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ABSTRACT 

Reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), hypochlorous acid 

(HOCl), alkyl hydroperoxides (ROOH), and peroxynitrite (ONOO-) are oxidative metabolites 

involved in homeostasis maintenance and disease states. Although the canonical understanding 

of these metabolites has largely focused on their contribution to disease and inflammation 

states1,2, emerging evidence has revealed that ROS also play critical roles in signaling 

pathways, maintaining biological homeostasis, and coordinating the wound healing process.3ï5 

These findings justify a need for further studying ROS speciation and elucidating their roles in 

biological systems. 

 To understand the roles of ROS in biological systems, it is necessary to track them with 

high spatial and chemical selectivity. This is most commonly accomplished with reactivity-based 

fluorescent probes, a class of chemical tools that change their fluorescence intensity/emission 

after reaction with an analyte of interest.6,7 Boronic acids and pinacolboronate esters are 

commonly used reactive motifs in fluorescent probes. However, the chemoselectivity of these 

compounds is limited, as boronate functionalities can oxidize rapidly with both H2O2 and ONOO-

.8 Better tools to discriminate between these two metabolites will help untangle the roles that 

each oxidative species plays in disease and homeostasis.  

 Diazaborines (DABs) are a family of pseudo aromatic aryl boronic acids formed upon 

cyclization with a neighboring imine group.9 In aqueous solution, the formation of these 

compounds is rapid and spontaneous, motivating their use in bioorthogonal strategies.10ï12 In 

this dissertation, we will first show that diazaborines oxidize slowly with H2O2 but rapidly with 

ONOO-.13 Next, we will show how the merger of a diazaborine motif into a fluorophore scaffold 

yields a fluorescent probe that is selective for ONOO- even in the presence of high 

concentrations of H2O2. This new chemical tool, Peroxynitrite Probe-1 (PNP-1), was used in live 

cell imaging experiments to track exogenously added and endogenously produced ONOO-.14 

Finally, we will discuss the development of a new hydrogel scaffold with covalently-linked, ROS-

activated fluorescent probes. This material, ROSmap, enhances the detection and spatial 

visualization of exogenously applied ROS. Overall, this work describes a fundamental physical-

organic study motivating the development of a novel ONOO--selective chemical switch, the 

development of this functionality into a ONOO--selective fluorescent probe, and finally, the 

expansion and adaptation of related technologies into a new fluorescent hydrogel matrix able to 

detect exogenous ROS with spatial fidelity. 
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Picomolar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  pM 
Nanomolar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  nM 
Micromolar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  µM 
Millimolar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  mM 
Molar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  M 
Mass to Charge Ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  m/z 
Positive-Ionization Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  [M+H] 
Negative-Ionization Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   [M-H] 
Potential of Deuterium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  pD 
Potential of Hydrogen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  pH 
Extinction Coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ⱦ 
Degrees in Celsius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ºC 
  
Theoretical:  
Highest Occupied Molecular Orbital . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  HOMO 
Lowest Unoccupied Molecular Orbital . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  LUMO 
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CHAPTER 1 INTRODUCTION 

1.1 The Role of Oxidative Stress in Non-communicable Diseases 

 Currently, the World Health Organization estimates that 41 million people each 

year die from non-communicable diseases (NCDs), including cardiovascular diseases, 

cancer, chronic respiratory diseases, and diabetes.15 Accounting for 74% of global 

deaths, NCDs represent the vast majority of preventable loss of life. Many NCDs are 

characterized by a chronic inflammatory component resulting from biological states of 

oxidative stress, which occur from an overproduction of reactive oxygen species (ROS) 

and reactive nitrogen species (RNS).16,17 ROS and RNS are oxidative species that 

include metabolites such as hydrogen peroxide (H2O2), superoxide (O2
-.), hypochlorous 

acid (HOCl), hydroxyl and or alkoxy radicals, nitric oxide (NO .), and peroxynitrite (ONOO-

). Their transient nature and dynamic production/destruction and ability to convert into 

other ROS/RNS makes them challenging to study, especially in the context of disease. 

The traditional view of ROS/RNS has focused on the deleterious effects associated with 

oxidative stress. Nevertheless, emerging evidence suggests that the roles of ROS/RNS 

are subtler than originally believed. For instance, some ROS, including H 2O2 and NO., 

are critical signaling molecules that facilitate cellular communication. 3,18ï21 Others, 

including superoxide (O2
-.) are directly implicated in the activation of kinases associated 

with neuroplasticity.22ï24 These observations and others strongly suggest that other 

ROS/RNS play more nuanced roles in homeostasis than is currently thought. An 

improved understanding of the roles of ROS/RNS in homeostasis and disease will lead 

to improved treatment options for NCDs. 

 Among ROS and RNS, peroxynitrite (ONOO-) is unusual in that it is not formed 

directly by cellular systems, but instead, is formed from two other ROS/RNS. O 2
-. and 

NO. react in a diffusion-limited reaction to form ONOO-, and overproduction of O2
-. and/or 

overproduction of (NO.) leads to increased levels of ONOO-.25 While the implications of 

peroxynitrite-mediated diseases like glaucoma26 or in diabetes27 are significant, methods 

to track ONOO- production and its distribution in living systems are limited by its short 

lifetime and high reactivity.28 Therefore, specialized tools are needed to gain a proper 

insight as to how these chemicals contribute to different biological states. While several 

techniques to track cellular ROS/RNS exist, including electrochemical detection and 
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genetically encoded sensors, the most commonly used tools are reactivity-based 

fluorescent probes.6,29ï31 

 

1.2 Detecting ROS/RNS with Fluorescent Probes  

 Fluorescent probes are useful tools to track biological analytes and are generally 

classified into two groups: "reactivity-based probes", in which an irreversible chemical 

reaction initiates a change in fluorescence, and "recognition-based probes", in which a 

reversible binding event with the analyte of interest results in a fluorescence change 

(Figure 1.1).32 In the study of biological oxidants, such as H2O2 and ONOO-, reactivity-

based fluorescent probes are strongly preferred due to the transient nature of these 

chemicals in biological environments.7,29 An effective reactivity-based fluorescent probe 

ideally reacts with only a single analyte, ensuring a clear and unambiguous link between 

a fluorescent response and analyte presence. Though many fluorescent probes for 

ROS/RNS exist, selectivity challenges have limited our understanding of the roles that 

ROS/RNS play in biological processes. A key challenge, then, is to design chemical 

motifs that undergo selective, biocompatible, and rapid reaction with a target analyte, 

effectively coupling the presence of that analyte to an easily observable change in 

fluorescence. 

 

Figure 1.1 Recognition-based fluorescent probes vs. reactivity based fluorescent probes. 
Recognition-based fluorescent probes change in fluorescence after a reversible binding event 
with the target analyte. Reactivity-based probes undergo an irreversible chemical reaction to 
generate a change in fluorescence. Reprinted (adapted) with permission from Lippert, A. R. et. 
al. Boronate Oxidation as a Bioorthogonal Reaction Approach for Studying the Chemistry of 
Hydrogen Peroxide in Living Systems. Acc. Chem. Res. 2011, 44 (9), 793ï804.32 Copyright 
2011 American Chemical Society. 
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 Arylboronic acids and analogous pinacolboronate fluorescent probes have been 

used as fluorescent probes detect ONOO-.8 However, as we and others have shown, 

these probes also oxidize and detect H2O2.33 In fact, a significant number of arylboronate 

probes are also advertised as H2O2-selective probes.32ï35 This has important 

ramifications because an inability to discriminate between H 2O2 and ONOO- ultimately 

results in lowered confidence that a visualized signal arises from a specific analyte 

(Figure 1.2). 

 

Figure 1.2 Peroxyfluor-1 (PF-1), a first-generation arylboronate fluorescent probe, oxidizes 
to produce fluorescein with both H2O2 and ONOO-.36 

 To improve confidence in which analyte is triggering a fluorescent response, 

arylboronate probes must be used in combination with enzyme inhibition studies. 37 In the 

case of ONOO-, this may be achieved by inhibiting superoxide dismutase (SOD), the 

primary enzyme responsible for O2
-. dismutation into H2O2, or NADPH oxidase (NOX), an 

enzyme responsible for producing superoxide. However, several challenges remain. For 

instance, NOX enzymes are not the only enzymes capable of producing O2
-., as xanthine 

oxidase (X/XO), nitric oxide synthase (NOS), lipoxygenase, and mitochondrial enzymes 

can produce O2
-. as well.38 Moreover, unknown sources of O2

-. and/or NO. may also 

contribute to oxidative loads, especially in novel cellular or organismal systems. More 

selective probes for ONOO-, especially those that effectively discriminate between H2O2 

and ONOO-, are necessary to further elucidate the roles of these ROS/RNS in biology.  

  Other motifs for ONOO- have been developed for tracking ONOO - in living 

systems. However, each have their drawbacks. For instance, some generate redox-

active side quinones capable of impacting the redox status of the organism 39 (Figure 

1.3A). Other require carefully tuned electronics, which limits the generalizability of the 

design strategy.40 (Figure 1.3B). Still others suffer from limited chemoselectivity, such as 

oxidation-activated boronate probes41 (Figure 1.3C). Among each of these design 
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strategies, boronate probes are arguably the most attractive due to their lack of 

downstream reactivity and scalability to multiple different fluorescent architectures. 

However, their lack of chemoselectivity toward ONOO - lowers our confidence in 

measurements made with these tools. This dissertation focuses on the development of 

diazaborine-based chemical tools for tracking peroxynitrite in living systems. 

 

1.3 Dissertation Organization 

We begin with an overview of the state of the field of diazaborine and iminoboronate 

use in chemical biology. In this work, we identify four major areas in which 

iminoboronates and diazaborines have been utilized in the field of biology: peptide 

conjugation, the labeling of whole cells, therapeutic delivery systems, and chemical 

probes. From here, we identify areas in which iminoboronates have been used as redox-

sensitive moieties, setting the stage for our own contributions to the field showing the 

high selectivity of diazaborines to selective oxidation by peroxynitrite.  

In Chapter 3, we investigate a hypothesis that neighboring groups may tune the 

reactivity of organoboron compounds to H2O2 and ONOO--mediated oxidation. Through 

this work, we found that the introduction of a neighboring group sufficient to form a cyclic 

diazaborine (DAB) resulted in a ca. 3,000-fold decrease in the rate of oxidation with 

H2O2. Nevertheless, the rate of oxidation with peroxynitrite remains exceptionally fast, 

reaching completion in less than 1 second. Kinetic measurements, reactivity studies, and 

density functional theory (DFT) calculations revealed that oxidation of the diazaborine 

with either H2O2 or ONOO- initially yields a kinetically trapped C=N Z-isomer that 

isomerizes to a more thermodynamically stable C=N E-isomer via a carbinol 

intermediate. These results strongly suggested that the rate of oxidation of organoboron 

species can be tuned via neighboring group effects. 

In Chapter 4, we build on this study and merge diazaborines with a fluorescent probe 

scaffold. We hypothesized that the diazaborine motif would confer high selectivity for 

ONOO- over H2O2, only prompting a fluorescent response to ONOO -. A 7-step synthesis 

delivers Peroxynitrite Probe-1 (PNP-1). High selectivity for ONOO- over other ROS/RNS 

and common metal ions was confirmed with steady-state fluorescence spectroscopy. 

PNP-1 was used in live cell imaging studies with RAW 264.7 macrophages to detect 
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endogenously produced ONOO-, with confirmation of ONOO- detection with systematic 

inhibition of both NADPH oxidases and nitric oxide synthase.  

In Chapter 5, we extend this technology to extracellular ROS/RNS detection. This is 

an often-overlooked source of ROS/RNS, despite the presence of extracellular-facing 

NADPH oxidases that produce significant amounts of superoxide. Compelling indirect 

evidence has implicated extracellular ROS/RNS as playing important roles in 

macrophage function and inflammation.21,42ï45 However, no techniques enable high-

resolution temporal and spatial tracking of extracellular ROS/RNS. In this work, we 

merge reactivity-based fluorescent probes with hydrogel networks to deliver ROSMap 

hydrogels: a polymeric scaffold that fluoresces upon introduction of exogenous H 2O2 and 

provides a spatial map of its distribution.   
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Figure 1.3 Mechanisms for the oxidation of ONOO- fluorescent probes. HKGREEN-4 
employs a N-dearylation mechanism of aminophenols to afford a fluorescent rhodol product 
(1.3A). NISPY-1 is nitrated by ONOO-, altering the electronics of the BODIPY structure to inhibit 
PET-quenching (1.3B). A benzothiazolyl iminocoumarin arylboronate probe is oxidized by 
ONOO- followed by p-quinone methide fragmentation and intramolecular cyclization to initiate 
fluorescence (1.3C). 
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CHAPTER 2 IMINOBORONATES IN BIO-ORTHOGONAL APPLICATIONS 

Jack G. Haggett and Dylan W. Domaille 

Department of Chemistry, Colorado School of Mines, Golden, Colorado 80401. 

2.1 Abstract 

Dynamic covalent chemistry (DCC) involves the study of reversible reactions at 

chemical equilibrium. Owing to their reversible dynamics, these reactions represent an 

expansive toolbox for the development bioconjugation techniques and stimuli responsive 

materials. Several DCC reactions fit the criteria necessary for bioconjugation chemistry, 

including the condensation of Ŭ-amines with carbonyls to form hydrazones or oximes and 

the condensation of boronic acids with vicinal diols to form boronate esters. Separately, 

the chemical features of these reactions offer their own advantages in the development 

of bioconjugation and stimuli-responsive materials. However, when combined, novel 

reactivity and applications are unlocked. Iminoboronates are an emerging class of 

compounds that include an imine in the ortho position relative to an aryl boronic acid, 

combining the features of arylboronic acid reactivity with that of imine chemistry. In 

iminoboronates, the reactivity of the arylboronic acid and imine functionalities are 

dependent on each other, leading to unique behavior of the structure as a whole. Here, 

we review the applications of iminoboronates in bioconjugation chemistry, including their 

utilization in the bioconjugation of peptides, the labeling of whole cells, the development 

of chemical probes and as key linkages in stimuli-responsive biomaterials.  

 

2.2 Introduction 

Dynamic covalent chemistry (DCC) describes a class of chemical reactions that 

continually form and hydrolyze at chemical equilibrium.46ï48 The reversibility of dynamic 

chemical reactions enables reversible protein tagging, templated chemical reactions, 

self-healing biomaterials, and the production of build-your-own inhibitors, in which an 

enzyme target templates the construction of its own inhibitor from a dynamic 

combinatorial library.49ï52 Central to these efforts is precise control over the reversibility 

of DCC reactions. For instance, common dynamic covalent chemical reactions in non-

aqueous solvents include transesterification and disulfide exchange.53,54 In these 

reactions, exchangeability relies on an associative mechanism, in which a competing 
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nucleophile (e.g., alcohol, thiol, etc.) actively displaces a degenerate functionality. In 

aqueous conditions, hydrolysis is often used to trigger dissociation, and one of the most 

commonly used classes are imines and specialized imines.55 For instance, imines, 

hydrazones, and oximes result from a reaction between an aldehyde or ketone and an 

amine, hydrazine/hydrazide, or alkoxyamine, respectively (Figure 2.1).  

 

 

Figure 2.1 Summary of imine dynamic covalent chemistry. The formation of imines is a 
reversible process, with imines formed from hydrazines (hydrazones) and imines formed from 
alkoxyamines (oximes) displaying increasing equilibrium constants respectively. 

In aqueous environments, all three bonds display dynamic covalent behavior. The 

reaction is under thermodynamic control, but the products continually hydrolyze and 

reform at equilibrium. Despite their structural similarity, the rates and hydrolytic stabilities 

of imines, hydrazones, and oximes are heavily dependent on the precise substituents. 

Aryl aldehydes react more slowly but display higher equilibrium constants, while aliphatic 
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aldehydes react more quickly to form the imine, hydrazone, or oxime, but also hydrolyze 

faster than do aryl aldehydes.56 Substituent effects offer limited tuning of the kinetic and 

thermodynamic characteristics. 

 A complementary strategy to tune the dynamics and stabilities of imines, 

hydrazones, and oximes is to use an aryl aldehyde/ketone with a neighboring arylboronic 

acid (Figure 2.2).  

 

 

Figure 2.2 Iminoboronates and diazaborines are specialized dynamic covalent bonds. 
Condensation of 2-FPBA with amines generate simple iminoboronates, while condensation with 
hydrazines yields o-boronic acid hydrazones or cyclic diazaborines, and condensation with 
alkoxyamines yields o-boronic acid oximes. 

Owing to the proximity effect of a built-in Lewis acid on the reactive carbonyl, 

iminoboronates form rapidly in aqueous buffer and display significantly higher equilibrium 

constants than do other imines without a neighboring arylboronic acid. 57ï60 These 

features make iminoboronates especially useful in biological settings for the 
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bioconjugation of peptides, proteins, and live cells. Rapid exchangeable dynamics in 

aqueous buffer endow biomaterials with self-healing capabilities, making them key 

components in dynamic and stimuli-responsive materials. When hydrazones are formed 

from an arylcarbonyl boronic acid, they show rapid reversible formation and hydrolysis; 

however, certain derivatives cyclize to diazaborines, which generally show high 

hydrolytic stability.10 Oximes can also be formed from arylcarbonyl boronic acids to yield 

thermodynamically stable but highly labile linkages. Below, we highlight the tunable 

dynamics and utility of o-boronic acid imines, hydrazones, oximes, and diazaborines for 

bioconjugation with peptides, proteins, and live cells, as well as describe the role of the 

iminoboronate functionality in chemical probes and as crosslinks in stimuli -responsive 

polymeric networks.  

 

2.3 Discussion 

2.3.1 Iminoboronate-Based Peptide Conjugation 

 Protein labeling methods are key techniques to track proteins in cellular systems, 

to monitor biological processes, and to separate and analyze proteins. A wide range of 

synthetic approaches have been used to covalently tag proteins and peptides with small -

molecule fluorophores and radioisotopes, including N-hydroxysuccinimide (NHS) esters 

to label lysine residues and N-terminal amino groups;61 thiol-maleimide chemistry to label 

cysteine residues;62 and diazonium chemistry to label electron-rich tyrosine rings, among 

others.63 Imines and their related conjugates (e.g., hydrazones and oximes) are broadly 

acknowledged as being susceptible to hydrolysis, which makes them less desirable for 

long-term stable conjugations.64 However, when these amines, hydrazines, and 

alkoxyamine nucleophiles are paired with o-arylboronic carbonyl groups, the resulting 

conjugates generally display significantly higher hydrolytic stability than do analogous 

linkages without the pendant arylboronic acid.65 Below, we highlight how this class of 

linkages enables rapid labeling of peptides, proteins, and live cells.  

 Gois and coworkers first showed that o-boronic acid carbonyl compounds 

reversibly tag lysine ⱦ- and peptide N-terminus amino groups (Figure 2.3).66 The authors 

proposed that these conjugates would display higher hydrolytic stabilities than typical 

imines because of a stabilizing dative B-N interaction that results upon successful imine 

formation. 
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Figure 2.3 Boronic acids with a carbonyl in the ortho position reversibly tag lysine ⱦ- and 
peptide N-terminus amino groups through formation of a stabilizing B-N dative bond. Reprinted 
(adapted) with permission from Cal, P. M. S. D. et. al. Iminoboronates: A New Strategy for 
Reversible Protein Modification. Journal of the American Chemical Society 2012, 134 (24), 
10299ï10305.66 Copyright 2012 American Chemical Society. 

Test reactions with butyl amine and 2-formylphenylboronic acid revealed rapid kinetics 

and relatively high equilibrium constants, as the reaction reached equilibrium within 20 

minutes, and the speciation was unchanged over the course of a week over a pH range 

of 6-9. The conjugation methodology was successfully extended to biomolecules, 

including a model peptide (somatostatin) and model enzyme (lysozyme), with efficient 

conjugation between the biomolecules and 2-acetylphenylboronic acid detected via mass 

spectrometry. Finally, the authors showed that small-molecules such as fructose, 

glucose, and dopamine could disrupt the conjugation and trigger release of the o-boronic 

acid carbonyl compound.  

 Follow-up work from the same group later exploited the orthogonality of 

iminoboronate formation and azide-alkyne reactions.67 Azides and alkynes react in an 

atom-efficient Cu-catalyzed triazole formation in mild conditions and have been broadly 

used in bioconjugation;68 however, both azides and alkynes are unnatural protein 

functionalities, which requires a two-step process to introduce either the azide or alkyne 

functionality to the protein. The authors prepared o-acetylphenylboronic acids bearing 

either azide or alkyne-delivered bifunctional linkers that react with endogenous lysine 

residues. Because the resulting bioconjugate displays an azide or alkyne functionalityð

well-established bioorthogonal functional groupsð the authors showed that the resulting 

bioconjugates undergo facile subsequent copper-catalyzed click chemistry to further 

elaborate the protein with additional functionality. This methodology was used to develop 

a small-molecule drug conjugate between paclitaxel with folic acid to selectively target 

cancer cells.  
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 In addition to substrate specificity, another challenge with developing protein 

labels is the lack of site specificity during the attachment event. Gois and coworkers 

addressed this issue with the development of a novel site selective version. 69 First, a 

maleimide-functionalized 3-hydroxyquinoline derivative was appended to an N-terminal 

cysteine.  

 

 

Figure 2.4 Site-specific direction of 2FPBA to an N-terminal cysteine on a protein. 2-FPBA 
forms a reversible imine bond at the carbaldehyde, while simultaneously forming a boronate 
ester. Figure reproduced with permission from Russo, R. et. al. Engineering Boron Hot Spots for 
the Site-Selective Installation of Iminoboronates on Peptide Chains. Chemistry - A European 
Journal 2020, 26 (66), 15226ï15231.69 

The 3-hydroxylquinoline functionality acts as a óboron hotspotô to direct a 2-FPBA or 2-

APBA to the N-terminus, where an iminoboronate forms between the N-terminal cysteine 

amine group, which is further stabilized via coordination between the 3-HQ and boron 

atom (Figure 2.4). Subsequent studies confirmed that complex peptides did not inhibit 

the adduct formation, and the resulting adduct was stable in buffer for up to 4 weeks, 

though acidic conditions and the presence of glutathione both reduced the stability of the 

conjugate. This motif was used in the design of a target for the 67LR receptor to 

selectively deliver cargo to cancer cells. The conjugate more efficiently binds the 

receptor and releases cargo compared to other conjugates. 
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Figure 2.5 Formation of an imidazolino complex that exchanges with cysteine. Reprinted 
(adapted) with permission from Li, K. et. al. Dynamic Formation of Imidazolidino Boronate 
Enables Design of Cysteine-Responsive Peptides. Organic Letters 2018, 20 (1), 20ï23.70 
Copyright 2018 American Chemical Society. 

 Amino acid and site specificity is a persistent challenge in peptide bioconjugation. 

Imidazolino boronate complexes have bind cysteine with high selectivity. Breakage of the 

complex and release of the reactive boronic acid improves selectivity in its reaction with 

cysteine (Figure 2.5). Gao and associates developed a conjugation reaction in which 2-

FPBA and 1,2-diamines reversibly form imidazolidoboronates (IzB).70 The authors 

showed that L-2,3-diaminopropionic acid rapidly reacts with 2-FPBA to give the IzB 

complex. The complex structure was confirmed by 1H NMR spectroscopy and X-ray 

crystallography. In the crystal structure, the authors determined that anhydride formation 

between the acid group of L-Dap and the boronic acid resulted in additional cyclic 

products.  Dissociation kinetics are rapid (k = 0.082 s-1, t1/2
 = 8 s) as are forward rates of 

adduct formation (0.82 × 103 M-1 s-1), and the adducts show resistance to competing 

glutathione, glucose, serine, and lysine but are susceptible to cysteine-promoted 

dissociation.  

Neighboring boronic acids act as intramolecular catalysts for hydrazone, oxime, and 

imine condensation reactions. However, in the presence of a suitably Lewis basic Ŭ-

nitrogen, a subclass of hydrazones with o-formylphenylboronic or o-acetylphenylboronic 

acid motifs undergo cyclization to the subsequent benzodiazaborine (DAB) structures 

(Figure 2.6).9,10,71ï73 The resulting DABs are more resistant to hydrolysis than are 

hydrazones, and a number of groups have further enhanced the stability of diazaborine 

linkages by including additional coordinating functionality to form chelates with the boron 

atom. For instance, Bane and coworkers cleverly included an additional amine on the Ŭ-

carbon12, which forms an additional stabilizing B-N bond upon diazaborine formation. 

The authors chemically conjugated the Ŭ-amino acethydrazide to bovine serum albumin 

(BSA) and tagged it with a fluorophore-modified 2-FPBA functionality, resulting in a 
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stable conjugate that persists even after SDS-PAGE analysis and more than 1 week in 

destaining solution. Other heteroatoms are also capable of increasing the stabil ity of the 

resulting conjugates. For instance, Ansylnôs group showed that O-functionalized 

hydroxylamines and N-functionalized hydroxylamines are also suitable as peptide labels 

because of the resulting stable linkages.74 Synthesis and evaluation of the conjugates 

revealed that their reversibility was also inhibited by the presence of the nearby 

covalently linked hydroxy group. However, the substrates have limited by aqueous 

solubility. The authors further showed that this chemistry labels peptides containing L-

DOPA, a biological catechol.  Finally, Gao and coworkers showed that a simple 

conjugate between Tris-base and 2-carbonylarylboronic acids gives an 

oxazolidinoboronate complex that displays a primary alcohol site for subsequent 

functionalization. This conjugate can be elaborated with an alkyne group, which lends it 

to further conjugation to peptides with CuAAC bioconjugation. Though this successfully 

links synthetic peptides, it requires a high reagent concentration that makes it unsuitable 

for live cell labeling. 

 

Figure 2.6 Formation of a diazaborine between a hydrazine (orange) and 2-FPBA (blue). 

 

Figure 2.7 Peptides functionalized with 2FPBA at the C-terminus and with an amine 
nucleophile at the N-terminus reversibly cyclize. Reprinted (adapted) with permission from 
Bandyopadhyay, A. and Gao, J. Iminoboronate-Based Peptide Cyclization That Responds to 
PH, Oxidation, and Small Molecule Modulators. Journal of the American Chemical Society 
2016, 138 (7), 2098ï2101. https://doi.org/10.1021/jacs.5b12301.75 Copyright 2016 American 
Chemical Society. 
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The rapid reaction of ortho-boronic acid carbonyl compounds with amine nucleophiles 

makes them ideal for prompting cyclization of biopolymers, including peptides. This 

makes them especially useful for generating cyclic peptides (Figure 2.7). Cyclic peptides 

are an emerging class of synthetic and natural therapeutics, owing to their increased 

resistance to protease-mediated degradation. Gao demonstrated that synthetic cyclic 

peptides can be constructed from an ortho-carbonylphenylboronic acid on one terminus 

and an amine nucleophile on the other.76 The resulting cyclic peptide is responsive to a 

range of variables, including pH (lower pH triggers reversion to linear form), oxidation 

(reverts to linear form), and small molecule modulation with competing nucleophiles that 

trigger loss of the cyclic form.  

 

Figure 2.8 Summary of the P-ALM technique for labeling proteins. An enzyme of interest is 
modified with a ligand bearing a reactive, electrophilic linker to a fluorescent probe. Nearby 
nucleophilic groups attack the linker, resulting in a covalent bond to the fluorescent probe. 

Takaoka and associates have developed a chemical strategy for functionalizing 

enzymes that target the active site in a process known as Post-Affinity Labeling 

Modification (P-ALM) (Figure 2.8).77 In this approach, a ligand is functionalized with a 

probe via an electrophilic linker. Non-covalent binding of the ligand in the enzyme active 

site positions the reactive linker near nucleophilic residues on the enzyme. 

Intramolecular attack transfers the fluorescent probe to the enzyme, effectively labeling 

the enzyme. However, when an exchangeable Schiff base is used to link the ligand to 

the probe, significant hydrolysis of the linkage is observed. For this reason, Van der 

Zouwen and associates introduced a tricyclic iminoboronate diazaborine structure as a 

more hydrolysis-resistant strategy.78 A 2-formylphenylboronic acid derivative bearing a 

para-sulfonylfluoride was linked to the ligand via a hydrazone. When the assembly 

bound in the active site, a side-chain lysine residue formed a covalent sulfonamide.  
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Figure 2.9 Pairing the formation of a tricyclic DAB structure with P-ALM enhances stability of 
the conjugate (A). Attaching a 2FPBA reactive group (B) to an enzyme, followed by hydrazone 
exchange with a FITC-derived hydrazide functionality (C) gives a more stable, tricyclic 
conjugate. Figure partially reproduced from van der Zouwen, A. J. et. al.; Iminoboronates as 
Dual-Purpose Linkers in Chemical Probe Development. Chemistry - A European Journal 2021, 
27 (10), 3292ï3296.79 

Subsequent reaction with ŬȤamino hydrazide fluorescein (FITC-am-zide) resulted in 

exchange with the hydrazone-bound ligand and effectively labeled the enzyme active 

site (Figure 2.9). Their model was applied to several different labeling conditions, 

including the cell lysate of BirA-overexpressing E. coli and to model protein BioY, a 

transporter of biotin. In both cases, the iminoboronate-based strategy indicated efficient 

labeling, and can potentially be expanded to any ligand with an Ŭ-effect nucleophile. 

 

2.3.2 Whole-Cell Labeling with Iminoboronates and Diazaborines 

Whole-cell labeling is the process of tagging a live cell with a fluorescent reporter. 

This can be accomplished in two different ways: a) endogenous production of a 

fluorescent protein (e.g., green fluorescent protein (GFP));80 or b) labeling with an 
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exogenously added small-molecule fluorophore.81 A fluorescently tagged cell permits 

live-cell in vivo imaging to track where a cell migrates. In contrast to peptide-based 

bioconjugation, whole cell labeling presents unique challenges. For instance, rather than 

concerns about protein denaturation, the biocompatibility and biorthogonality of the  

reaction must be considered. An ideal whole-cell tagging will enable fast and selective 

labeling of a whole-cell with a fluorescent tag via a largely bioorthogonal reaction to 

permit its visualization and tracking with high spatiotemporal resolution.   

Because the tagging event should be rapid, efficient, and non-toxic, Gao and 

coworkers developed a rapid bioconjugation reaction (103 M-1s-1) between 

semicarbazides and o-boronic acid carbonyl compounds.72 The stability of the conjugate 

depends on the ortho-boronic acid carbonyl: aryl aldehyde based conjugates (e.g., 

derived from 2-FPBA) are susceptible to cysteine-mediated degradation, while aryl 

ketone (e.g., 2-acetylphenylboronic acid (APBA) conjugates) resist cysteine-triggered 

degradation. To build this methodology into a whole-cell labeling strategy, a D-amino 

acid-incorporation strategy was used. Peptidoglycan layers are one of the few instances 

in which D-amino acids are natively incorporated. Thus, the authors synthesized a 

synthetic D-amino acid (D-AB3) bearing a APBA functionality.  

 

Figure 2.10 E. coli is tagged with a fluorescent reporter via a biosynthetically incorporated 
APBA derivative. Reprinted (adapted) with permission from Bandyopadhyay, A. et. al. Fast 
Diazaborine Formation of Semicarbazide Enables Facile Labeling of Bacterial Pathogens. 
Journal of the American Chemical Society 2017, 139 (2), 871ï878.72 Copyright 2017 American 
Chemical Society. 
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The peptidoglycan assembly enzymes incorporate this unnatural amino acid into the 

peptidoglycan layer of E. coli via cell wall remodeling (Figure 2.10). Notably, other 

bacteria, including Staphylococcus aureus and Klebsiella pneumoniae incorporated 

APBA with significantly lower efficiency, while Pseudomonas aeruginosa did not 

incorporate it at all. Subsequent labeling with a semicarbazide-functionalized fluorophore 

efficiently tagged the peptidoglycan-displayed APBA in E. coli, and enabled E. coli 

detection with this technology, even in blood serum. 

 

Figure 2.11 Electrochemical detection of E. coli with gold electrodes using an iminoboronate 
linker. E. coli is labeled with a 2-APBA bearing functionality. In the presence of a semicarbazide-
functionalized gold electrode, the 2-APBA-functionalized E. coli rapidly condense with the 
semicarbazide functionalities forming a diazaborine link that can be detected electrochemically. 
Figure reproduced with permission from Klass, S. H. et. al. Covalent Capture and 
Electrochemical Quantification of Pathogenic E. Coli. Chemical Communications (Cambridge, 
United Kingdom). 2021, 57 (20), 2507ï2510.82 

A related approach uses cell wall remodeling with D-AB3 to enable electrochemical 

detection of pathogenic bacteria in foods. Because current methods for E. coli detection 

are time consuming and often require a laboratory setting, Furst and associates sought 

to develop a field-ready assay for detecting foodborne pathogens.82 First, a gold 

electrode was functionalized with a carbazide-PEG monolayer. After labeling the E. coli 

with 2-acetylphenylboronic acid site via the D-amino acid strategy shown by Gao, the 

authors showed that the carbazide-PEG monolayer conjugates to the labeled E. coli 

more efficiently than in traditional techniques such as cell-plating. The binding event was 

quantified with electrochemical impedance spectroscopy, and the assay was shown to 
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be effective for detecting E. coli from a range of sources, including eggs, romaine lettuce, 

spinach, raw chicken, and feline urine (Figure 2.11).  

The fast and specific labeling between ortho-boronic acid carbonyls and Ŭ-effect 

nucleophiles has also been applied to the specific detection of antibiotic-resistant 

bacteria. Gao highlighted this potential by developing a diazaborine-based platform to 

identify antibiotic-resistant bacteria.83 By utilizing the Ph.D-C7C library of phages, the 

authors incorporated a 2-APBA motif on the phage coat, followed by fluorescent labeling 

with a semicarbazide fluorophore. Next, the phage library was panned against 

Staphylococcus aureus, and candidate phage were isolated. This is a significant 

demonstration, as phage display is typical limited to binding biomolecule targets (e.g., 

proteins, antibodies, etc.). Other systems based on the boronic acid hydrazone 

conjugation for tagging live cells have also been developed, including a 

boronate/thiosemicarbazone to tag beta-2 adrenergic receptors (ADRBT) on the surface 

of HEK293T cells with rapid reaction and high selectivity.84 An ortho-carbonyl arylboronic 

with a nopoldiol-functionalized hydrazine or thiosemicarbazide attaches to cell surfaces 

via a SNAP-tag labeling strategy. 

 

2.3.3 Iminoboronate- and Diazaborine-Based Therapeutics 

Beyond tagging biological molecules, DCC-based iminoboronate strategies have also 

been utilized in the development of drugs and drug delivery systems. A beneficial feature 

of many boron-based compounds, including boronic acids, is their unnatural structure. 

That is, these compounds are not produced naturally. This offers a novel strategy to 

enhance substrate selectivity. Additionally, boron compounds and their byproducts are 

largely non-toxic, further extending their utility to living systems.85 Some strategies take 

advantage of the structural properties of these compounds, such as in the development 

of estrogen-mimics.86ï88 Others take advantage of the reactivity of the boron center or 

adjacent moieties to either deliver cargo or serve as a prodrug.89ï91 These systems are 

often aided by the stimulus-responsive functionalities of the reactive groups, which 

enable more selective drug delivery or prodrug activation.92ï96  Iminoboronates 

contain multiple sites that are sensitive to biological stimuli, including but not limited to 

decrease in pH, the presence of competitive diols/polyols, and the presence of 

extracellular ROS. Below, we will describe studies in which the iminoboronate motif was 
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utilized for therapeutic applications, and we will further expand on their applications as 

stimuli-responsive drug delivery systems. 

 

Figure 2.12 Simplified structure of an Antibody Drug Conjugate (ADC). A cytotoxin is 
covalently linked to an antibody, resulting in a conjugate whose delivery to sites of interest is 
guided by the high specificity of the antibody. 

Diazaborine-based targeting of live cells can also be included to deliver a ówarheadô to 

a specific cell type. This was demonstrated by Bane and associates, who developed 

diazaborine-linked antibody-drug conjugates (ADCs).73 ADCs are a class of 

biotherapeutic enhanced antibodies (Figure 2.12). The antibodies are paired with a cell -

killing agent which, when properly designed, results in targeted delivery of cytotoxic 

agents. The ADC comprises a selective antibody and a cytotoxic drug paired by a linker. 

The system, guided by the antibody, is therefore equipped to deliver the drug directly to 

the target. Though previous efforts have used simple hydrazones to link the antibody to 

agent, the hydrazone condensation is limited by acidic pH conditions and slow kinetics of 

release.97,98 In contrast, a diazaborine-linked ADC offers greater stability under these 

conditions. Bane developed an ADC between the drug Trastuzumab and an antibody 

that targets the HER2 receptor overexpressed in breast cancer. Flow cytometry revealed 

that the ADC bound to HER2 positive SK-BR-3 cells (HER2+), while binding was not 

observed for HER2-negative MDA-MB-231 cells (HER2ī). Immunoaffinity was also 

confirmed with ELISA. The authors did not comment on the cytotoxicity of the payload on 

the cell line, instead focusing on the ADC's enhanced affinity for the HER2 receptor.  

The delivery of proteins to tumorigenic sites is a common strategy employed in cancer 

therapies. However, delivery of cargo can be difficult to visualize in a living system. Xu 

and associates have developed a nanoparticle tagged with a near-infrared probe for 

tracking protein delivery in living systems.99 The nanoparticles were developed on a 

magnetic nanoparticle scaffold with reactive functionalities that respond to acidic 

conditions and to hydrogen peroxide, two compounds present in tumor 

microenvironments. Activity of the nanoparticle system was visualized by generating a 
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fluorescein isothiocyanate (FITC) labeled trypsin and monitoring release, which was 

determined to be effective in acidic environments. Cellular uptake was studied in A549 

cells using flow cytometry, where the cells were incubated both with the nanoparticles 

and free FITC-functionalized trypsin-phenylboronic acid (FITC-Try-PBA). When 

compared, the nanoparticle's cellular uptake was determined to be more efficient than 

the modified protein. 

 

Figure 2.13 Traditional delivery of hydrophobic cargo with the aid of a stimulus-responsive 
micelle nanostructure. A therapeutic payload is encapsulated in a stimulus-sensitive micelle. At 
the site of delivery, the micelle is ruptured and the cargo is released. 

In addition to labeling whole cells, iminoboronate and diazaborine motifs can be used 

to selectively deliver drugs in response to chemical stimuli.  Stimuli-responsive drug 

delivery is a powerful strategy to reduce off-target effects.93 Compared to systemically 

introduced therapeutics, stimuli-responsive drug scaffolds rely on a characteristic 

chemical triggerðfor instance, lower pH, higher oxidative stress, upregulation of 

proteasesðto prompt conversion of a pro-drug to a pharmacologically active drug and/or 

release of a drug at a specific site. Because iminoboronates are more susceptive to 

hydrolysis in acidic conditions, they have been used in micellar scaffolds to release 

drugs in low pH conditions (Figure 2.13). In micellar systems, iminoboronates serve as 

pH-responsive linkages to link hydrophilic drug molecules in a micellar core.   

A different strategy is used in hydrogels, where the iminoboronates serve as pH-

responsive crosslinks (Figure 2.14). Low pH conditions shift the equilibrium constant of 

the iminoboronate to its imine and 2-FPBA components, effectively decreasing the 

crosslinking density and permitting faster drug release. Below, we focus on small -

molecule and polymer-based systems that trigger drug release in response to acid 

and/or reactive oxygen species (ROS).  
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Figure 2.14 Stimulus-responsive hydrogels enable the delivery of cargo. A biocompatible 
hydrogel is formed with a therapeutic cargo encapsulated in the structure. In the presence of a 
stimulus, the hydrogel is dissolved and the cargo is released. 

Gois and associated used diazaborines (DABs) to create hydrolytically stable 

conjugates and hypothesized that oxidative stressði.e., an increase in reactive oxygen 

species (ROS)ðwould prompt cargo release.100 The authors first established that DABs 

with different hydrazone linkages displayed different hydrolytic stability in aqueous buffer 

and in plasma. DABs were synthesized from both 2-FPBA and 2-APBA in aqueous 

solvent. DAB stability was monitored by UV-Vis spectroscopy at 0, 5, and 14 days. For 

the derivatives examined, the stability of DABs formed from 2-FPBA exhibited greater 

thermodynamic stability than those derived from 2-APBA. However, taking a snapshot of 

the conjugate at different timepoints does not consider the dynamic-covalent nature of 

the hydrazone bondðthat is, it does not account for kinetic lability. Therefore, it would be 

necessary to interrogate the stability of the conjugate in the presence of a competing 

nucleophile or electrophile to trap the regenerated starting material.  

Next, the authors probed the oxidative reactivity of the DABs incubating the 

compound with 100 eq. of H2O2 and monitoring disappearance of starting material by 

HPLC. The authors observed a rapid consumption of the starting material (t1/2 = 15 

minutes) under these pseudo-first order conditions with a measured second-order rate 

constant of k = 0.422 M-1s-1. Lower concentrations (10 equiv. H2O2) and the presence of 

glutathione (GSH) led to slower rates of oxidation. Higher pH conditions (pH 9 carbonate 

buffer) increased the rate of oxidation compared to physiological pH 7.4, and acidic 

conditions (pH 4.5 acetate) showed no oxidation at all. The authors proposed that the 

accelerated rate at basic pH is due to an increased proportion of HOO - over H2O2, which 

is believed to be the active nucleophile. However, this conclusion does not track with the 
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acid dissociation constant of H2O2 (pKa ~ 12), which suggests that even at physiological 

pH, there is only a very small amount of HOO -. Moreover, it is well-established that the 

1,2-metallate shift is the rate-determining step of arylboronic acid oxidation, not initial 

nucleophilic attack by peroxide. 

 

Figure 2.15 Two strategies to generate a self-immolative module for the controlled release of 
payloads initiated by hydrogen peroxide. In one strategy (a), the payload is conjugated to a 2-
FPBA group via a synthetic hydrazine linker. Hydrolysis of the linker results in self-immolative 
release of the payload. In a second strategy (b), the payload is conjugated to an aryl ring para-  
to a diazaborine group. Oxidation of the diazaborine by ROS/RNS gives a phenol, which 
rearranges in a para-quinone methide fragmentation to initiate release of the payload. Figure 
reproduced with permission from António, J. P. M. et. al. Diazaborines Are a Versatile Platform 
to Develop ROSȤResponsive Antibody Drug Conjugates. Angewandte Chemie International 

Edition 2021, 25914ï25921.100 

Building off these studies, the authors next explored a molecular design to release 

cargo in oxidative conditions. Two different designs were explored (Figure 2.15). The first 

strategy (a) involved linking the payload to the hydrazone. In this model, oxidation of the 

DAB generates a phenol, which hydrolyzes the hydrazine and then cyclizes to release 

the payload. The second strategy (b) involves linking the payload to the aryl ring para to 

the DAB. DAB oxidation generates a phenol that undergoes quinone-methide mediated 

release of the payload. After limitations were observed for strategy a regarding the 

conjugate's stability in aqueous systems, the authors developed a more robust conjugate 

based on strategy b. The authors tested a range of cargo and targeting functionalities 

against lymphoma and leukemia cell lines and showed that the drug conjugate was 

selective and cytotoxic toward the targeted cell lines.  

Iminoboronates have also been used to generate micellar systems for micellar-drug 

delivery. Micelles are useful for delivering hydrophobic payloads because the 
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hydrophobic interior can encapsulate a hydrophobic drug while the hydrophilic exterior 

promotes aqueous solubility. While this is suitable if the payload is hydrophobic, it is 

challenging if the payload is hydrophilic because of the low affinity of hydrophilic 

compounds for a hydrophobic micelle interior. Rather than relying on non-covalent 

interactions, neutral hydrophilic drugs may be covalently conjugated to the micelle 

interior via stimuli-responsive connections that release at the site of interest. Ma and 

associates have developed a dual-responsive micelle with an iminoboronate motif for the 

delivery of therapeutic cargo that pairs subcomponent self-assembly with micellar 

chemistry.101 The micelles are sensitive to acidic conditions and glutathione and show 

controlled release of the hydrophobic drug CAPE in environments in low pH and high 

glutathione levels. At physiological pH 7.4, the micelles remain intact. However, in mildly 

acidic conditions (pH 5), the micelles disassemble and release the drug. Glutathione also 

triggers micellar disassembly in a concentration dependent manner.  

Hyperbranched polymers are a class of three-dimensional macromolecular polymers 

featuring multiple branches.102 This structure endows these compounds with the ability to 

form unique structures and to carry additional functional groups for subsequent 

modification and responsivity. These scaffolds have been applied in amphiphilic micelles 

due to their relative ease of synthesis and tunability. For instance, Zhang and associates 

developed a hyperbranched iminoboronate polymer micelle.103 2FPBA iminoboronate 

linkages were paired with hyperbranched oligo(ethylene glycol) groups in a one-pot 

synthesis. The micelles to be responsive to a range of metabolites and biological 

compounds that are present in tumor microenvironments. The response of the micelle to 

these compounds was assayed with UV-vis spectroscopy, where it was found that CO2, 

lactic acid, and glutathione encouraged polymer dissociation via iminoboronate 

hydrolysis.  

Polymer networks with multiple types of crosslinks offer enhanced tunability for 

biomaterial formulations. For instance, combining non-covalent hydrogen-bonding 

groups and dynamic covalent linkages enables precise tunable responsivi ty. Guanosine 

and guanosine-like compounds can form G-quadruplex structures, formed via 

intermolecular hydrogen bonding. These structures have been merged with hydrogel 

scaffolds, which, owing to their dynamic covalent linkages, yield self-healing hydrogel 

networks while also displaying high tunability and facile preparation. Biswas and 

associates combined these linkages with a PEG-based polymeric drug delivery system 
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featuring an injectable hydrogel.104 The PEG hydrogels were prepared by combining 4-

arm amine-functionalized PEG with 2FPBA and  guanosine under basic conditions. This 

afforded hydrogels after 15 minutes of reaction time. The formulation displayed with low 

cytotoxicity against MCF-7 cells, and drug binding was assayed by loading doxorubicin, 

an anti-cancer therapeutic. Drug release was determined in neutral and acidic buffer 

solutions, and though an improvement in the initial formulation was observed, 23% drug 

loss was observed after 30 h. G-quadruplex formation was confirmed using Thioflavin T 

(ThT), a cationic dye that increases its fluorescence when embedded in a G-quadruplex. 

The dynamic network displayed self-healing capabilities, as revealed with rheological 

measurements and visually by cutting and monitoring its reformation over the course of 2 

h.  

One of the primary limitations observed in the development of 2FPBA-based 

hydrogels is the necessity that they be formed under basic conditions. This limits their 

application in biological systems. For this reason, Ding and associates have developed a 

2FPBA-based hydrogel for wound dressings that features a cyanoacetate-functionalized 

4-arm PEG and poly-vinyl alcohol group that rapidly dissolves in the presence of 

cysteine.105 This functionality enables on-demand dissolution for changing wound 

dressings. 

 

2.3.4 Iminoboronate and Diazaborine-based Chemical Probes 

Arylboronic acids are often employed to bind to carbohydrates because they form 

reversible complexes with cis diol containing compounds. Arylboronic acids are also 

used extensively in reaction-based probes and biomaterials because they react with 

common reactive oxygen species (ROS), such as hydrogen peroxide (H 2O2) and 

peroxynitrite (ONOO-) and yield a corresponding phenol. Because of their 

biocompatibility and ability to complex/react with ROS in physiological conditions, 

arylboronic acids are traditionally used as detection-motifs for carbohydrates and ROS. 

For instance, the reversible complexation of carbohydrates with arylboronic acids has 

been coupled to turn-on fluorescent probes to enable rapid detection of carbohydrates in 

biological settings.106ï110 Additionally, the irreversible reaction of ROS with arylboronic 

acids to yield a phenol has been used extensively in reaction-based probes deliver turn-

on fluorescent probes to detect cellular ROS.7,32,111 Below, we will present cases in which 

the diazaborine and iminoboronate motifs have been utilized in the development of 
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chemical probes. Additionally, we will comment on their limited usage in the development 

of ROS reactivity-based probes, as well as discuss a recent article in which we have 

shown that the engagement of the boron pz with a pendant heteroatom, such as those 

found in diazaborines, alters the ROS-reactivity of the organoboron species and 

enhances kinetic discrimination between H2O2 and ONOO-.  

 

Figure 2.16 Formation of an acridine-functionalized iminoboronate enables the detection of 
chiral mono-alcohols by CD spectroscopy. Figure reproduced with permission from Shimo, S. 
et. al. 1,2-Dihydro-1-Hydroxy-2,3,1-Benzodiazaborine Bearing an Acridine Moiety as a Circular 
Dichroism Probe for Determination of Absolute Configuration of Mono-Alcohols. Chemistry - A 
European Journal 2019, 25 (15), 3790ï3794.112 

As noted above, arylboronic acids are ideally suited for complexation with cis-diol 

compounds. This is because the diol functionality condenses with the arylboronic acid to 

yield a boronate ester.113 The detection of mono-alcohols with arylboronic acid-based 

motifs is typically not possible because the resulting borate ester is hydrolytically 

unstable. However, the enhanced hydrolytic stability of DABs, as well as the presentation 

of a single hydroxy group in some DAB derivatives, makes the chemical detection of 

mono-alcohols feasible. Shimo and associates have developed a probe for detecting the 

stereo-configuration of mono-alcohols based on these principles, in which a mono-

hydroxylated diazaborine group was paired with an adjacent acridine moiety.112 When 

introduced to mono-alcohols, the free hydroxy group on the diazaborine functionality 

rapidly condenses with chiral mono-alcohols, delivering a hydrolytically stable ester 
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(Figure 2.16).  Following the formation of the ester, the adjacent acridine moiety imparts 

chirality into the boron center of the conjugate, which can then be characterized by 

circular dichroism (CD) spectroscopy. 

It is well-established that H2O2 oxidizes arylboronic acids to their corresponding 

phenols. This feature has led to the development of reactivity-based fluorescent probes 

that detect intracellular to H2O2. While the reactivity of arylboronic acids with ROS makes 

them useful for detecting ROS, it hampers the development of arylboronic acid-based 

drugs, as the drug will likely be oxidized before it can exert a pharmacological effect. 

Thus, recent efforts have focused on making arylboronic acids more resistant to 

oxidation. Because the rate limiting step of arylboronic acid oxidation is a trans-metalate 

shift, Raines and associates postulated that this step could be slowed by introducing 

neighboring groups that deprive the boron atom of electron density.114 The authors 

explored this idea by determining the reactivity of a survey of arylboronic acids with ortho 

electron-withdrawing groups. The authors noted the formation of intramolecular cyclic 

anhydro dimers was a common feature among derivatives that reacted more slowly with 

H2O2 (Figure 2.17). It was also observed that species forming 6-member rings exhibited 

more degrees of freedom in motion.  

 

Figure 2.17 Aryl boronic acids with ortho electron-withdrawing groups form cyclic anhydrides 
in aqueous buffer. Figure partially reproduced with permission from Graham, B. J. et. al. Boronic 
Acid with High Oxidative Stability and Utility in Biological Contexts. Proceedings of the National 
Academy of Sciences of the United States of America 2021, 118 (10). 
https://doi.org/10.1073/pnas.2013691118.115 
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DFT and NBO calculations revealed that this reactivity could be attributed to 

stabilization of the developing p orbital in the transition from a tetrahedral boronate ester 

to the resulting boric acid ester. Without cyclization, the developing p-orbital is stabilized 

by a conjugative ˊ-bonding interaction. However, in an analogous cyclic structure, this 

interaction is not present, resulting in a weaker interaction. Cyclization also results in 

arrestment of conjugative ˊ-bonding, which further destabilizes the p-orbital. In 

compounds with a conjugated carbonyl group, resonance further decreased electron 

donation to the forming p-orbital. The observed effects were observed to be consistent 

with the addition of electron-withdrawing groups to the ring. Additionally, the oxidative 

stability of these species was determined to primarily be a result of stereo-electronic 

effects, as hindering an aryl boronic acid with two methyl groups did not result in a 

change in oxidative stability.  

Raines also investigated the ability of cyclic boronic acids to complex with sugars. 

With 1H NMR titrations, the authors determined that the benzoxaborolone (BOL) species 

can complex with diols; however, its rate of condensation is limited compared to PBA or 

benzoxaborole (BL). This effect was further investigated with a nopoldiol-polyethylene 

glycol system, in which the affinity of BOL and BL were lower than PBA, with slower 

kinetics of formation for BOL. Of the derivatives examined, the BOL-saccharide 

complexes exhibited the greatest kinetic stability, highlighting its potential utility in 

applications necessitating such a feature.  

Our group has recently shown that diazaborines react slowly with H 2O2 but rapidly 

with ONOO-, effectively enhancing kinetic discrimination between H2O2 and ONOO- 

(Figure 2.18).116 Arylboronic acids are used as ROS-responsive motifs in molecular 

probes (to detect intracellular ROS with a turn-on in fluorescence), to cage prodrugs (that 

are oxidatively released), and as ROS-responsive bonds in polymeric scaffolds, among 

other applications.33,117ï121 However, arylboronic acids are oxidized to phenols by two 

different ROS: H2O2 and ONOO-.8,122 While H2O2 is involved in oxidative stress (e.g., 

inflammation), it also serves as a necessary signaling molecule.3,18,35,123,124 ONOO- is 

almost exclusively a damaging ROS.125ï130 Dialing in chemoselectivity into a motif is 

critical to ensure an experimental output (e.g., increase in fluorescence, drug release) 

can be reliably tied to a specific ROS. 
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Figure 2.18 Diazaborines react slowly with hydrogen peroxide, but quickly with peroxynitrite 
in aqueous buffer. Figure reproduced from Haggett, J. G. et. al. Diazaborines Oxidize Slowly 
with H2O2 but Rapidly with Peroxynitrite in Aqueous Buffer. Organic & Biomolecular Chemistry 
2022, 20 (5), 995ï999.13 

We prepared a series of o-functionalized arylboronic acids and showed that this 

survey of compounds reacts relatively quickly with H2O2 (koxidation ~ 10-1 ï 100 M-1s-1). Thus, 

the inclusion of a pendant ether, dimethylamino group, oxime, or bulky hydrazone does 

not significantly affect the rate of oxidation with H2O2. Most compounds oxidized 

immediately (<1 s) upon addition of ONOO -. However, diazaborines were shown to 

oxidize very slowly with H2O2 (koxidation ~ 10-3 M-1s-1). We further showed that certain 

derivatives (e.g., tosyl diazaborines) initially yield a kinetically trapped Z-isomer phenol 

that slowly isomerizes to its more thermodynamically stable E-isomer. Recent work from 

the Raines group has shown that o-carboxyarylboronic acids resist H2O2-mediated 

oxidation, an observation we have also made. We further showed that o-carboxyboronic 

acids also do not oxidize with ONOO-. Taken together, our work shows that diazaborines 

occupy a unique reactivity niche between arylboronic acidsðwhich oxidize rapidly with 

H2O2 and ONOOðand o-carboxyarylboronic acids, which do not oxidize with any known 

ROS. We are actively merging this new chemoselective motif into fluorophore scaffolds 

for intra- and extracellular detection of ONOO-. 

 

  



 

 60 

2.4 Conclusions 

To close, we have shown how the dynamics and unique ROS reactivity of 

iminoboronates and their related compounds opens new areas of bioconjugation 

reactions, live-cell labeling, biomaterials, and sensor development. However, as we have 

shown, most studies consider only the behavior of either the organoboron species or the 

imine linkage. Our recent work and that of Raines et. al. has revealed that there is 

significant communication between the organoboron component and the imine 

functionality, which we anticipate should prompt further investigation into 

structure/function relationships of how iminoboronates respond to different (bio)chemical 

stimuli. Currently, there is a significant gap in the literature regarding the applications of 

diazaborines and iminoboronates as ROS-responsive materials. We anticipate that 

future studies will continue to probe the ROS-responsiveness of these compounds. 
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CHAPTER 3 DIAZABORINES REACT SLOWLY WITH H2O2 BUT RAPIDLY WITH 

PEROXYNITRITE IN AQUEOUS BUFFER 

Originally published in Organic and Biomolecular Chemistry.13, 1, 2, 3 

Jack G. Haggett, Gun Su Han, Angela R. Moser, Julian V.A. Golzwarden**, Shubham 

Vyas, and Dylan W. Domaille* 

3.1 Abstract 

Reactive oxygen species (ROS) such as hydrogen peroxide (H2O2) and peroxynitrite 

(ONOO-) oxidize arylboronic acids to their corresponding phenols. When used in 

molecular imaging probes and in ROS-responsive molecules, however, simple 

arylboronic acids struggle to discriminate between H2O2 and ONOO- because of 

their fast rate of reaction with both ROS. Here, we show that diazaborines (DABs) 

react slowly with H2O2 but rapidly with peroxynitrite in an aqueous buffer. In 

addition to their slow reaction with H2O2, the immediate product of DAB oxidation 

with H2O2 and ONOO- can yield a kinetically trapped C=N Z-isomer that slowly 

equilibrates with its E-isomer. Taken together, our work shows that diazaborines 

exhibit enhanced kinetic discrimination between H2O2 and ONOO- compared to 

arylboronic acids, opening new opportunities for diazaborine-based tools in 

chemical biology. 

 

 

 

1 Reproduced from Haggett, Jack G, Gun Su Han, Angela R Moser, Julian V A Golzwarden, Shubham 
Vyas, and Dylan W Domaille. ñDiazaborines Oxidize Slowly with H2O2 but Rapidly with Peroxynitrite in 
Aqueous Buffer.ò Organic & Biomolecular Chemistry 20, no. 5 (2022): 995ï99. 
https://doi.org/10.1039/D1OB01668G. with permission from the Royal Society of Chemistry. 
2 JGH, GSH, and JVAG were graduate students affiliated with the Colorado School of Mines. ARM was 
an undergraduate student affiliated with the Colorado School of Mines. SV and DWD are Professors in 
Chemistry affiliated with the Colorado School of Mines. 
3 Research was conceptualized by DWD. Experiments were carried out by JGH, GSH, ARM, and JVAG. 
Data analysis was performed by JGH, GSH, JVAG, SV, and DWD. 

https://doi.org/10.1039/D1OB01668G
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Figure 3.1 Alkoxyamines and hydrazines/hydrazides react rapidly with 2-
formylphenylboronic acid (2-fPBA) to form boronic acid oximes and diazaborines, (DABs) 
respectively. Reaction with H2O2 abolishes the rapid dynamics. We initially observed that DABs 
react significantly slower than arylboronic acids to form product phenols. Data summarized from 
previous work.131 The goal of the current work is to determine the ROS profile of a library of 
phenylboronic acids and DABs and characterize the DAB reaction products with common 
cellular reactive oxygen species (ROS). 

3.2 Introduction 

Arylboronic acids are valuable chemical motifs in chemical biology owing to their high 

biocompatibility, ability to complex carbohydrates and other cis-diols, and as functionality 

that undergoes oxidation with cellular reactive oxygen species (ROS), including H 2O2 

and ONOO-.132ï137 A wide range of molecular probes that rely on ROS-mediated 

oxidation of arylboronic acids to prompt a fluorescence turn-on or release a pro-drug 

have been reported.122,137,138 However, because arylboronic acid-based probes react 

rapidly with both ONOO- (106 M-1s-1) and H2O2 (100 M-1s-1), it is challenging to 

discriminate between these two ROS in cellular environments using arylboronic acid 

motifs.122 Nevertheless, accurate discrimination of these compounds is critical for 

untangling the roles that each of these oxidants plays in redox biology. Chemical motifs 

that can enhance discrimination between H2O2 and ONOO- will enable more precise 

chemoselective tuning of molecular probes to detect and respond to ONOO - in 

pathophysiological states with less interference from steady-state H2O2 used in 

signalling.28,139ï141  
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In contrast to arylboronic acid oxidation, which has been thoroughly studied and 

explored for molecular imaging, ROS-triggered cargo release, and in ROS-responsive 

hydrogels, an analogous evaluation of diazaborine reactivity with common reactive 

oxygen species (ROS) has not yet been reported.122,138,142 Given the increased use of 

diazaborines as drug molecules and bioconjugation linkages in biological settings, it is 

important to establish the reactivity profile diazaborines to common cellular ROS. We 

reasoned that molecular architectures that facilitate complexation between heteroatom-

containing proximal groups with the vacant p-orbital in boron may slow the rate of ROS-

mediated oxidation. We further hypothesized that judicious choice of neighboring groups 

may enhance kinetic discrimination between H2O2- and ONOO--mediated oxidation in a 

manner analogous to peroxynitrite-specific fluorescent protein sensors, small-molecule 

probes, and iminoboronate linkages.76,143,144 

Here, we show that o-substituted arylboronic acid and diazaborines react with 

significantly different rate constants with common biological ROS.  In contrast to 

arylboronic acids, diazaborines react up to three orders of magnitude more slowly with 

H2O2 yet undergo rapid oxidation with ONOO -. Careful examination of the reaction 

mixture between H2O2 and ONOO- reveals that, depending on the R-group, DAB 

oxidation can yield a kinetically trapped C=N Z-isomer phenol that slowly isomerizes to 

the C=N E-isomer phenol over the course of hours to days in an aqueous buffer. Taken 

together, our results provide the initial groundwork to guide the design of diazaborine-

based drugs and bioconjugates and further develop diazaborine-based chemical tools 

with enhanced discrimination between H2O2 and ONOO-. 

 

3.3 Experimental Section 

3.3.1 Equipment 

nless otherwise noted, all chemicals and solvents were used as received from 

commercial sources. Water (dd-H2O) used in ultraviolet-visible (UV-Vis) spectroscopy 

procedures was deionized using Barnstead E-pure Series 1090 water purification system 

(Thermo Fisher Scientific, USA). UV-Vis spectroscopy experiments were carried out with 

Evolution 260 Bio UV-visible spectrophotometer, equipped with an 8-cell holder and a 

Peltier Control and Cooling Unit (PCCU1) (Thermo Fisher Scientific, USA). Standard 

10mm rectangular quartz UV-Vis cuvettes were purchased from Thomas Scientific, USA 
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(catalog number: 8490-D42). Nuclear magnetic resonance (NMR) spectroscopy 

experiments were carried out with JEOL ECA-500 NMR spectrometer (JEOL, USA). 

High-field nuclear magnetic resonance (NMR) spectroscopy experiments were carried 

out with a Varian 900 MHz Direct Drive spectrometer at the University of Colorado 

Anschutz Medical Campus (Varian, USA). Chemical shifts are expressed as parts per 

million (ppm). Coupling constants are reported in hertz (Hz). HRMS was carried out with 

Waters Synapt G2 HDMS at the University of Colorado Boulder. Gas chromatography 

mass spectrometry (GC-MS) analysis was carried out with Agilent Technologies 7890B 

GC system paired with a 7693 Autosampler and 5977B MSD. 

 

3.3.2 Materials 

Monobasic sodium phosphate (>98%), hydrochloric acid (36.5 ï 38.0%), isoamyl 

nitrite (96%), ammonium-d4 deuteroxide (25 wt. % in D2O, 99 atom %D), and dimethyl 

sulfone (TraceCERT®) were purchased from Millipore Sigma (USA). Tribasic sodium 

phosphate (>98%), dimethyl sulfoxide (99.9%), and hydrogen peroxide (30%) were 

purchased from Fisher Scientific (USA). Sodium hydroxide (pellets), 2-carboxybenzene 

boronic acid (96%), HEPES (99%), and 2-formylphenylboronic acid (>98%) were 

purchased from Oakwood Chemicals (USA). Acethydrazide (>98%), ammonium acetate 

(>97%), and O-methylhydroxylamine hydrochloride (>97%) were purchased from TCI 

America (USA). Salicylaldehyde (99%), sodium hypochlorite (5% active chlorine), 

manganese (IV) oxide (99%), pivalic acid hydrazide (>98%), deuterium chloride (20% 

w/w), and sodium deuteroxide (40% w/w) were purchased from Acros Organics (USA). 

Dimethyl sulfoxide-d6 and deuterium oxide were purchased from Cambridge Isotope 

Laboratories (USA). 2-(methoxymethyl)phenol (99%) was purchased from Ambeed 

(USA). p-toluenesulfonyl hydrazide (98%) and tert-butyl hydroperoxide (70 wt.  in water) 

were purchased from Beantown Chemical (USA). Benzeneboronic acid (>98%) was 

purchased from Alfa Aesar (USA). 2-((methoxymethyl)phenyl)boronic acid (97%) was 

purchased from Synthonix (USA). N,N-((dimethylamino)methyl)phenylboronic acid (97%) 

was purchased from Matrix Scientific (USA). Methylhydrazine (>98%) was purchased 

from Fluka Analytical (DE). Isopropanol (99%) was purchased from Pharmco (USA). 

(tris(2-carboxyethyl)phosphine) hydrochloride was purchased from Thermo Scientific 

(USA). 
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3.3.3 General Procedure for UV-Vis Spectrometer Experiments 

Stock solutions of boronic acid (50 mM) were prepared in DMSO and diluted to the 

working concentration in phosphate buffer (100 mM) at pH 7.4. An aliquot (3 mL) of the 

solution was transferred to a UV-vis cuvette. The temperature control unit was set to 

25°C, and the UV-Vis spectrometer was blanked with the phosphate buffer solution. A 

stock solution of H2O2 was prepared in dd-H2O (50 mM). An aliquot of H2O2 stock 

solution (3 ɛL) was added and mixed, and the cuvette was capped and wrapped in 

Parafilm. The absorbance was measured as a function of time, converted to 

concentration, and the rate constant calculated.  

 

3.3.4 General Procedure for Monitoring ROS Reactivity by 1H NMR 

D2O was buffered with tribasic sodium phosphate (200 mM), and the pD was adjusted 

with DCl and NaOD.  Buffered D2O (250 ɛL) was combined with boronic acid (50 ɛL), 

and hydrazide (50 ɛL). 1 molar equivalent of H2O2, NaOCl, and tBuOOH were added 

from 500 mM stock solutions. Samples were monitored as a function of time. 

 

3.3.5 General Procedure for Monitoring ONOO- Reactivity by 1H NMR 

D2O was buffered with tribasic sodium phosphate (200 mM), and the pD was adjusted 

with DCl and NaOD.  Buffered D2O (250 ɛL) was combined with boronic acid (50 ɛL) and 

hydrazide (50 ɛL). ONOO- was added directly in 1 equivalent aliquots. Samples were 

monitored after each addition of ONOO -.  

 

3.3.6 Synthesis of Peroxynitrite 

Isopropyl alcohol (52 mL), deionized water (22 mL), and sodium hydroxide (2.1 g) 

were combined and stirred until the sodium hydroxide dissolved. Hydrogen peroxide 

(9.8M, 4.18 mL) was added dropwise, and the mixture was stirred at room temperature 

for 5 minutes. Isoamyl nitrite (5 mL) was added dropwise. The reaction turned a dark 

golden color. The mixture was stirred for 15 minutes, then washed with dichloromethane 

(4 × 50 mL). MnO2 (5.54 g) was added, giving a dark green mixture that gently fizzed and 

immediately turned black. The mixture was stirred for 5 minutes. MnO2 was removed by 
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filtration, affording an orange, viscous liquid. Sample concentration was monitored prior 

to use by UV-Vis (ⱦ = 1670 Mī1cmī1 at 302 nm).  

 

3.3.7 Synthesis of o-phenylboronic acids and Phenol Reference Compounds 

 

Scheme 3.1 General procedure to synthesize hydrazone, oxime, and diazaborines from 
2-formylphenylboronic acid (2-fPBA). 

Synthesis of (E)-(2-((methoxyimino)methyl)phenyl)boronic acid (3). O-

methylhydroxylamine hydrochloride (470 mg, 5.3 mmol) was dissolved in phosphate 

buffer (4 mL, 1.0 M, pH 7.4). The pH was monitored with pH paper and adjusted to pH 

7.4 as necessary with NaOH in water (2.0 M). Separately, 2-formylphenylboronic acid 

(427 mg, 2.7 mmol) was dissolved in DMSO (1 mL) and added to the O-

methylhydroxylamine hydrochloride phosphate solution. After stirring the reaction mixture 

overnight, a white precipitate formed. The precipitate was filtered, rinsed with dd-H2O, 

dried in vacuo, and obtained as white powder (206 mg, 43%). E/Z isomers are observed. 

1H NMR (500 MHz, Deuterium Oxide) ŭ 8.25 (s, 1H), 7.43 (d, J = 17.0 Hz, 2H), 7.36 (d, J 

= 9.3 Hz, 2H), 3.83 and 3.76 (s, 3H). 13C NMR (126 MHz, DMSO-d6) ŭ 150.92, 150.42, 
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136.87, 135.51, 135.10, 134.43, 129.62, 129.21, 125.77, 61.95. HRMS (ESI-TOF) m/z 

[M-H] Calculated: 339.1330; Found: 339.1329. 

Synthesis of (E)-(2-((2-pivaloylhydrazineylidene)methyl)phenyl)boronic acid (5). 

Compound 5 was prepared according to a previously published procedure.131 1H NMR 

(500 MHz, Deuterium Oxide) ŭ 8.50 (s, 1H), 7.78 (d, J = 7.4 Hz, 1H), 7.59 (d, J = 7.0 Hz, 

1H), 7.42 (d, J = 30.8 Hz, 2H), 1.17 (s, 9H). 13C NMR (126 MHz, DMSO-d6) ŭ 174.33, 

148.78, 138.09, 134.61, 130.40, 128.63, 126.47, 38.29, 27.68. HRMS (ESI-TOF) m/z [M-

H] Calculated: 247.1254; Found: 247.1256. 

Synthesis of 1-(1-hydroxybenzo[d][1,2,3]diazaborinin-2(1H)-yl)ethan-1-one (6). 

Acethydrazide (397.9 mg, 5.3 mmol) was dissolved in dd-H2O (4 mL). Separately, 2-

formylphenylboronic acid (403.4 mg, 2.7 mmol) was dissolved in 1 mL of DMSO and 

added to the acethydrazide solution. After stirring the reaction mixture overnight at room 

temperature, white precipitate formed. The precipitate was filtered, rinsed with dd-H2O, 

dried in-vacuo, and obtained as white powder (447 mg, 81%). 1H NMR (500 MHz, 

Deuterium Oxide) ŭ 7.53 (d, J = 7.3 Hz, 1H), 7.44 (s, 1H), 7.34 (d, J = 15.9 Hz, 1H), 7.24 

(s, 2H), 2.18 (s, 3H). 13C NMR (126 MHz, DMSO-d6) ŭ 177.64, 149.56, 131.17, 130.21, 

130.18, 128.41, 128.31, 18.62. HRMS (ESI-TOF) m/z [M-H] Calculated: 205.0790; 

Found: 205.0786. 

Synthesis of  2-methylbenzo[d][1,2,3]diazaborinin-1(2H)-ol (7). 2-formylphenylboronic 

acid (384 mg, 2.7 mmol) was dissolved in ethanol (5 mL) and stirred at room 

temperature. Methylhydrazine (419 µL, 8.0 mmol) was added dropwise. After stirring the 

reaction overnight, the solvent was removed, and the remaining solid was dried in vacuo 

and obtained as a waxy, white solid (279 mg, 61%) 1H NMR (500 MHz, Deuterium 

Oxide) ŭ 7.98 (d, J = 6.8 Hz, 1H), 7.89 (s, 1H), 7.65 (d, J = 7.1 Hz, 2H), 7.56 (d, J = 16.0 

Hz, 1H), 3.41 (s, 3H). 13C NMR (126 MHz, acetone-d6 + 1 drop D2O) ŭ 137.79, 135.99, 

130.82, 128.54, 126.89, 38.40. HRMS (ESI-TOF) m/z [M-H] Calculated: 159.0735; 

Found: 159.0739. 

Synthesis of 2-tosylbenzo[d][1,2,3]diazaborinin-1(2H)-ol (8). para-toluenesulfonyl 

hydrazide (1.0 g, 5.3 mmol) was dissolved in dd-H2O (4 mL) and methanol (10 mL). 2-

formylphenylboronic acid (390 mg, 2.6 mmol) was separately dissolved in DMSO (1 mL) 

and then added dropwise. After 5 minutes, a bright white precipitate began to form. The 

mixture stirred for 3 hours, after which the precipitate was collected by filtration. The 
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precipitate was crystallized in hot ethanol and water, dried in-vacuo, and obtained as 

colorless needles (447 mg, 54.6%). 1H NMR (500 MHz, Deuterium Oxide) ŭ 7.73 (s, 1H), 

7.71 (s, 1H), 7.56 (d, J = 8.1 Hz, 1H), 7.33 (d, J = 16.0 Hz, 1H), 7.28 (s, 2H), 7.26 (s, 

1H), 7.23 (d, J = 16.3 Hz, 1H), 7.17 (d, J = 7.3 Hz, 1H), 2.27 (s, 3H). 13C NMR (126 MHz, 

DMSO-d6) ŭ 144.99, 142.93, 137.06, 134.13, 133.21, 132.35, 131.15, 130.29, 128.43, 

128.31, 23.25. HRMS (ESI-TOF) m/z [M-H] Calculated: 317.0773; Found: 317.0770. 

 

 

Scheme 3.2 General procedure for the synthesis of o-phenols from salicylaldehyde. 

Synthesis of (E)-2-hydroxybenzaldehyde O-methyl oxime (3-OH). O-

methylhydroxylamine hydrochloride (274.1 mg, 3.2 mmol) was dissolved in ethanol (5 

mL). The pH was monitored with pH paper and adjusted to pH 7.4 with pyridine (1 mL). 

Salicylaldehyde (253.2 ɛL, 1.6 mmol) was added to the solution. After stirring the 

reaction mixture overnight, the mixture was taken up in EtOAc (5 mL), washed with dd-

H2O (5 mL, 2X), washed with saturated sodium chloride solution (5 mL, 1X), dried with 

anhydrous sodium sulfate, filtered, and condensed. The material was dried in vacuo to 

give a white solid (207.5 mg, 83.8%). 1H NMR (500 MHz, Chloroform-d) ŭ 9.86 (s, 1H), 

8.16 (s, 1H), 7.30 (s, 1H), 7.15 (d, J = 9.1 Hz, 1H), 6.99 (d, J = 8.3 Hz, 1H), 6.91 (d, J = 

15.7 Hz, 1H), 3.99 (s, 3H). 13C NMR (126 MHz, CDCl3) ŭ 158.44, 150.75, 131.70, 
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130.03, 119.70, 117.33, 115.33, 62.60. HRMS (ESI-TOF) m/z [M-H] Calculated: 

150.05605; Found: 150.0565. 

Synthesis of (E)-N'-(2-hydroxybenzylidene)pivalohydrazide (5-OH). Pivalohydrazide 

(380.6 mg, 3.3 mmol) was dissolved in ethanol (5 mL) in a 15 mL round-bottom flask. 

Salicylaldehyde (200 mg, 1.6 mmol) was added directly. After stirring the reaction 

mixture at room temperature overnight, dd-H2O (10 mL) was added, and the mixture 

became cloudy. The reaction was extracted into dichloromethane (1 × 10 mL), washed 

with dd-H2O (2 × 10 mL), washed with brine (1 × 10 mL), dried over anhydrous sodium 

sulfate, and filtered. The solvent was removed by rotary evaporation, dried under 

vacuum, and obtained as waxy, white solid (305 mg, 85%). 1H NMR (500 MHz, DMSO-

d6) ŭ 11.38 (s, 1H), 11.18 (s, 1H), 8.54 (s, 1H), 7.45 (d, J = 7.6 Hz, 1H), 7.27 (d, J = 14.4 

Hz, 1H), 6.90 (d, J = 14.7 Hz, 2H), 1.20 (s, 10H). 13C NMR (126 MHz, DMSO-d6) ŭ 

176.44, 160.20, 150.35, 134.32, 132.41, 121.98, 120.90, 118.74, 40.44, 29.79. HRMS 

(ESI-TOF) m/z [M-H] Calculated: 219.1134; Found: 219.1134. 

Synthesis of (E)-N'-(2-hydroxybenzylidene)acetohydrazide (6-OH). Acethydrazide 

(148 mg, 2.0 mmol) was dissolved in dd-H2O (4 mL) in a 15 mL round-bottom flask. 

Separately, salicylaldehyde (122 mg, 1.0 mmol) was added to DMSO (1 mL) and then 

added to the acethydrazide solution. After stirring the reaction mixture at room 

temperature overnight, a white precipitate formed. The precipitate was filtered, washed 

with dd-H2O, dried in vacuo, and obtained as white powder (163 mg, 91%). Both E/Z 

isomers are observed by 1H NMR and 13C NMR in DMSO-d6. 1H NMR (500 MHz, DMSO-

d6) ŭ 11.58 (s, 0H), 11.18 (d, J = 21.1 Hz, 1H), 8.29 (s, 1H), 7.46 (d, J = 9.4 Hz, 1H), 7.21 

(d, J = 39.8 Hz, 1H), 6.84 (d, J = 36.1 Hz, 2H), 2.14 (s, 1H), 1.94 (s, 2H). 13C NMR (126 

MHz, DMSO-d6) ŭ 172.05, 165.94, 157.83, 156.88, 146.77, 141.32, 131.69, 131.42, 

129.47, 127.25, 120.53, 119.94, 119.80, 119.12, 116.85, 116.64, 22.50, 20.88. HRMS 

(ESI-TOF) m/z [M-H] Calculated: 177.0742; Found: 177.0664. 

Synthesis of (E)-2-((2-methylhydrazineylidene)methyl)phenol (7-OH). Salicylaldehyde 

(253.2 µL, 1.6 mmol) was dissolved in ethanol (5 mL). Methylhydrazine (171.5 µL, 3.3 

mmol) was added dropwise. The reaction stirred at room temperature overnight. The 

solvent was removed by rotary evaporation, dried in-vacuo, and obtained as a waxy 

white solid (122 mg, 49.6 %). 1H NMR (500 MHz, Deuterium Oxide) ŭ 7.76 (s, 1H), 7.20 

(d, J = 9.0 Hz, 1H), 7.11 (d, J = 15.0 Hz, 1H), 6.84 (d, J = 14.8 Hz, 1H), 6.78 (d, J = 8.1 
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Hz, 1H), 2.70 (s, 3H). 13C NMR (126 MHz, Chloroform-d) ŭ 156.90, 140.53, 129.24, 

119.40, 119.19, 116.51, 36.09. 

Synthesis of (E)-N'-(2-hydroxybenzylidene)-4-methylbenzenesulfonohydrazide (8-

OH). p-Toluenesulfonyl hydrazide (632 mg, 3.3 mmol) was dissolved in methanol (5 mL) 

in a 15 mL round-bottom flask. Salicylaldehyde (200 mg, 1.6 mmol) was added. After 

stirring the reaction mixture at room temperature overnight, dd-H2O (10 mL) was added, 

and a white precipitate immediately formed. The precipitate was filtered, washed with dd-

H2O, air-dried, and obtained as a white solid (354 mg, 74%). 1H NMR (500 MHz, DMSO-

d6) ŭ 11.45 (s, 1H), 10.20 (s, 1H), 8.17 (s, 1H), 7.74 (d, J = 8.0 Hz, 2H), 7.46 (d, J = 9.2 

Hz, 1H), 7.41 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 12.7 Hz, 1H), 6.83 (d, J = 25.0 Hz, 2H), 

2.35 (s, 3H). 13C NMR (126 MHz, DMOS-d6) ŭ 159.26, 148.85, 146.32, 138.60, 134.21, 

132.53, 130.20, 129.94, 122.18, 121.81, 118.95, 24.24. HRMS (ESI-TOF) m/z [M-H] 

Calculated: 290.07251; Found: 290.0717. 

 

3.3.8 Calculation of Extinction Coefficients for Compounds  

Extinction coefficients (‭) of the products of oxidation were calculated according to 

Beer's Law. A = absorbance; b = pathlength; c = concentration. 

ὃ  ‭ὦὧ 

in which 

‭  
ὃ

ὦὧ
 

Product concentrations in the kinetic traces were calculated with the experimentally 

determined extinction coefficients using Beer's law. 

Table 3.1 Extinction coefficients for synthesized phenol derivatives. 

Phenol 
Derivative 

Wavelength 
(nm) 

Extinction 
Coefficient 
(M-1cm-1) 

1-OH 281 408 

2-OH 284 855 

3-OH 310 3527 

4-OH 285 593 

5-OH 330 5759 



 

 71 

3.4 Results and Discussion 

 We began by surveying the impact of a variety of neighboring groups on 

arylboronic acid oxidation. We examined arylboronic acids with neighboring oxime, ether, 

and bulky hydrazone functionalities and measured their reaction profiles with a library of 

ROS, including hydrogen peroxide (H2O2), sodium hypochlorite (NaOCl), tert-butyl 

hydroperoxide (t-BuOOH), and peroxynitrite (ONOO-). This survey was chosen to range 

from expected weak (e.g., ether) to strong (e.g., dimethylamine) interactions between the 

boronic acid and neighboring group. Oxime 3 was included to explore how critical the 

C=N molecular feature is in ROS reactivity, while hydrazone 5 maintains the hydrazone 

motif but is too bulky to cyclize to a DAB. We initially monitored the ROS-triggered 

oxidation of each arylboronic acid by 1H NMR (Figures 3.2-3.82). 

Time-course UV-visible spectroscopy and/or time-course 1H NMR was then used to 

measure the second-order rate constant with ROS. Data were fitted to a second-order 

kinetic model with a non-linear least squares fitting.145 All experiments were carried out in 

triplicate with independent fitting to the kinetic model. Phenylboronic acid (PBA) oxidation 

by H2O2 or ONOO- is well-established and was used to benchmark the library of ortho-

substituted compounds (Figure 3.83). PBA reacts quickly with H2O2 (k2 = 4.9 ± 0.9 M-1s-1) 

in pH 7.4 phosphate buffer, a value in line with recent measurements. 114 No significant 

reaction was seen with the remaining ROS, except with ONOO -. Previous stopped-flow 

kinetics studies report a rate constant on the order of 106 M-1s-1 for the reaction between 

PBA and ONOO-, which is 106-times faster than with H2O2.122 Consistent with this 

observation, the reaction between PBA with ONOO - was too fast to measure by UV-

visible spectroscopy. 1H NMR revealed the clean conversion of ONOO- mediated 

oxidation of PBA to phenol; however, up to 4 equivalents of ONOO - was necessary for 

complete conversion. We attribute this to the short half-life of ONOO- in pH 7.4 PBS, 

which leads to competing decomposition of ONOO-.146 The rate of H2O2-mediated 

oxidation of o-arylboronic acids bearing a neighboring ether (2, k = 1.6 ± 0.1 M -1s-1) or 

oxime (3, k = 1.8 ± 0.1 M-1s-1) track closely with each other, below that of the oxidation of 

PBA. N,N-dimethylaminomethyl arylboronic acid (4), the canonical Wulff-type arylboronic 

acid, reacts 20-fold more slowly with H2O2 than does PBA (k = 0.25 ± 0.02 M-1s-1). 

Importantly, a hydrazone derived from the bulky pivaloyl hydrazide (5) reacts with a rate 

constant in line with the other examined arylboronic acids (k = 1.3 ± 0.1 M -1s-1).  
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Figure 3.2 Phenylboronic acid (1) (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 3 h. 
A reference spectrum for phenol is also included. No reaction is seen.  
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Figure 3.3 Aromatic region of 1H NMR spectra of phenylboronic acid (1) (5 mM) in PB buffer 
(200 mM, pD 7.4) at 0, 1, 2, and 3 h. A reference spectrum for phenol is also included. No 
reaction is seen. 
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Figure 3.4 1H NMR spectra of phenylboronic acid (1) (5 mM) in PB buffer (200 mM, pD 7.4) 
with H2O2 (5 mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for phenol is also 
included. 
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Figure 3.5 Aromatic region of 1H NMR spectra of phenylboronic acid (1) (5 mM) in PB 
buffer (200 mM, pD 7.4) with H2O2 (5 mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference 
spectrum for phenol is also included. 
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Figure 3.6 1H NMR spectra of phenylboronic acid (1) (5 mM) in PB buffer (200 mM, 
pD 7.4) with NaOCl (5 mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for 
phenol also included. 
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Figure 3.7 Aromatic region of 1H NMR spectra of phenylboronic acid (1) (5 mM) in PB buffer 
(200 mM, pD 7.4) with NaOCl (5 mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum 
for phenol is also included. 
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Figure 3.8 Aromatic region of 1H NMR spectra of phenylboronic acid (1) (5 mM) in PB 
buffer (200 mM, pD 7.4) with tert-butyl hydroperoxide (t-BuOOH) (5 mM, 1.0 equivalent) 
at 0, 1, 2, and 3 h. A reference spectrum for phenol is also included. 
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Figure 3.9 1H NMR spectra of phenylboronic acid (1) (5 mM) in PB buffer (200 mM, 
pD 7.4) with tert-butyl hydroperoxide (t-BuOOH) (5 mM, 1.0 equivalent) at 0, 1, 2, and 3 
h. A reference spectrum for phenol is also included. 
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Figure 3.10 1H NMR spectra of phenylboronic acid (1) (5 mM) in PB buffer (200 mM, pD 
7.4) with ONOO-. ONOO- was added in 1 equivalent aliquots with spectra collected 
immediately after addition. A reference spectrum for phenol is also included. 
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Figure 3.11 Aromatic region of 1H NMR spectra of phenylboronic acid (1) (5 mM) in PB 
buffer (200 mM, pD 7.4) with ONOO -. ONOO- was added in 1 equivalent aliquots with 
spectra collected immediately after addition. A reference spectrum for phenol is also 
included. 
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Figure 3.12 1H NMR spectra of 2 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 3 h. A 
reference spectrum for the corresponding phenol is also included. 
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Figure 3.13 1H NMR spectra of 2 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 3 
h. A reference spectrum for the corresponding phenol is also included. 
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Figure 3.14 1H NMR spectra of 2 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding 
phenol is also included. 
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Figure 3.15 1H NMR spectra of 2 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 mM, 
1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding phenol is 
also included. 
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Figure 3.16 1H NMR spectra of 2 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding 
phenol is also included. 
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Figure 3.17 1H NMR spectra of 2 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding phenol 
is also included. 
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Figure 3.18 1H NMR spectra of 2 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference 
spectrum for the corresponding phenol is also included. 
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Figure 3.19 1H NMR spectra of 2 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum 
for the corresponding phenol is also included. 
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Figure 3.20 1H NMR spectra of 2 (5 mM) in PB buffer (200 mM, pD 7.4) with ONOO -. 
ONOO- was added in 1 equivalent aliquots with spectra collected immediately after 
addition. A reference spectrum for the corresponding phenol is also included. 

  



 

 91 

 

 

 

 

 

 

Figure 3.21 Aromatic region of 1H NMR spectra of 2 (5 mM) in PB buffer (200 mM, pD 
7.4) with ONOO-. ONOO- was added in 1 equivalent aliquots with spectra collected 
immediately after addition. A reference spectrum for the corresponding phenol is also 
included. 
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Figure 3.22 1H NMR spectra of 2 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 
3 h. A reference spectrum for the corresponding phenol is also included. 
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Figure 3.23 1H NMR spectra of 3 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 
3 h. A reference spectrum for the corresponding phenol is also included. 
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Figure 3.24 1H NMR spectra of 3 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding 
phenol is also included. 
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Figure 3.25 1H NMR spectra of 3 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding 
phenol is also included. 
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Figure 3.26 1H NMR spectra of 3 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding 
phenol is also included. 
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Figure 3.27 1H NMR spectra of 3 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding 
phenol is also included. 
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Figure 3.28 1H NMR spectra of 3 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference 
spectrum for the corresponding phenol is also included. 
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Figure 3.29 1H NMR spectra of 3 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference 
spectrum for the corresponding phenol is also included. 
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Figure 3.30 1H NMR spectra of 3 (5 mM) in PB buffer (200 mM, pD 7.4) with ONOO -. 
Aliquots of ONOO- (1 equivalent each) were added with spectra collected immediately 
after addition. A reference spectrum for the corresponding phenol is also included.  
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Figure 3.31 Aromatic region of 1H NMR spectra of 3 (5 mM) in PB buffer (200 mM, pD 
7.4) with ONOO-. Aliquots of ONOO- (1 equivalent each) were added with spectra 
collected immediately after addition. A reference spectrum for the corresponding phenol 
is also included. 
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Figure 3.32 1H NMR spectra of 4 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 
3 h. A reference spectrum for the corresponding phenol is also included.  
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Figure 3.33 1H NMR spectra of 4 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 
3 h. A reference spectrum for the corresponding phenol is also included.  
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Figure 3.34 1H NMR spectra of 4 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding 
phenol is also included. 
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Figure 3.35 1H NMR spectra of 4 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding 
phenol is also included. 
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Figure 3.36 1H NMR spectra of 4 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding 
phenol is also included. 
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Figure 3.37 1H NMR spectra of 4 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding 
phenol is also included. 
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Figure 3.38 1H NMR spectra of 4 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference 
spectrum for the corresponding phenol is also included. 
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Figure 3.39 1H NMR spectra of 4 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference 
spectrum for the corresponding phenol is also included. 
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Figure 3.40 1H NMR spectra of 4 (5 mM) in PB buffer (200 mM, pD 7.4) with ONOO -. 
Aliquots of ONOO- (1 equivalent each) were added with spectra collected immediately 
after addition. A reference spectrum for the corresponding phenol is also included.  
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Figure 3.41 Aromatic region of 1H NMR spectra of 4 (5 mM) in PB buffer (200 mM, pD 
7.4) with ONOO-. Aliquots of ONOO- (1 equivalent each) were added with spectra 
collected immediately after addition. A reference spectrum for the corresponding phenol 
is also included. 
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Figure 3.42 1H NMR spectra of 5 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 
3 h. A reference spectrum for the corresponding phenol is also included.  
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Figure 3.43 1H NMR spectra of 5 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 
3 h. A reference spectrum for phenol also included. A reference spectrum for the 
corresponding phenol is also included. 
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Figure 3.44 1H NMR spectra of 5 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 
mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding phenol 
is also included. Trace hydrolysis to salicylaldehyde is also observed. 
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Figure 3.45 1H NMR spectra of 5 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 
mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding phenol 
is also included. Signals in the dashed blue box arise from salicylaldehyde, the product 
of oxidation and hydrazone hydrolysis. 
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Figure 3.46 1H NMR spectra of 5 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding phenol 
is also included. 
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Figure 3.47 1H NMR spectra of 5 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding phenol 
is also included. 
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Figure 3.48 1H NMR spectra of 5 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum 
for the corresponding phenol also included. 
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Figure 3.49 1H NMR spectra of 5 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum 
for phenol is also included. 
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Figure 3.50 1H NMR spectra of 5 (5 mM) in PB buffer (200 mM, pD 7.4) with ONOO -. 
Aliquots of ONOO- (1 equivalent each addition) were added with spectra collected 
immediately after addition. A reference spectrum for phenol is also included.  
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Figure 3.51 Aromatic region of 1H NMR spectra of 5 (5 mM) in PB buffer (200 mM, pD 
7.4) with ONOO-. Aliquots of ONOO- were added (1 equivalent each addition) with 
spectra collected immediately after addition. A reference spectrum for phenol is also 
included. 
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Figure 3.52 1H NMR spectra of 6 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 
3 h. A reference spectrum for the corresponding phenol is also included.  
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Figure 3.53 1H NMR spectra of 6 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 
3 h. A reference spectrum for the corresponding phenol is also included.  
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Figure 3.54 1H NMR spectra of 6 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 
mM, 1 equivalent) at 0, 1, 2, and 3 h. After 3 hours, the reaction contains a mixture of 
starting material, Z-isomer and E-isomer of the phenol hydrazone (6-OH). Reference 
spectra for salicylaldehyde and the phenol hydrazone are included. 
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Figure 3.55 1H NMR spectra of 6 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. After 3 hours, the reaction contains a mixture of 
starting material and a mixture of E/Z isomers of the phenol (6-OH), and salicylaldehyde 
(as result of hydrazone hydrolysis). A reference spectrum for the phenol hydrazone is 
included. The orange dashed line indicates characteristic signals from the Z-isomer. 
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Figure 3.56 1H NMR spectra of 6 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding 
phenol is also included. 
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Figure 3.57 1H NMR spectra of 6 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding 
phenol is also included. 

  



 

 128 

 

 

 

 

 

 

Figure 3.58 1H NMR spectra of 6 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference 
spectrum for the corresponding phenol is also included. 
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Figure 3.59 1H NMR spectra of 6 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1.0 equivalent) at 0, 1, 2, and 3 h. A reference 
spectrum for the corresponding phenol is also included. 
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Figure 3.60 1H NMR spectra of 6 (5 mM) in PB buffer (200 mM, pD 7.4) with ONOO -. 
Aliquots of ONOO- (1 equivalent aliquot each) were added with spectra collected 
immediately after addition. A reference spectrum for the corresponding E-isomer phenol 
is also included. ONOO- yields a near-quantitative conversion to the Z-isomer. 
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Figure 3.61 Aromatic region of 1H NMR spectra of 6 (5 mM) in PB buffer (200 mM, pD 
7.4) with ONOO-. ONOO- was added in 1 equivalent aliquots with spectra collected 
immediately after addition. A reference spectrum for the corresponding E-isomer phenol 
is also included. ONOO- yields a near-quantitative conversion to the Z-isomer. 
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Figure 3.62 Aromatic region of 1H NMR spectra of 6 (5 mM) in PB buffer (200 mM, pD 
7.4) with ONOO- (4 eq.) (a) overlapped with 1H NMR spectrum of 6 with H2O2 (1 
equivalent, 3 hours) (b). A reference spectrum for the as-synthesized phenol hydrazone 
(E) is also included (c). 
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Figure 3.63 1H NMR spectra of 7 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 
3 h. A reference spectrum for the corresponding phenol is also included.  
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Figure 3.64 1H NMR spectra of 7 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 
3 h. A reference spectrum for the corresponding phenol is also included.  

  



 

 135 

 

 

 

 

 

 

Figure 3.65 1H NMR spectra of 7 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 
mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding phenol 
is also included. 
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Figure 3.66 1H NMR spectra of 7 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 
mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding phenol 
is also included. 
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Figure 3.67 1H NMR spectra of 7 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding phenol 
is also included. 
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Figure 3.68 1H NMR spectra of 7 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding phenol 
is also included. 
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Figure 3.69 1H NMR spectra of 7 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum 
for the corresponding phenol is also included. 
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Figure 3.70 1H NMR spectra of 7 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum 
for the corresponding phenol is also included. 
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Figure 3.71 1H NMR spectra of 7 (5 mM) in PB buffer (200 mM, pD 7.4) with ONOO -. 1 
equivalent (5 mM) aliquots were added with spectra collected immediately after addition. 
A reference spectrum for phenol is also included. 
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Figure 3.72 Aromatic region of 1H NMR spectra of 7 (5 mM) in PB buffer (200 mM, pD 
7.4) with ONOO-. 1 equivalent (5 mM) aliquots were added with spectra collected 
immediately after addition. A reference spectrum for phenol is also included. 
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Figure 3.73 1H NMR spectra of 8 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 
3 h. A reference spectrum for phenol is also included. 
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Figure 3.74 1H NMR spectra of 8 (5 mM) in PB buffer (200 mM, pD 7.4) at 0, 1, 2, and 
3 h. A reference spectrum for phenol is also included. 
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Figure 3.75 1H NMR spectra of 8 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 
mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding E-
isomer phenol is also included. Only Z-isomer and starting material is observed after 3 h.  
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Figure 3.76 1H NMR spectra of 8 (5 mM) in PB buffer (200 mM, pD 7.4) with H2O2 (5 
mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding E-
isomer phenol is also included. Only Z-isomer and starting material is observed after 3 h. 
The dashed orange box are characteristic signals of the Z-isomer. 
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Figure 3.77 1H NMR spectra of 8 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding phenol 
is also included. 
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Figure 3.78 1H NMR spectra of 8 (5 mM) in PB buffer (200 mM, pD 7.4) with NaOCl (5 
mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum for the corresponding phenol 
also included. 
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Figure 3.79 1H NMR spectra of 8 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum 
for the corresponding phenol is also included. 
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Figure 3.80 1H NMR spectra of 8 (5 mM) in PB buffer (200 mM, pD 7.4) with tert-butyl 
hydroperoxide (t-BuOOH) (5 mM, 1 equivalent) at 0, 1, 2, and 3 h. A reference spectrum 
for the corresponding phenol is also included. 
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Figure 3.81 1H NMR spectra of 8 (5 mM) in PB buffer (200 mM, pD 7.4) with ONOO -. 
Aliquots of ONOO- were added in 1 equivalent aliquots with spectra collected 
immediately after addition. A reference spectrum for the 8-OH E-isomer is also included. 
The major product is the 8-OH Z-isomer. 
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Figure 3.82 Aromatic region of 1H NMR spectra of 8 (5 mM) in PB buffer (200 mM, pD 
7.4) with ONOO-. ONOO- was added in 1 equivalent aliquots with spectra collected 
immediately after addition. A reference spectrum for the 8-OH E-isomer is also included. 
The major product is the 8-OH Z-isomer. 






























































































































































































































































































































































































