxyphenyl KAT 

 

A solution of p-methoxyphenyl KAT in DMSO-d6 (54.2 mM, 161.36 μL, 1 equiv) was mixed 

with a solution of N-benzylhydroxylamine (DMSO-d6, 351.3 mM, 17.1 μL, 0..687 equiv), 

DMSO-d6 (121.7 μL), and D2O (300 μL).  H NMR (400 MHz, 1:1 DMSO-d6-D2O) : δ [ppm] = 

7.40 – 7.34 (m, 2H), 7.34 – 7.26 (m, 3H), 7.24 – 7.16 (m, 2H), 6.85 – 6.80 (m, 2H), 5.08 (s, 

2H), 3.69 (s, 3H); 13C NMR (151 MHz, DMSO-d6): δ 155.61, 137.77, 131.62, 131.19, 129.15, 

128.52, 128.18, 127.33, 113.72, 112.24, 65.52 (q, J = 3.5 Hz); 19F NMR (377 MHz, 1:1 DMSO-

d6-D2O) : δ [ppm] = -134.44; IR (ATR, neat): 3295, 3087, 3035, 2963, 1739, 1605, 1573, 1542, 

1510, 1456, 1304, 1275, 1247, 1172, 1117, 1098, 1019, 972, 939, 907, 885, 838, 793, 733, 
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704, 665, 640, 618, 589, 553, 516; HRMS (ESI): calcd for C15H14BF3NO2K (M-K-): 308.1075, 

found: 308.1081. 

Formation of amidoxime byproduct (110) from N-benzyl hydroxylamine 

 

N-benzylhydroxylamine was dissolved in CD3CN to make a solution of concentration 160 

mM, which was measured by 1H NMR using the residual CHD2CN peak as the internal 

standard. After 47 hours, the concentration of the hydroxylamine dropped to 120 mM and the 

aldoxime concentration was 30 mM. Transparent crystals precipated from the NMR sample 

and was collected as the product. The crystal was collected and submitted for x-ray 

crystallography. 

The CH3-isotopomer was synthesized with the same procedure, using CH3CN instead of 

CD3CN. Its crystal structure was identical with the deuterated isotopomer. 

 

H NMR (400 MHz, DMSO-d6) δ 7.32 (d, J = 4.1 Hz, 1H), 7.31 – 7.21 (m, 0H), 6.55 (s, 1H), 

4.72 (s, 1H), 2.07 (s, 1H). 13C NMR (126 MHz, DMSO-d6) δ 144.03, 136.78, 128.17, 127.58, 

127.11, 57.59, 14.53. IR (ATR, cm-1): 3172, 3113, 3086, 3061, 3028, 2906, 2856, 1657, 1604, 

1495, 1453, 1432, 1377, 1351, 1142, 1076, 1027, 971, 933, 906, 870, 841, 792, 728, 695, 

663, 628, 601, 575, 532. HRMS (ESI): calcd for C9H13N2O1 (M+H+): 165.1022, found 165.1023 

Crystal Data for C9H12N2O (M =164.21 g/mol): monoclinic, space group P21/c (no. 

14), a = 13.9395(2) Å, b = 5.65960(10) Å, c = 10.8937(2) Å, β = 101.410(2)°, V = 842.44(3) 

 Å3, Z = 4, T = 100.0(1) K, μ(Cu Kα) = 0.697 mm-1, Dcalc = 1.295 g/cm3, 17354 reflections 

measured (6.468° ≤ 2Θ ≤ 160.726°), 1826 unique (Rint = 0.0470, Rsigma = 0.0222) which were 

used in all calculations. The final R1 was 0.0362 (I > 2σ(I)) and wR2 was 0.0943 (all data). 
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7.1.3. Synthesis of multivalent KATs in Chapter 3 

General procedure for synthesis of multivalent KATs with reagent 1 

The corresponding aryl iodide and reagent 1 (1.5–2 equiv per iodide) were dissolved in 

THF to make a 0.02 M solution and cooled to –78 °C using an acetone-dry ice bath. During 

the cooling process the iodide may precipitate. nBuLi (1.6 M in hexanes, 1.5–2 equiv per iodide) 

was added over 1hr to give a clear yellow solution. The reaction mixture was stirred for one 

hour at –78 °C, after which KF(aq) (6.5 M, 8 equiv per iodide) was added to the reaction mixture 

which was stirred overnight at 23 °C to give a milky white suspension. The suspension was 

diluted with equal volume of CH2Cl2 and stirred for 10 min and the solid protion was collected 

by filtration. The solid was washed with H2O and CH2Cl2 before being dried in vacuum or 

azeotropically dried with toluene. The dried product was dissolved in DMF and precipated with 

acetone to remove the mono-KAT byproduct. 

Synthesis of 119 

 

Following the general procedure, 1055.7 mg (1.54 mmol, 1 equiv) of using 1,3,5-tris(4-

iodophenyl)benzene and 6 equiv of reagent 1 were dissolved in in THF (46.2 mL) and nBuLi 

was added. 119 was isolated after two times precipation with acetone (14mL) as a pale yellow 

powder (719.8mg, 1.02 mmol, 66.2% mp 220 °C dec) 
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The starting material was synthesized with the procedure reported by Shekouhy et al. 

from 4-iodoacetophenone using B(HSO4)3 as a catalyst.180 

1H NMR (400 MHz, DMSO-d6) δ 8.04 (d, J = 8.1 Hz, 1H), 7.98 (s, 0H), 7.91 (d, J = 8.4 Hz, 

1H); 13C NMR (151 MHz, DMSO) δ 232.49 (br), 141.97, 141.23, 140.19, 128.36, 126.60, 

124.78; 19F NMR (377 MHz, DMSO) δ -141.57; 11B NMR (160 MHz, DMSO-d6) δ 0.65 (q, J = 

18.3 Hz), -0.80; IR (ν/cm-1, KBr):3070, 3029, 2958, 2932, 2963, 2934, 2880, 1708, 1666, 1637, 

1598, 1559, 1391, 1242,  1072, 1036, 1007, 884, 819; HRMS (MALDI/DCTB): calcd for C27H15-

B3F9K3O3 (M-K-): 669.04363 found: 669.04414. 

Synthesis of 120 

 

The starting material 1,3,5,7-Tetrakis-(4-iodophenyl)adamantane was synthesized from 

adamantane according to the procedure reported by Keana  et al.181 

Following the general procedure, 1284.1 mg (1.600 mmol) of 1,3,5,7-Tetrakis-(4-

iodophenyl)adamantane were dissolved in THF (46.2 mL) and 6 equiv of reagent 1 were  

dissolved in THF (46.2 mL) and nBuLi was added. 120 was isolated after two times 

precipitation with acetone (14 mL) as a pale yellow powder (995.78 mg, 1.02 mmol, 75.3% mp 

250 °C dec).  

1H NMR (500 MHz, Acetone-d) δ 7.90 (d, J = 8.3 Hz, 8H), 7.58 (d, J = 8.6 Hz, 8H), 2.14 

(s, 12H); 13C NMR (151 MHz, DMSO) δ 232.57, 152.24, 139.30, 127.83, 127.81, 124.62, 

124.59, 46.22, 14.08; 19F NMR (376 MHz, DMSO-d6) δ -141.94; 11B NMR (160 MHz, Acetone-

d6) δ -1.49; IR (ν/cm-1, KBr): 3618, 3555, 3454, 3085, 3070, 2932, 2899, 2854, 1631, 1597, 

1561, 1512, 1477, 1445, 1405, 1357, 1320, 1294, 1258, 1191, 1079, 1032, 879, 843, 814, 

781, 747, 714, 682, 664, 626, 604, 553, 542, 528, 502, 486, 458, 447, 432, 416, 387, 377, 



 
Experimental section 

 

132 

 

358; HRMS: still screening for ionization conditions; Elemental analysis: Calc 46.75% C, 

2.89%H, 4.43%B, 23.35%F, 6.56%O, found 46.95% C, 3.37%H, 20.6%F, 7.58%O. 

Synthesis of d16 version of 120 

The synthesis was identical to that of 120. The starting material was prepared from 

1,3,5,7-tetrabromoadamantane and benzene-d6 following the procedure the procedure 

reported by Keana et al.181 

Synthesis of 121 

 

p-bromophenyl KAT (220.0 mg, 756.2 μmol, 1 equiv), p-ethynylphenyl KAT (214.2 mg, 

907.5 μmol, 1.2 equiv), CuI (7.2mg, 37.8 μmol, 0.05 equiv), and Pd(PPh3)4 (17 mg, 15 μmol, 

0.02 equiv) were dissolved in DMF (10 mL, dry) and TEA (5 mL, distilled) and stirred in a vial 

at 80 °C overnight. The solvent was evaporated and the residue was dispersed in 1 mL DMF, 

precipitated with 20 mL acetone, re-dissolved and precipitated with 5 mL H2O before being 

dried on vacuum to give 121 as a brownish yellow solid (143.6 mg, 321.9 μmol, 42.6%, mp 

137 °C dec) 

1H NMR (300 MHz, DMSO-d6) δ 7.93 (d, J = 8.1 Hz, 2H), 7.59 (d, J = 8.2 Hz, 2H); 13C 

NMR (101 MHz, DMSO) δ 162.78, 131.54, 128.45, 124.70, 91.29, 65.38; 19F NMR (282 MHz, 

DMSO-d6) δ -141.63; 11B NMR (128 MHz, DMSO-d6) δ -0.54 (q, J = 54 Hz); IR (ν/cm-1, KBr): 

3431, 3264, 3159, 2967, 2903, 2835, 2755, 2722, 2633, 2534, 2474, 2414, 2080, 1965, 1637, 

1597, 1466, 1399, 1305, 1181, 1151, 1086, 1024, 973, 884, 835, 803, 772, 741, 705, 672, 

611, 533, 500, 468, 436, 380; HRMS (ESI): calcd for C16H8B2F6O2K2 (M-2K2-): 184.0313, found: 

184.0315. 
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Synthesis of 122 

 

Following the general procedure, 4,4′-diiodobiphenyl, 4.4 equiv of 1 and 5 equiv nBuLi 

were used. Precipitation from acetone gave the product as a yellow powder (mp 220 °C dec). 

1H NMR (400 MHz, DMSO-d6) δ 8.00 (d, J = 8.2 Hz, 4H), 7.73 (d, J = 8.4 Hz, 4H). 19F 

NMR (376 MHz, DMSO-d6) δ -141.64 (d, J = 75.1 Hz); 11B NMR (128 MHz, DMSO-d6) δ -0.26; 

13C NMR (126 MHz, DMSO) δ 142.28, 140.68, 128.89, 126.78; IR (ν/cm-1, ATR/neat): 3292, 

1738, 1684, 1653, 1631, 1598, 1551, 1517, 1394, 1364, 1313, 1251, 1199, 1145, 1108, 1086, 

1055, 1005, 975, 948, 915, 877, 859, 825, 792, 755, 728, 675, 645, 626; HRMS (ESI): calcd 

for C14H8B2F6O2K2 (M – 2K2-): 172.0313, found 172.0313. 

7.1.4. Synthesis of hydroxylamines with 132 

 

Hydroxylamine hydrochloride (33.6 g, 484 mmol, 1 equiv) was dissolved in water (300 mL) 

and added slowly sodium bicarbonate (85.7 g, 1.02 mol, 2.1 equiv) Boc2O (216.5 g. 992.0 

mmol, 2.05 equiv) was dissolved in 300 mL of 5:1 pentane-Et2O and  added dropwise over 2 

hours. The mixture was stirred for 5 hours before the two phases were separated. The organic 

layer was collected and washed with water (200 mL * 3) and dried over MgSO4 before being 

evaporated to a thick liquid which solidifies upon standing. The solid was broken up and 

washed with pentane, collected by filtration and dried in vacuum to give the product as a white 

powder(86.2 g, 370 mmol, 76.4% mp 69.3–69.8 °C). The spectroscopic characteristic was 

identical to published reports.158 

Elemental analysis: Calc. 51.49%C, 8.21%H, 6.00%N, 34.29%O. Found: 51.59%C, 

8.08%H, 5.93%N, 34.14%O.  

NH2OH(HCl)

Boc2O

NaHCO3

pentane-Et2O

H2O

NHBocOBoc
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General Procedure A: Synthesis of N-Boc-O-Boc doubly protected hydroxylamines 
from alkyl halides with 132 

 

A solution of 132 (1.1 equiv per alkyl halide, 0.5 M) in dry DMF was prepared and K2CO3 

(1.5 equiv per alkyl halide) was added. The solution was stirred vigorously for 5 min, after 

which the alkyl halide was added. With benzyl bromides, the temperature will rise significantly. 

The mixture was stirred vigorously overnight before being poured into water and extracted 

with EtOAc. The EtOAc layer was washed with water to remove DMF before being dried over 

MgSO4 and evaporation to give the product. 

General Procedure B: Synthesis of N-Boc-O-Boc doubly protected hydroxylamines by 
mitsunobu reaction from primary alcohols and 132 

 

Triphenylphosphine (1.5 equiv per alcohol) was dissolved in THF to make a 0.45 M 

solution, and DIAD (1.5 equiv per alcohol) was added dropwise under 0 °C. After stirring at 0 

°C for 10 min a white suspension formed. A THF solution of 132 (0.33 M, 1.1 equiv) and the 

alcohol (0.3M, 1 equiv) was added to the white suspension, after which the mixture was 

allowed to stir while returning to rt. The white suspension gradually dissolved and the reaction 

progress was monitored by TLC or LCMS. After the desired reaction time the mixture was 

added saturated NH4Cl(aq) and treated with an equal amount of EtOAc before being washed 

with H2O. The organic layer was dried over MgSO4, evaporated, and dispersed in 1:9 EtOAc-

cyclohexane before being filtered through a silica plug to remove most of the 

triphenylphosphine oxide byproduct. The filtrate was evaporated and chromatographed on 

silica to give the product as a clear oil or white solid. 

Synthesis of d7-benzyl bromide  

 

A biphasic system of d8-toluene (2.00 mL, 1.91 g, 19.0 mmol) in EtOAc (40 mL, ~0.5 M) 

and aqueous solution of sodium bromate (5.75 g, 38.1 mmol, ~2 M) was stirred vigorously in 

a 250 mL round bottom flask. A solution of sodium bisulfite (3.962 g, 38.1 mmol) in water (40 

R Br

NHBocOBoc
K2CO3

DMF
R NBocOBoc

R OH

NHBocOBoc
PPh3/DIAD

THF
R NBocOBoc
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mL, ~1M) was added dropwise from a syringe over 30 min. After 10 min the reaction mixture 

warms up and was therefore cooled by an ice bath. The biphasic mixture was stirred for 2 

additional hours under rt after the end of bisulfite addition. After TLC indicated complete 

conversion, quenching of excess bromine was performed with adding saturated sodium 

thiosulfate solution under 0 °C (indicated by the color of bromine fading away). The organic 

layer of the resulting slightly yellow mixture was collected and the aqueous layer was extracted 

with EtOAc (50 mL x 2) and the combined organic layer was dried over MgSO4 before being 

concentrated on a rotary evaporator (> 200 mbar) to afford a crude mixture containing EtOAc 

(~4.5g). The crude mixture was directly used for the next step without further purification. 

Note: The product is a strong lachrymatory agent. 1H NMR cannot give an estimate to the 

purity of the crude product. 

Synthesis of d7-benzyl hydroxylamine  

 

Following General procedure A using benzyl bromide-d7 (132.8 mg, 745.7 μmol), after 

chromatography (eluent 5% EtOAc/cyclohexane) N-d7-Benzyl-N-Boc-O-Boc hydroxylamine 

was obtained as a clear oil that solidifies upon standing (112.1 mg, 336.5 μmol, 45%, mp 55.7–

58.2 °C)  

1H NMR (400 MHz, CDCl3) δ 1.48 (s, 9H), 1.46 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 

154.99, 152.26, 84.86, 82.72, 28.27, 27.69; HRMS (ESI+) calcd for C17H18D7NO5 [M+Na+]: 

353.2064, found 353.2061 

N-d7-Benzyl-N-Boc-O-Boc hydroxylamine (150.5 mg, 455.5 μmol, 1 equiv) was dissolved 

in 1:1 CH2Cl2:MeOH (5 mL) and added HCl(aq) (12M, 1.0 mL, 12 mmol, 26 equiv) and the 

bubbling solution was stirred vigorously for 4 hours before being blown dry with a nitrogen flow 

and dried under vacuum to give d7-benzylhydroxylamine hydrochloride as a white powder 

(74.4 mg, 446.6 μmol, 98%, mp 140 °C dec). HRMS (ESI+): calcd for C7H3N1O1D7: 131.1196, 

found 131.1194. 
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Synthesis of 123 

 

Following General Procedure A, 5.6233 g of 1,4-bis(chloromethyl)benzene (32.123 mmol) 

was used. After chromatography (eluent: 5% EtOAc-cyclohexane → 20% EtOAc-cyclohexane) 

the tetra-Boc-protected bis-hydroxylamine was obtained as a white wax like solid (16.7879 g, 

29.5216 mmol, 91.9%, mp 92.3–94.6 °C). 

1H NMR (400 MHz, CDCl3) δ 7.30 (s, 4H), 4.74 (s, 4H), 1.48 (s, 18H), 1.46 (s, 18H); 13C 

NMR (126 MHz, CDCl3) δ 154.82, 152.12, 135.20, 128.30, 84.75, 82.60, 53.72, 28.12, 27.56; ; 

IR (ν/cm-1, ATR/neat): 3254, 3138, 3088, 3064, 3035, 2966, 2928, 2910, 2871, 2817, 1806, 

1766, 1732, 1509, 1495, 1467, 1452, 1423, 1403, 1387, 1365, 1349, 1323, 1269, 1207, 1180, 

1158, 1091, 1069, 1036, 1021, 1005, 931, 913, 866, 839, 795, 778, 754, 695, 665, 650, 619, 

603, 587, 557, 530, 515, 502; HRMS (ESI+) calcd for C28H44N2O10[M+NH4
+]: 566.3225, found 

566.3229. 

The tetra-Boc protected hydroxylamine (2.5034 g, 4.4022 mmol, 1 equiv) was dissolved 

in 1:1 CH2Cl2:MeOH (20 mL) and added HCl(aq) (12M, 10.0 mL, 120 mmol, 27.3 equiv) and the 

bubbling solution was stirred vigorously overnight before being blown dry with a nitrogen flow, 

and washed with Et2O (15 mL * 3) before being dried under vacuum to give 1,4-

bis(hydroxyaminomethyl)benzene dihydrochloride as a white powder (1000.9 mg, 4.1512 

mmol, 94.3%, mp 165 °C dec) 

1H NMR (400 MHz, DMSO-d6) δ 11.87 (s, 4H), 10.99 (s, 2H), 7.55 (s, 4H), 4.32 (s, 4H); 

13C NMR (126 MHz, DMSO) δ 130.83, 130.80, 53.27; ; IR (ν/cm-1, KBr): 3006.6, 2980, 2931, 

2909, 2883, 2871, 2858, 2791, 2775, 2759, 2738, 2727, 1783, 1716, 1474, 1455, 1432, 1394, 

1370, 1347, 1317, 1275, 1257, 1230, 1149, 1113, 1096, 1040, 857, 840, 763, 751. 
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Synthesis of 124 

 

Following General procedure A, using 1,3,5-tris(bromomethyl)benzene (2.2153 g, 6.2074 

mmol), after chromatography (eluent: 10% EtOAc-cyclohexane → 50% EtOAc), the hexa-Boc 

protected 124 was obtained as a waxy solid (4.8200 g, 5.9218 mmol,  95.4%). 

The hexa-Boc protected tris-hydroxylamine (3.6503 g, 2.9711 mmol, 1 equiv) was 

dissolved in 1:2 CH2Cl2-MeOH (50 mL). HCl (aq) (12 M, 15.0 mL, 180 mmol, 60.6 equiv) was 

added and the bubbling reaction mixture was stirred overnight before being blown dry with a 

nitrogen flow to give a white solid. The solid was washed with CH2Cl2 (15 mL * 2) and dried in 

vacuum to give 1,3,5-tris(hydroxyaminomethyl)benzene as a white powder (939.3 mg, 2.912 

mmol, 98.0%, mp 143 °C dec) 

1H NMR (400 MHz, Methanol-d4) δ 7.84 (s, 3H), 4.53 (s, 6H); 13C NMR (101 MHz, MeOD) 

δ 135.87, 131.97, 55.24; IR (ν/cm-1, KBr): 3424, 3263, 3061, 2973, 2937, 2878, 2802, 2738, 

2677, 2491, 1637, 1471, 1433, 1397, 1169, 1082, 997, 805, 699, 630, 511, 464, 417; 

HRMS(ESI): calcd for C39H63N3O15 (M+Na+): 836.4151, found: 836.4146. 

 

Synthesis of 125 

 

Following General Procedure B, using 4 4'-bis(hydroxymethyl)biphenyl (3.2033 g, 14.950 

mmol, 1 equiv), after chromatography (eluent: 2% EtOAc-cyclohexane → 10% EtOAc-

cyclohexane), the tetra-Boc protetected bis-hydroxylamine was obtained as a white solid 

(6.6125 g, 10.256  mmol, 68.6%). 
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1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 8.3 Hz, 4H), 7.40 (d, J = 8.3 Hz, 4H), 4.79 (s, 

4H), 1.50 (s, 22H), 1.46 (s, 18H); 13C NMR (101 MHz, CDCl3) δ 154.99, 152.26, 140.38, 134.96, 

128.86, 127.26, 84.95, 82.82, 77.48, 77.16, 76.84, 53.90, 28.29, 27.70; IR (ν/cm-1, KBr): 3295, 

3052, 3027, 2980, 2934, 2824, 1783, 1718, 1608, 1579, 1560, 1500, 1477, 1456, 1429, 1394, 

1370, 1347, 1318, 1274, 1256, 1232, 1149, 1116, 1096, 1042, 1006, 957, 937, 898, 855, 839, 

806, 780, 762, 737, 696, 678; HRMS (ESI): calcd for: C34H48N2O10 (M + Na): 667.3201, found: 

667.3201. 

The tetra-Boc hydroxylamine (4.5002 g, 6.9796 mmol, 1 equiv) was dissolved in 1:1 

CH2Cl2-MeOH (20 mL). HCl (aq) (12 M, 10.0 mL, 120 mmol, 17.2 equiv) was added and the 

bubbling reaction mixture was stirred overnight before being blown dry with a nitrogen flow to 

give a white solid. The solid dried in vacuum to give 4,4’-bis(hydroxyamino)biphenyl as a white 

powder (2.0725 g, 6.540 mmol, 93.7%, mp 152 °C dec) 

1H NMR (400 MHz, DMSO-d6) δ 11.67 (s, 4H), 10.93 (s, 2H), 7.87 – 7.70 (m, 4H), 7.71 – 

7.54 (m, 4H), 4.37 (s, 4H); IR (ν/cm-1, KBr):  3340, 3285, 3143, 3028, 2918, 2851, 2765, 1764, 

1659, 1609, 1462, 1402, 1252, 1118, 867 

 Synthesis of 126 

 

Following General procedure A, using 4,4-bis(bromomethyl-2,2’-bipyridyl (1231.7 mg, 

3.6012 mmol), the tetra-Boc protected hydroxylamine was obtained without chromatography 

as a white solid (1814.1 mg, 2.805 mmol, 77.9%). 

1H NMR (400 MHz, CDCl3) δ 8.62 (dd, J = 2.3, 0.8 Hz, 2H), 8.36 (dd, J = 8.1, 0.8 Hz, 2H), 

7.83 (dd, J = 8.2, 2.3 Hz, 2H), 4.81 (s, 4H), 1.49 (s, 18H), 1.46 (s, 18H); 13C NMR (101 MHz, 

CDCl3) δ 155.61, 154.90, 152.14, 149.36, 137.19, 131.54, 120.97, 85.25, 83.23, 51.76, 28.25, 

27.69; IR (ν/cm-1, ATR/neat): 2980, 2935, 2361, 2338, 1783, 1720, 1469, 1430, 1393, 1370, 

1344, 1277, 1240, 1149, 1097, 839, 748, 486, 470, 423, 399, 382, 367; HRMS (ESI) calcd for 

C32H46N4O10 (M + H): 647.3287, found: 647.3284. 



 
Experimental section 

 

139 

 

The tetra-Boc hydroxylamine (503.2 mg, 778.1 μmol) was dissolved in 1:1 CH2Cl2-MeOH 

(10 mL). HCl (aq) (12 M, 2.0 mL, 24 mmol, 30 equiv) was added and the bubbling reaction 

mixture was stirred overnight before being blown dry with a nitrogen flow to give a white solid. 

The solid dried in vacuum to give 4,4’-bis(hydroxyamino)biphenyl dihydrochloride as a white 

powder (246.4 mg, 770.2 μmol, 98.9%, mp 132 °C dec) 

1H NMR (400 MHz, DMSO-d6) δ 12.17 (s, 4H), 9.13 – 8.87 (m, 2H), 8.55 (d, J = 8.2 Hz, 

2H), 8.31 (d, J = 8.3 Hz, 2H), 4.50 (s, 4H); 13C NMR (101 MHz, DMSO-d6) δ 152.30, 150.48, 

141.90, 128.02, 121.35, 50.43; IR (ν/cm-1, ATR/neat): 3272, 2993, 2950, 2842, 2360, 2340, 

1697, 1670, 1635, 1558, 1507, 1472, 1416, 1373, 1100, 999. 

 

Crystal Data for C12H16Cl2N4O2 (M =319.19 g/mol): triclinic, space group P-1 (no. 2), 

 a = 4.4130(2) Å, b = 6.0197(3) Å, c = 13.6277(7) Å, α = 97.603(5)°, β = 91.114(4)°, γ = 

106.256(4)°, V = 343.88(3) Å3, Z = 1, T = 100.0(1) K, μ(CuKα) = 4.324 mm-1, Dcalc = 

1.541 g/cm3, 2542 reflections measured (6.556° ≤ 2Θ ≤ 163.11°), 2542 unique (Rint = ?, 

Rsigma = 0.0231) which were used in all calculations. The final R1 was 0.0754 (I > 2σ(I)) 

and wR2 was 0.2036 (all data). 
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7.1.5. Synthesis of MZ-1 PROTAC fragments used in Chapter 4 

Synthesis of VHL hydroxylamine (143) 2183 13C 

 

A solution of 144 (934.1 mg, 2.000 mol, 1 equiv) and iodoacetonitrile (173.8 μL, 400.7 mg, 

2.400 mmol, 1.2 equiv) in CH3CN (20 mL) was prepared and K2CO3 (276.4 mg, 2.000, 1.000 

equiv) was added and the mixture was stirred overnight. The mixture was diluted with CH2Cl2 

(200 mL), washed with NaHCO3(aq) and H2O before being dried over Na2SO4 and evaporated. 

The residue was dissolved in CH2Cl2 (100 mL) and stirred in a ice bath for 10 min before 

adding mCPBA (75%, 1.012 g, 4.400 mol, 2.2 equiv). The mixture was stirred for another 40 

min at 0 °C before NH2OH(aq) (50%, 16.9 M, 10 mL, 169 mmol, 84 equiv) was added. The ice 

bath was removed, and the mixture was stirred vigorously for 6 hr while a white precipitate 

formed. The mixture was filtered through celite, washed with H2O (30 mL * 4), dried over 

Na2SO4 and evaporated. Purification with reversed phase HPLC (column: YMC C18 (20 mm 

I.D. ×250 mm) column, flow rate: 10 mL/min, eluent: 20–80% CH3CN-H2O with 0.1% HCO2H) 

followed by evaporation gave the product hydroxylamine as a formate salt (327.1 mg, 664.0 

μmol, 33.2%) 

1H NMR (400 MHz, CD3CN) δ 8.74 (s, 1H), 8.05 (s, 1H), 7.41 (s, 4H), 7.35 – 7.26 (m, 1H), 

4.55 (t, J = 7.9 Hz, 1H), 4.51 – 4.41 (m, 2H), 4.31 (dd, J = 15.5, 5.6 Hz, 1H), 3.65 (d, J = 3.4 

Hz, 2H), 3.51 (s, 1H), 2.46 (s, 3H), 2.11 (td, J = 7.8, 7.4, 3.8 Hz, 2H), 0.93 (s, 9H); 13C NMR 

(101 MHz, CD3CN) δ 174.32, 172.91, 163.09, 151.70, 149.32, 140.28, 132.42, 131.42, 130.07, 

128.68, 71.92, 70.80, 60.22, 57.01, 43.19, 38.22, 34.94, 27.34, 16.38; HRMS (ESI): calcd for 

C21H31N4O4S (M+H+): 447.2061, found 447.2056.  
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PMBOCH2KAT TIM (160) 

 

KAT 173 (55.0 mg, 192 μmol, 1 equiv) was dissolved in CH3CN (2 mL). Pyrrolidine (24.04 

μL, 20.48 mg, 288.0 μmol, 1.5 equiv) followed by AcOH (16.49 μL, 17.30 mg, 288.0 μmol, 1.5 

equiv) were added and the mixture was stirred for 30 min before being evaporated and 

chromatographed on silica (1:3 acetone-cyclohexane → 2:1 acetone-cyclohexane) gave the 

product as a colorless oil (48.6 mg, 161μmol, 56%). 

1H NMR (500 MHz, CDCl3) δ 7.25 – 7.16 (m, 2H), 6.89 (m, 2H), 4.66 (m, 2H), 4.47 (s, 2H), 

4.24 – 4.17 (m, 2H), 4.04 (t, J = 7.0 Hz, 2H), 3.81 (s, 3H), 2.10 – 1.92 (m, 4H); 13C NMR (151 

MHz, CDCl3) δ 204.85–203.04, 159.81, 129.91, 128.78, 114.16, 73.82, 70.58, 57.07 (q, J = 

3.0 Hz), 55.44, 55.41, 24.86, 24.03; 19F NMR (377 MHz, CDCl3) δ -147.74 (dd, J = 40 Hz); 11B 

NMR (160 MHz, CDCl3) δ -0.62 (q, J = 40.8 Hz); IR (ATR, neat, cm-1): 2980, 2953, 2927, 2899, 

2874, 1729, 1701, 1650, 1591, 1565, 1529, 1487, 1451, 1419, 1398, 1367, 1334, 1298, 1258, 

1235, 1214, 1171, 1141, 1109, 1089, 1069, 1042, 1013, 984, 963, 914, 894, 842, 804, 760, 

731, 693, 666, 644, 608 ; HRMS (ESI): calcd for C14H19BF3NO2 (M+Na+): 324.1353, found 

324.1353. 

Synthesis of 170 

 

2-[2-(2-Aminoethoxy)ethoxy]ethanol (200 μL, 215 mg, 1.44 mmol, 1 equiv) was added to 

a THF (10 mL, distilled) suspension of NaH (60%, 66.6 mg, 1.66 mmol, 1.15 equiv) and stirred 

for 30 min before iodomethyltributylstannane (310.3 μL, 620.6 mg, 1.440 equiv) was added. 

The mixture turned from a yellow solution to a white milky suspension 3 minutes after stannane 

addition. The mixture was stirred overnight at rt before being added satd NaCl(aq) (6 mL), 

diluted with EtOAc (15 mL), washed with water (5 mL * 2), dried over Na2SO4 and evaporated. 

The residue was chromatographed on a silica column packed in cyclohexane. 

Chromatography: Vint: 59 mL, eluents: 60 mL cyclohexane, 100 mL 2% EtOAc-cyclohexane 

into fractions 1–9, 100 mL 5% EtOAc-cyclohexane into fractions 9–17, 100 mL10% EtOAc-

cyclohexane into fractions 17–26, among which fractions 16–20 contained the product. 
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Evaporation of the fractions gave the product as a slightly yellow oil (499.5mg, 1.104 mmol, 

76.7%). 

1H NMR (400 MHz, CDCl3) δ 3.78 (s, 2H), 3.67 – 3.57 (m, 8H), 3.54 – 3.42 (m, 2H), 3.05 

– 2.90 (m, 2H), 1.64 – 1.41 (m, 6H), 1.37 – 1.21 (m, 6H), 0.89 (m, 16H); 13C NMR (126 MHz, 

CDCl3) δ 74.87, 70.77, 70.55, 70.46, 62.70, 29.27, 27.47, 13.88, 9.23, 9.19, 9.17; IR(ATR, 

neat, cm-1): 3571, 3530, 3476, 3434, 3393, 3344, 3148, 3107, 3056, 2890, 2830, 1681, 1642, 

1599, 1496, 1421, 1337, 1286, 1241, 1167, 1064, 1011, 955, 922, 863, 820, 749, 686, 637, 

553, 506; HRMS (ESI): calcd for C19H43NO3Sn(M+H+): 454.2341 found: 454.2336. 

Synthesis of 171 

 

A solution of 145 (128.1 mg, 319.5 μmol, 1 equiv) and 170 (142.3 mg, 314.6 μmol, 0.98 

equiv) in DMF (5 mL, dry) was prepared. DIPEA (173.0 μL, 129.3 mg, 1.000 mmol, 3.131 

equiv) was added and the mixture was stirred at 23 °C for 5 min before HATU (245.0 mg, 

644.3 μmol, 2.017 equiv) was added. The mixture was stirred for an additional hour before 

being poured int saturated NaCl(aq) (20 mL) and extracted with CHCl3 (10 mL * 3). The 

combined organic layers were evaporated and chromatographed on a silica column packed 

in CHCl3. Chromatography: Vint: 65 ml, eluent: 85 mL CHCl3, 100 mL 2% MeOH-CHCl3 into 

fractions 1–8, 100 mL 3% MeOH-CHCl3 into fractions 8–16, 200 mL 4% MeOH-CHCl3 into 

fractions 17–33, among which fractions 21–23 contained the product. Evaporation of the 

fractions gave 171 as a bright yellow oil (220.7 mg, 264.3 μmol, 84%). 

1H NMR (400 MHz, CDCl3) δ 7.44 – 7.36 (m, 2H), 7.31 (d, J = 8.8 Hz, 2H), 6.80 (t, J = 5.4 

Hz, 1H), 4.64 (dd, J = 7.3, 6.6 Hz, 1H), 3.76 (s, 2H), 3.71 – 3.57 (m, 7H), 3.57 – 3.46 (m, 5H), 

2.65 (s, 3H), 2.38 (s, 3H), 1.65 (s, 3H), 1.52 – 1.41 (m, 6H), 1.35 – 1.20 (m, 6H), 0.98 – 0.76 

(m, 15H); 13C NMR (126 MHz, CDCl3) δ 170.63, 163.90, 155.76, 149.92, 136.83, 136.77, 

132.29, 131.00, 130.82, 130.55, 129.95, 128.78, 74.85, 70.74, 70.58, 70.57, 69.91, 62.65, 

54.47, 39.53, 39.27, 38.70, 29.20, 27.40, 19.68, 14.50, 13.82, 13.18, 11.93, 9.13. ; IR (ν/cm-

1, ATR/CDCl3 dried film): 3300, 2953, 2920, 2868, 1725, 1665, 1590, 1551, 1530, 1486, 1454, 

1416, 1399, 1376, 1350, 1311, 1277, 1247, 1214, 1184, 1124, 1088, 1042, 1013, 985, 960, 
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928, 892, 861, 839, 804, 771, 730, 688, 664, 593; HRMS (ESI): calcd for C38H58ClN5O4SSn 

(M+Na): 858.2812 found: 858.2827: 

7.1.6. Synthesis of KAT reagents in Chapter 5 

Revised large scale synthesis of (177) 

LDA solution in THF was prepared by dissolving N,N-diisopropylamine (29.3 mL, 21.15 g, 

209.03 mmol, 1.1 equiv) in THF (400 mL) and adding nBuLi (125 mL, 1.6 M/hexanes, 200 

mmol, 1.05 equiv) under –10 °C salt-ice bath temperature, over 3 minutes. After the addition 

of nBuLi, the reaction mixture was cooled in a LN2-acetone bath for 1 hr to give a viscous 

suspension. Triethyl borate (35.6 mL, 30.5 g, 209.03 mmol, 1.1 equiv) was added dropwise to 

the LDA suspension dropwise over 10 min, during which time it solidifies when coming into 

contact with the cold reaction mixture. Immediately after the addition of triethyl borate, dimethyl 

thioformamide (16.943 g, 190.03 mmol, 1 equiv) was diluted with 10 mL THF and added to 

the mixture over 1 hr. The mixture became a non-viscous, bright yellow solution after half of 

the dimethyl thioformamide was added. After the end of thioformamide addition the reaction 

mixture was allowed to stir for 15 min before being warmed to –78° C with a dry ice-acetone 

bath and stirred for another 10 min. 48% HF(aq) (39.5 mL, 28 M, 1140.2 mmol, 6 equiv) was 

added and the mixture was stirred vigorously while returning to room temperature overnight 

to give a bright yellow cloudy solution. This solution was cooled to 0 °C and slowly added 

K2CO3 (118 g, 853.8 mmol, 4.5 equiv) and diluted with CH2Cl2 (400 mL) to give a suspension. 

The suspension was stirred for 30 min before the solid was collected with filtration, washed 

with CH2Cl2 (200 mL * 3) and dried under vacuum to give a free flowing white powder. This 

powder was extracted with dry DMF (200 mL * 3), and the combined DMF filtrate was 

evaporated to give a solid, which was washed with Et2O (100 mL * 2) to remove residual DMF 

to give 177 as a microcrystalline white powder (26.625 g, 136.5 mmol, 71.8%). The 

spectroscopic characteristic was identical to previous reports.17 NMR measurement with an 

internal standard indicated purity > 95%. 

Synthesis of reagent (174) 

 

Pyrrolidine (2.00 mL, 1.70 g, 24.0 mmol, 1.05 equiv) was dissolved in 100 mL Et2O and 

stirred in a salt-ice bath at –5 °C for 10 min before nBuLi (14.26 mL, 22.8 mmol, 1.00 equiv) 
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was added over 4 min and stirred for an additional 30 min. Ethyl formate (3.67 mL, 3.38 g, 

45.6 mmol, 2 equiv) was added in one portion and the mixture was left to stir overnight and 

return to rt. Quenching with acetic acid (1.43 mL, 1.5 g, 25 mmol, 1.1 equiv) formed a gel-like 

white precipitate in the reaction mixture that disperses in 2 min. The reaction mixture was 

added sodium bicarbonate (2 g), filtered through celite, evaporated to give pryrrolidine 

formamide containing EtOAc (0.29 mol %) that was used directly in the next step. 

Pyrrolidine formamide (2.97 g, 30 mmol) was dissolved in toluene (30 mL) and Lawessons 

reagent (6.07 g, 15 mmol, 0.5 equiv) was added. The mixture was stirred at 100 °C for 90 min 

before being filtered through a silica plug and evaporated. The residue after evaporation was 

chromatographed on a silica column packed with 1:4 EtOAc-Cy. Chromatography: Vint 60 mL, 

eluents: 90 mL 1:4 EtOAc-Cy, 250 mL 1:4 EtOAc-Cy into fractions 1–33, among which 

fractions 14–30 contained the product. Evaporation of the fractions gave pyrrolidine 

thioformamide as a clear liquid (2.87 g, 24.9 mmol, 79%). Caution: residual Lawessons 

reagent decomposes on silica gel and released gas. 

An LDA solution in THF (0.5M, 50 mL, 25 mmol, 1 equiv) was freshly prepared from N,N-

diisopropylamine and nBuLi and cooled in LN2-acetone bath for 20 min before adding triethyl 

borate (4.66 mL, 4.0 g, 27.4 mmol, 1.1 equiv). Pyrrolidine thioformamide ( 2.864 g, 24.9 mmol, 

1 equiv) was added with 2 mL THF over 30 min and the reaction mixture was stirred for an 

addition hour while warming to –78 °C. HF(aq) (5.17 mL, 48%, 23M, 149.4 mmol, 6 equiv) was 

added and the reaction mixture turned red, and then pink-orange. The reaction mixture was 

stirred overnight before being added K2CO3 (15.5 g) and CH2Cl2 (100 mL) to form a precipitate 

that was collect by filtration. The solid was washed with CH2Cl2 (20 mL * 2) before being dried 

in vacuum to give a white powder. The white powder was dispersed in acetone (75 mL) and 

added ethyl iodide (2.5 mL, 4.875g, 31.3 mmol, 1.25 equiv). The reaction mixture was 

evaporated after being stirred at 23 °C overnight. Extraction of the remaining solid with CH2Cl2 

gave 174 as a pale yellow solid (2.507 g, 11.9 mmol, 47.6%, mp 63.2-65.1 °C) 

1H NMR (400 MHz, CDCl3) δ 4.17 (t, J = 6.7 Hz, 2H), 3.58 (m, 4H), 2.21 – 2.00 (m, 4H), 

1.39 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 56.89, 54.34, 28.82, 25.68, 24.43, 14.76; 

19F NMR (376 MHz, CDCl3) δ -138.98 (dd, J = 76.7, 38.4 Hz); 11B NMR (128 MHz, CDCl3) δ -

0.16 (q, J = 38.5 Hz). IR (ν/cm-1, ATR/neat): 2960, 2938, 2877, 1552, 1457, 1439, 1386, 1339, 

1304, 1256, 1230, 1179, 1151, 1121, 1105, 1072, 1040, 1031, 1019, 974, 930, 889, 870, 854, 

823, 782, 738, 726, 701, 673, 643, 624, 594, 576, 561, 555, 538, 528, 515, 503; HRMS (ESI): 

calcd for C7H13BF3NS (M + NH4
+): 229.1152, found: 229.1149. 
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Synthesis of (178) 

 

Potassium N,N-dimethylthiocarbamoyl trifluoroborate (7.499 g, 38.45 mmol, 1.25 equiv) 

was dispersed in 60 mL dry DMF under N2. tert-butyl N,N-(3-iodopropyl)methylcarbamate 

(9.200 g, 30.75 mmol, 1.0 equiv) was added and the mixture was stirred under rt for 17 h. The 

full consumption of the iodide was checked by TLC (10% MeOH/CHCl3) before solvent was 

removed in vacuo (45 °C, < 1 mbar) to give a white slurry or solid. The white mass was 

dispersed in ~ 100 mL CH2Cl2 and filtered through a celite pad to remove KI. The filtrate was 

evaporated before chromatography on silica to give 178 as a sticky colorless liquid with cloudy 

suspension (10.2 g, quant). The oily product was pure enough for the next step, and contained 

only residual CHCl3 as the observed impurity. Chromatography was performed for elemental 

analysis and melting point measurement. 

Chromatography condition: Column volumn (cv) ~ 110 mL packed with CHCl3. Elution 

sequence: CHCl3 1 cv, 5% MeOH/CHCl3 2cv, 10% MeOH/CHCl3 2 cv. Pure product resides 

in fractions after 1 ~ 3.66 cv and were evaporated to give S-(3-(N,N-tert-

butoxycarbonylmethyl)-prop-1-yl)-trifluoroborate dimethyliminium as a transparent sticky 

liquid that solidifies upon standing (5.726 g, 56.7%, mp 46–51 °C) 

1H NMR (400 MHz, CDCl3) : δ [ppm] = 3.72 (s, 3H), 3.51 (t, J = 7.4 Hz, 2H), 3.37 (s, 3H), 

3.31 (t, J = 6.9 Hz, 2H), 2.84 (s, 3H), 2.15 – 1.81 (m, 2H), 1.44 (s, 9H); 13C NMR (125 MHz, 

CDCl3) : δ [ppm] = 214.02– 211.79 (m), 155.77, 79.76, 48.37, 47.85, 47.29, 45.56, 34.30, 

31.90, 28.51. 19F NMR (377 MHz, CDCl3) δ -137.01 (q, J = 37.6 Hz); 11B NMR (128 MHz, 

CDCl3) δ -0.16 (q, J = 37.9 Hz); Elemental analysis: Calc 43.92% C, 7.37%H, 8.54%N, 

17.37%F, 9.77%S, found 44.03% C, 7.53%H, 8.50% N, 13.60%F, 9.65%S. 
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Synthesis of (179) 

 

S-(3-(N,N-tert-butoxycarbonylmethyl)-prop-1-yl)-trifluoroborate dimethyliminium (178) 

(4.201g, 12.8 mmol) was added HCl solution in MeOH (1.25 M, > 9 eq, 115.2 mmol, 92.2 mL) 

under 0 °C and the mixture was stirred overnight under N2. TLC indicated full consumption of 

starting material. 

THF (20 mL) was added to the overnight reaction mixture from the previous step. K2CO3 

(15.9 g, 115.2 mol, 9 equiv) was added slowly to the mixture at rt while the resulting white 

suspension was stirred vigorously. 15 min later the mixture was mildly warm. The mixture was 

stirred for another 15 min and the color turns slightly pink. TLC (1:1 acetone-Cy) indicated full 

conversion. The reaction mixture was further treated with 30 mL of THF before filtered through 

a celite plug. The slightly yellow filtrate was concentrated in vacuo then washed with 50 mL 

pentane to give a crude product. The crude product was dissolved in ~ 100 mL CHCl3, filtered 

through silica plug, evaporated and then triturated again with pentane to give 179 as a 

crystalline white powder (1.782 g, 9.74 mmol, 76.1% mp 112.6–113.5 °C) 

1H NMR (600 MHz, CDCl3) δ 3.57 – 3.50 (m, 5H), 2.94 – 2.84 (m, 2H), 2.48 – 2.20 (m, 

2H); 13C NMR (151 MHz, CDCl3) δ 203.51– 200.93(m), 51.41, 47.84, 24.29, 20.13. 19F NMR 

(376 MHz, CDCl3) δ -144.71 (q, J = 37.8 Hz). 11B NMR (128 MHz, CDCl3) δ -0.07 (q, J = 37.7 

Hz); 1H NMR (400 MHz, CD3CN) δ 3.53 (d, J = 5.5 Hz, 5H), 2.96 – 2.80 (m, 2H), 2.21 – 2.06 

(m, 2H); 19F NMR (376 MHz, CD3CN) δ -144.13 (dd, J = 75.6, 37.9 Hz); 11B NMR (128 MHz, 

CD3CN) δ -0.69 (q, J = 37.9 Hz); IR (ν/cm-1, ATR/neat): 2998, 2974, 2953, 2873, 1616, 1590, 

1454, 1432, 1356, 1292, 1213, 1196, 1175, 1117, 1067, 1037, 1004, 975, 898, 807, 765, 724, 

687, 640, 617, 595, 561, 541, 502; HRMS (ESI): calcd for C5H9BF3NS (M+Na+) 206.0394 

found: 206.0392. 

Crystal Data for C5H9BF3NS (M =183.00 g/mol): monoclinic, space group P21/n (no. 

14), a = 5.85390(10) Å, b = 9.94400(10) Å, c = 13.51710(10) Å, β = 101.2970(10)°, V = 

771.601(17) Å3, Z = 4, T = 100.0(1) K, μ(CuKα) = 3.698 mm-1, Dcalc = 1.575 g/cm3, 15410 

reflections measured (11.124° ≤ 2Θ ≤ 159.266°), 1671 unique (Rint = 0.0286, Rsigma = 0.0127) 

which were used in all calculations. The final R1 was 0.0279 (I > 2σ(I)) and wR2 was 0.0737 

(all data). 
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Synthesis of reagent (192) 

 

N-ethyl-3-mercaptopropan-1-aminium chloride (390 mg, 2.5 mmol, 1.04 equiv) was 

dissolved in MeOH (5 mL) added K2CO3 (353.6 mg, 2.56 mmol, 1.07 equiv) was added and 

stirred for 15 min at 23 °C to give a slightly pink suspension. A solution of KAT reagent 1 

(445.5 mg, 2.4 mmol, 1 equiv) in CH2Cl2 (5 mL) was added. Within 7 minutes the suspension 

turned orange. After 30 min TLC (1:1 acetone-cyclohexane) indicated the consumption of 1. 

The reaction mixture was stirred for 3 additional hours before being dried under nitrogen flow 

in a fumehood to give a white solid overnight. (Note: strongly repulsive smell and possible 

allergenicity of EtSH, a bleach gas outlet trap is recommended) 

The reaction mixture was dissolved in acetone and chromatographed on a silica column 

packed in 4:1 cyclohexane-acetone to give the product as white crystalline solid (244.7 mg, 

1.24 mmol, 51.7%, mp 94.3–96.0 °C) 

Chromatography: Vint 47 mL, eluents: 56.5 mL 4:1 cyclohexane:acetone, 100 mL 4:1 

cyclohexane:acetone into fractions 1–11, 100 mL 7:3 cyclohexane:acetone into fractions 11–

22, 100 mL 4:6 cyclohexane:acetone into fractions 22–33, 100 mL 1:1 cyclohexane:acetone  

into fractions 34–45, among which fractions 27–42 contained the product. 

1H NMR (600 MHz, CDCl3) δ 3.98 (q, J = 7.2 Hz, 2H), 3.62 – 3.48 (m, 2H), 3.01 – 2.79 

(m, 2H), 2.55 – 2.16 (m, 2H), 1.38 (t, J = 7.2 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 202.87–
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200.28, 56.12, 48.63, 25.09, 20.30, 13.35; 19F NMR (377 MHz, CDCl3) δ -144.22 (dd, J = 75.6, 

37.6 Hz); 11B NMR (128 MHz, CDCl3) δ -0.59 (q, J = 37.7 Hz); IR (ATR/neat): 3043, 2998, 

2974, 2947, 2884, 2859, 1577, 1478, 1464, 1450, 1438, 1382, 1367, 1349, 1296, 1284, 1267, 

1247, 1199, 1188, 1164, 1153, 1101, 1086, 1051, 1016, 988, 942, 902, 884, 853, 815, 786, 

716, 701, 680, 661, 641, 623, 591, 563, 539, 525, 511; HRMS (ESI+): calcd for  C6H11BF3NS 

(M+Na): 220.0551, found: 220.0551; 

Crystal Data for C7H11F3NS (M =198.23 g/mol): monoclinic, space group Cc (no. 9), a = 

6.9755(2) Å, b = 12.6444(3) Å, c = 9.9407(3) Å, β = 99.851(3)°, V = 863.85(4) Å3, Z = 4, T = 

100.0(1) K, μ(Cu Kα) = 3.368 mm-1, Dcalc = 1.524 g/cm3, 8627 reflections measured (14.008° 

≤ 2Θ ≤ 159.874°), 1765 unique (Rint = 0.0733, Rsigma = 0.0367) which were used in all 

calculations. The final R1 was 0.0560 (I > 2σ(I)) and wR2 was 0.1514 (all data).  
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7.1.7. Synthesis of KATs with reagent (179) 

 
General procedure C for KAT synthesis with reagent (179) 

A solution of the alkyllithium was prepared in THF (0.05 M) and stirred at –78 °C for 10 

min before reagent solid 179 (1 equiv) was added to the reaction mixture, which was stirred 

for another hour while allowed to return to rt. Acetaldehyde (20% v/v or 4 mL/mmol reactant) 

and KF(aq) (6.5M, 10% v/v or 2 mL/mmol) was added and the reaction mixture was stirred 

vigorously overnight before being evaporated. The residue was washed with Et2O and CH2Cl2, 

and dried under vacuum before being extracted with acetone or DMF, depending on the 

solubility of the product KAT. The filtrate was evaporated again to give the product as a pale 

yellow or white solid. If DMF was used, the final filtrate was evaporated to a small volume and 

the product was collected by reprecipitation in Et2O. 

Synthesis of (173) 

 

4-methoxybenzyloxymethyl tributylstannane (225.2 mg, 510.4 μmol, 1 equiv) was 

dissolved in THF (10 mL, distilled) and nBuLi (1.6 M, 319.0 μL, 1 equiv) was added at –78 °C 

and stirred for 5 min to prepare the alkyllithium solution that was applied General Procedure 

C to obtain 173 as a white solid (116.3 mg, 406.5 μmol, 79.6%). 173 was not soluble in acetone 

and CH3CN, and soluble in DMF, DMSO and aqueous CH3CN. 
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1H NMR (600 MHz, DMSO-d6) δ 7.23 (dt, J = 9.0, 0.6 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 

4.32 (s, 2H), 4.11 (s, 2H), 3.74 (s, 3H); 13C NMR (151 MHz, DMSO) δ 240.66, 159.04, 131.10, 

129.66, 113.97, 77.84, 71.80, 55.48; 19F NMR (377 MHz, DMSO-d6) δ -146.94; 11B NMR (128 

MHz, DMSO-d6) δ -1.82; IR (ATR, neat): 2936, 2871, 2846, 2790, 1723, 1669, 1603, 1494, 

1453, 1431, 1403; HRMS: calcd for C10H11BF3O3K (M-K-): 247.0761, found 247.0756. 

If the reaction mixture was evaporated without performing the acetaldehyde workup, 186 

was obtained as a brown solid. 

 
1H NMR (400 MHz, DMSO-d6) δ 7.27 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 4.47 – 

4.31 (m, 2H), 3.86 (d, J = 9.7 Hz, 1H), 3.74 (s, 3H), 3.70 – 3.62 (m, 1H), 3.20 (t, J = 12.7 Hz, 

1H), 2.89 (t, J = 12.0 Hz, 1H), 2.54 (s, 1H), 2.43 (s, 3H), 2.35 (dd, J = 12.4, 4.2 Hz, 1H), 1.65 

(q, J = 11.9 Hz, 1H), 1.21 – 1.07 (m, 1H); 13C NMR (151 MHz, DMSO) δ 158.26, 131.22, 

128.79, 113.34, 74.68, 71.69, 65.66, 54.88, 48.36, 38.50, 24.06, 17.16; 19F NMR (376 MHz, 

DMSO-d6) δ -140.96; 11B NMR (160 MHz, DMSO-d6) δ 2.51; HRMS (ESI): calcd for 

C14H20BF3NO2SK (M – K) 334.1265, found 334.1271. 

Synthesis of (182) 

 

Following General Procedure C, nBuLi (1.6 M, 500 μL, 800 μmol, 1 equiv) was added to 

a suspension of 179 (146.4 mg, 800 μmol, 1 equiv) in THF (20 mL). n-Butyl KAT was obtained 

as a white flaky solid (104.02 mg, 736.0 μmol, 92.0%). The analytical data for this KAT was 

reported before.171 

Synthesis of (185) 

 

Using 3-phenylpropyloxymethyl tributylstannane (200 μL, 215.2 mg, 489.9 μmol, 1 equiv), 

following the procedure used for the synthesis of compound 173, 185 was obtained as a white 

wax (61.8 mg, 218 μmol, 44.4%). 185 was soluble in acetone, and sparingly soluble in THF. 
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1H NMR (400 MHz, DMSO-d6) δ 7.51 – 6.90 (m, 5H), 4.09 (s, 2H), 3.32 – 3.25 (m, 2H), 

2.66 – 2.56 (m, 2H), 1.81 – 1.68 (m, 2H); 13C NMR (151 MHz, DMSO) δ 240.35, 141.96, 

128.27, 128.22, 125.61, 78.36, 69.53, 31.76, 31.22; 19F NMR (377 MHz, DMSO-d6) δ -146.91; 

11B NMR (128 MHz, DMSO-d6) δ -0.99 – -3.42 (m); IR (ν/cm-1, ATR/neat): 3085, 3057, 3028, 

2936, 2871, 2846, 2790, 1723, 1669, 1603, 1494, 1453, 1431, 1403, 1360, 1333, 1285, 1235, 

1164, 1118, 1082, 1048, 1002, 921, 873, 821, 793, 751, 717, 695, 660, 637, 607, 583, 558, 

526; HRMS (ESI): calcd for C11H13BF3O2K (M-K-):  245.0968, found 245.0969. 

Synthesis of (187) 

 

2-(2-(2-vinyloxy)-ethyloxy)ethyloxymethyl tributylstannane (500 μL, 560.7 mg,  1.29 mmol, 

1.0 equiv) was dissolved in 10 mL THF and cooled to –78 °C and stirred for 20 min before 

nBuLi (850 uL, 1.6 M, 1.36 mmol, 1.05 equiv) was added over 2 min. The reaction mixture 

was stirred for 25 min before 179 (236.1 mg, 1.29 mmol, 1.0 equiv) was added. After 45 min 

the mixture turned from a suspension to a clear solution and was stirred for an additional 30 

min before KF(aq) (6.5M, 1.5 mL) and acetaldehyde (2 mL) was added. The mixture was stirred 

overnight before being evaporated and precipitated in 1:1 pentane-Et2O to give a yellow oil 

that solidifies to a yellow wax upon standing (345.2 mg, 1.23 mmol, 95.3%, mp 46.2–49.9 °C). 

1H NMR (600 MHz, DMSO-d6) δ 6.50 (dd, J = 14.3, 6.8 Hz, 1H), 4.19 (dd, J = 14.3, 1.8 

Hz, 1H), 4.13 (s, 2H), 3.97 (dd, J = 6.7, 1.8 Hz, 1H), 3.82 – 3.75 (m, 2H), 3.65 – 3.58 (m, 2H), 

3.54 – 3.48 (m, 2H), 3.47 – 3.40 (m, 2H); 13C NMR (151 MHz, DMSO-d6) δ 240.29, 151.84, 

86.89, 78.61, 69.84, 69.49, 68.73, 67.22; 19F NMR (377 MHz, CD3CN) δ -150.47 (d, J = 39.3 

Hz); 11B NMR (128 MHz, CD3CN) δ 3.66; IR (ATR/neat): 2927, 2901, 2869, 2836, 1662, 1639, 

1622, 1579, 1453, 1426, 1403, 1382, 1348, 1321, 1288, 1249, 1191, 1162, 1132, 1097, 1063, 

1024, 978, 917, 891, 828, 773, 704, 634, 590, 561, 534; HRMS (ESI): calcd for C8H13BF3O4K 

(M – K): 241.0864, found 241.0859. 

Synthesis of (188) 
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To a solution of lithium di-tert-butylbiphenyl (LiDBB) in THF (2.60 mL, 0.2M, 521 μmol, 

2.2 equiv) at –78 °C, 1,6-dichlorohexane (34.3 μL, 36.7 mg, 237 μmol, 1.0 equiv) was added. 

The solution turns purple immediately and was stirred for 30 min before 179 (95.3 mg, 521 

μmol, 2.2 equiv) was added in THF (4 mL) over 2 min. The purple color faded after 2 mL of 

the 179 solution was added. The reaction mixture was stirred overnight at rt. KF(aq) (200 μL, 

6.5 M) and acetaldehyde (400 μL) was added and the mixture was stirred for 2 hr before being 

evaporated. After extraction with acetone (2 mL) and reprecipitated in Et2O, 188 was obtained 

as a pale yellow solid (51.1 mg, 201 μmol, 84.8%, mp 115 °C dec).  

1H NMR (400 MHz, CD3CN) δ 3.57 (t, J = 6.8 Hz, 2H), 2.35 (t, J = 7.3 Hz, 2H), 1.80 – 1.66 

(m, 2H), 1.50 – 1.35 (m, 4H), 1.31 – 1.20 (m, 2H); 13C NMR (126 MHz, CD3CN) δ 46.28, 33.36, 

31.55, 29.69, 27.58, 23.19. (the carbonyl signal was not resolved); 19F NMR (376 MHz, CD3CN) 

δ -150.35 (dd, J = 108.1, 52.0 Hz); 11B NMR (128 MHz, CD3CN) δ 0.37 – -2.43 (m) IR (ν/cm-

1, ATR/neat): 2931, 2858, 1711, 1661, 1590, 1463, 1444, 1431, 1405, 1362, 1311, 1267, 1222, 

1154, 1111, 1070, 992, 978, 929, 864, 853, 839, 822, 810, 774, 746, 723, 693, 649, 633, 608, 

587, 554, 529; HRMS (ESI): calcd for C7H12BClF3OK (M – K): 215.0627, found 215.0627. 

Synthesis of (189) 

 

Following the same procedure for the synthesis of 188, using 4.4 equiv of LiDBB (5.0 mL, 

0.2 M, 1.0 mmol, 4.4 equiv), 1,6-dichlorohexane (32.9 μL, 35.2 mg, 227 μmol, 1 equiv) and 

179 (91.5 mg, 500 μmol, 2.2 equiv), after treatment with KF(aq) and acetaldehyde, evaporation 

of solvents gave a white solid. The solid was washed with CH2Cl2, redissolved in DMF (3 mL) 

and reprecipitated in acetone (15 mL) to give 189 as a white solid (53.3 mg, 151 μmol, 66.3%, 

mp 160 °C dec). 189 was insoluble in acetone and CH3CN. 

1H NMR (600 MHz, DMSO-d6) δ 2.21 (m, 4H), 1.33 – 1.25 (m, 4H), 1.13 – 1.07 (m, 4H); 

13C NMR (151 MHz, DMSO) δ 245.72, 44.23, 29.43, 22.20; 19F NMR (376 MHz, DMSO-d6) δ 

-147.44 (m); 11B NMR (128 MHz, DMSO-d6) δ -1.29 (q, J = 57.6 Hz); IR (ν/cm-1, ATR/neat): 

2937, 2924, 2900, 2878, 2846, 1669, 1406, 1368, 1324, 1229, 1184, 1154, 1120, 1101, 1054, 

1021, 1003, 975, 926, 822, 776, 761, 721, 706, 677, 661, 650, 631, 591, 580, 554, 536, 509; 

HRMS (ESI) calcd for C8H12B2F6O2K2 (M – 2K2-): 276.0939, found: 276.0935. 
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Synthesis of (190) 

 

Following General Procedure C using phenoxymethyltributylstannane (235.3 mg, 592.4 

μmol, 1 equiv), after extraction with DMF (4 mL) and precipitation in Et2O (15 mL), 190 was 

obtained as a white solid (137.6 mg, 568.5 μmol, 96.0%, mp 143 °C dec) 

1H NMR (400 MHz, CD3CN-D2O) δ 7.31 – 7.17 (m, 2H), 6.98 – 6.86 (m, 1H), 6.84 – 6.74 

(m, 2H), 4.86 (s, 2H); 13C NMR (151 MHz, CD3CN-D2O) δ 241.64, 158.87, 130.51, 121.95, 

115.38, 75.93; 19F NMR (376 MHz, CD3CN-D2O) δ -151.60 (dd, J = 48 Hz); 11B NMR (128 

MHz, CD3CN-D2O) δ -4.23 (q, J = 53 Hz); IR(ATR, neat): 3344, 1681, 1599, 1496, 1482, 1421, 

1337, 1287, 1241, 1191, 1167, 1095, 1064, 1037, 1011, 995, 956, 922, 883, 863, 820, 749, 

686, 655, 637, 613, 575, 553, 506; HRMS (ESI) calcd. for C8H7BF3O2K (M – K-): 203.0947, 

found 203.0945. 

Synthesis of (191) 

 

Following General Procedure C using p-methoxyphenoxymethyltributylstannane (452 mg, 

1.06 mmol, 1.0 equiv), after extraction with DMF (15 mL) the filtrate was evaporated and 

chromatographed on silica (1:1 acetone-cyclohexane) to give a brown solid (181.7 mg, 667.8 

μmol, 63.1%, mp 105 °C dec) 

1H NMR (600 MHz, CD3CN) δ 6.95 – 6.64 (m, 4H), 4.81 (s, 2H), 3.71 (s, 4H); 13C NMR 

(151 MHz, CD3CN) δ 242.86, 154.94, 153.47, 116.67, 115.44, 76.83, 56.21; 19F NMR (377 

MHz, CD3CN) δ -151.21 – -153.83 (m); 11B NMR (128 MHz, CD3CN) δ -1.77 (q, J = 52.5, 47.7 

Hz); IR: (ATR, neat, cm-1) 3056, 2890, 1642, 1599, 1496, 1421, 1337, 1286, 1241, 1167, 1064, 

1011, 955, 922, 863, 820, 749, 686, 637; HRMS (ESI): calcd for C9H9BF3O3K (M – K): 

233.0602, found 233.0606. 
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7.1.8. Synthesis of Compounds in Chapter 6 

Synthesis of (198) 

 

p-methylphenyl pyrrolidine TIM (230.8 mg, 957.4 μmol, 1 equiv) was dissolved in 1 mL 

EtOAc and mixed with KBrO3(aq) (2 M, 1 mL) and the resulting biphasic mixture was stirred 

vigorously. An aqueous solution of NaHSO3 (1 M, 2 mL) was added dropwise into the mixture, 

during which heat evolved and the color turns red after the addition of each drops before fading 

slowly. The addition lasted 2 min, after which the mixture was allowed to stir for another 20 

min before the organic layer was collected, washed with NaHSO3 until colorless,  evaporated, 

and chromatographed on a silica column packed in 4:1:1 Cy-EtOAc-CH2Cl2.  

Chromatography: Vint 35 mL, eluents: 55 mL 4:1:1 cyclohexane-EtOAc-CH2Cl2, 180 mL 

2:1:1 EtOAc-CH2Cl2 into fractions 1–16, among which fractions 13–21 contained the product. 

After evaporation of the fractions the product was obtained as a white solid (179.5 mg, 561 

μmol, 58.6%, mp 145°C dec) 

1H NMR (400 MHz, CDCl3) δ 7.50 – 7.38 (m, 2H), 7.31 – 7.22 (m, 2H), 4.47 (s, 2H), 4.40 

– 4.28 (m, 2H), 3.73 – 3.56 (m, 2H), 2.24 – 2.07 (m, 2H), 2.05 – 1.88 (m, 2H); 13C NMR (126 

MHz, CDCl3) δ 205.96– 203.00 (m), 139.79, 137.08, 129.25, 125.76, 55.84, 55.73 (q, J = 3.2 

Hz), 32.53, 24.33, 24.01; 19F NMR (376 MHz, CDCl3) δ -143.88 (q, J = 39 Hz); 11B NMR (128 

MHz, CDCl3) δ -0.36 (q, J = 40.1 Hz); IR (ν/cm-1, ATR/neat): 3029, 2997, 1633, 1074, 1044, 

1014, 970, 890, 819, 628, 606; HRMS (ESI): calcd for C12H14BBrF3N (M + NH4): 337.0695, 

found 337.0697.  
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Synthesis of styryl KAT (199) and its pyrrolidine TIM (208) 

 

p-Bromostyrene (980 mg, 4.91 mmol, 1.00 equiv) was dissolved in THF (50 mL) and 

stirred at –78 °C. nBuLi (3.2 mL, 1.6 M, 5.1 mmol, 1.04 equiv) was added dropwise. The 

solution immediately turns yellow was stirred for 3.5 h. KAT reagent 1 (1.000 g, 5.40 mmol, 

1.1 equiv) was added and the mixture was stirred for an additional 30 min at –78 °C before 

being quenched with methyl vinyl ketone (1.3 mL) and KF(aq) (6 mL, 6.5 M). The quenched 

mixture was stirred at rt for 15 min before being evaporated and dried under vacuum, after 

which the product was extracted with acetone (20 mL) and reprecipitated in Et2O (150 mL * 2) 

to give a pale yellow powder containining KAT 199 (893.8 mg, purity 85% (NMR), 3.19 mmol, 

65%) 

1H NMR (400 MHz, CD3CN) δ 8.01 (dq, J = 8.0, 0.6 Hz, 2H), 7.56 – 7.49 (m, 2H), 6.82 

(ddt, J = 17.7, 10.9, 0.5 Hz, 1H), 5.90 (dd, J = 17.7, 1.0 Hz, 1H), 5.35 (dd, J = 10.9, 0.9 Hz, 

1H); 13C NMR (126 MHz, CD3CN) δ 141.06, 137.58, 129.40, 126.77 (d), 116.38, 115.86; 19F 

NMR (376 MHz, CD3CN) δ -144.44 (q, J = 52 Hz); 11B NMR (128 MHz, CD3CN) δ -0.99 (q, J 

= 53.9 Hz); HRMS (ESI): calcd for C9H7BF3OK (M – K): 199.0548, found 199.0549. 

KAT 199 (140 mg, 588 μmol, 1.0 equiv) and pyrrolidine hydrochloride (69.0 mg, 647 μmol, 

1.1 equiv) were dissolved in DMF (3 mL) left to stir for 1h before being evaporated and 

chromatographed on silica (eluent: 2:1:1 cyclohexane-EtOAc-CH2Cl2) to give 208 as a white 

solid (122 mg, 482 μmol, 82%, mp 105.4–107.7 °C). 

1H NMR (500 MHz, CDCl3) δ 7.54 – 7.39 (m, 1H), 7.38 – 7.14 (m, 1H), 6.70 (dd, J = 17.6, 

10.9 Hz, 1H), 5.81 (dd, J = 17.6, 0.8 Hz, 1H), 5.34 (dd, J = 10.9, 0.7 Hz, 1H), 4.47 – 4.32 (m, 

1H), 3.69 (t, J = 7.2 Hz, 1H), 2.21 – 2.05 (m, 1H), 2.03 – 1.91 (m, 1H); 13C NMR (151 MHz, 

CDCl3) δ 206.54–203.97 (m), 139.74, 136.29, 135.91, 126.36, 126.12, 116.22, 55.82, 55.67 

(d, J = 3.3 Hz), 24.43, 24.22; 19F NMR (377 MHz, CDCl3) δ -144.34 (q, J = 40 Hz); 11B NMR 

(160 MHz, CDCl3) δ -0.30 (q, J = 40.1 Hz); IR (ATR, neat): 2980, 2953, 2927, 1729, 1701, 

1681, 1591, 1565, 1555, 1529, 1487, 1451, 1433, 1419, 1398, 1380, 1367, 1298, 1258, 1171, 
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1141, 1109, 1089, 1042, 1013, 963, 914, 894, 842, 804, 731, 644, 608; HRMS (ESI): calcd for 

C13H15BF3N (M+Na) 276.1144 found: 276.1146. 

7.2. Nitrone exchange experiments 

7.2.1. Nitrone partner exchange In Section 2.4 

Nitrones 111 and 112 were synthesized from the corresponding KATs and 

hydroxylamines and chromatographed before preparing stock solutions of 40 mM in CD3CN. 

The intensity of the residual proton solvent peak (CHD2CN) was pre-determined using 

mesitylene as an internal standard for the batch of CD3CN used. The integration of nitrone 1H 

peaks versus the residual solvent peak intensity was used to determine the concentration of 

the nitrone solutions. To the stock solution, appropriate amounts of CH3CN and H2O were 

added to make a solution of 1:1 CH3CN(+CD3CN)-H2O, containing 20 mM of either nitrone 

111 or 112. An equal volume of these two solutions were mixed to form the nitrone exchange 

reaction mixture, with both nitrones having starting concentration of 10 mM. 

7.3. Kinetic measurement results of KAT nitrone formation 

7.3.1. Butyl, p-F-phenyl and p-OMe-phenyl KAT in 1:1 DMSO-H2O 

 

  

Butyl KAT + 97: k = 0.0822 M-1s-1. Left: collected data. Right: model fitting. 
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p-Bromophenyl KAT + 97: k = 0.0246 M-1s-1. Left: collected data. Right: model fitting. 

   

p-Fluorophenyl KAT + 97: k = 0.0602 M-1s-1. Left: collected data. Right: model fitting. 

  

p-methoxyphenyl KAT + 97: k = 0.0085 M-1s-1. Left: collected data. Right: model fitting. 
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7.3.2. Nitrone 100 formation from p-Br-phenyl KAT and hydroxylamine 97 at various 

water concentration 

 

25% D2O: k ~ 0.003 M-1s-1 

 

90% H2O: k ~ 0.2 M-1s-1 

7.3.3. UV-Vis data of KAT nitrone 100 formation from p-bromophenyl KAT 

UV-Vis absorption was collected from 375–385 nm and a time course was plotted. The 

extinction coefficient of p-bromophenyl KAT over this range was determined to be  

53.309 cm-1.  
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Condition: 1:1 DMSO-H2O. Curve: absorption value. Dots: reciprocal concentration.Gray line: linear 

regression. 

 

Condition: 1:1 DMSO-HFIP. Curve: absorption value. Dots: reciprocal concentration.Gray line: linear 

regression. 

 

Condition: 1:1 DMSO-H2O with 0.05 M AcOK buffer. Curve: absorption value. Dots: reciprocal 

concentration.Gray line: linear regression. 
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Condition: 1:1 DMSO-H2O with 0.1 M AcOK buffer. Curve: absorption value. Dots: reciprocal 

concentration.Gray line: linear regression. 

 

Condition: 1:1 DMSO-H2O with 0.2 M AcOK buffer. Curve: absorption. Dots: reciprocal 

concentration.Gray line: linear regression. 

7.4. Acid-Base titration of pyridine and quinoline KATs 

The titration was performed in 1:1 CH3CN-H2O solvents with HCl (0.1 M). pH was 

measured by HANNA HI 2210 pH Meter, and volume of the titrant was controlled by a syringe 

pump. The data was extracted from a video of the titration process. Image frames were 

captured using ffmpeg, Optical Character Recognition (OCR) were performed with tesseract 

for the syringe pump screen, and ssocr was used to read the pH meter seven segment display. 

The temporal resolution of data acquisition was around 1 second. A Ruby script was written 

to automate the process and is public available at:  

https://github.com/gnezd/ad_hoc_titrator 

 

https://github.com/gnezd/ad_hoc_titrator
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7.5. LC-MS and IR raw data processing scripts 

The LCMS chromatograms and spectra were plotted from the Waters SQD raw data 

directly, with a customized Ruby script, which is publically available at: 

https://github.com/gnezd/SQD_data_parse 

The IR raw data were extracted from the JASCO jws file also with a customized Ruby 

script which is available at: 

https://github.com/gnezd/Jasco_jws

https://github.com/gnezd/SQD_data_parse
https://github.com/gnezd/Jasco_jws
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