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ABSTRACT 

Labeling proteins with chemical tools is important for examining natural systems, discovering 

therapeutic agents and developing protein constructs. These methods offer simple but reliable 

chemistry to the study of peptides and proteins and thus have gained popularity among chemists 

and biologists. Despite the fact that the number of successful examples has been largely increased 

over the past decade, there is still an ongoing need for new reagents with better accessibility and 

reactivity. 

Diazonium ions are known to selectively react with tyrosine residues for more than a century. But 

the harsh condition required for diazotization makes it difficult to use this strategy in biological 

applications. To address this, bench-stable triazabutadienes are made to release diazonium ions 

upon mild acidification or photoirradiation. Based on our previous study, imidazole N-alkyl 

substituted triazabutadienes were synthesized and tested for diazonium ion-releasing rates. 

Surprisingly, the imidazole N-tert-butyl substituted triazabutadiene showed the fastest rate in 

neutral and basic aqueous solutions. A subsequent NMR study revealed that this rapid release of 

diazonium ions might be ascribed to the lack of intramolecular π-interactions. In addition, 

triazabutadienes can be rendered more basic upon photo-isomerization. A water-soluble 

triazabutadiene was shown to adjust the pH of aqueous solutions.  These findings open up new 

opportunities in protein labeling with unprecedented ease. 

Moreover, a boronic acid-based photocrosslinker was synthesized to detect protein-protein 

interactions of glycoproteins. By incorporating benzophenone with a boronic acid and a terminal 

alkyne, this photocrosslinker is designed to capture the glycoprotein-substrate complex using the 

combination of photochemistry and bioorthogonal reactions.  

In conclusion, this dissertation demonstrates progress in developing new probes for protein 

labeling and protein-protein interactions. These newly developed strategies offer convenient 

alternatives to those wishing to explore protein activities. 
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CHAPTER ONE 

INTRODUCTION 

Organization of this dissertation 

This dissertation describes: 1) the recent progress in the study of the triazabutadiene as a diazonium 

ion releasing agent, as well; 2) as a photocrosslinking strategy for glycoprotein labeling. Chapter 

one reviews the recent examples of tyrosine-based protein labeling, with an emphasis on the ones 

that involve diazonium chemistry. It also provides a brief introduction to current strategies of 

photocrosslinker-based protein labeling and glycoprotein modifications. Chapter two is focused 

on our new findings of N-alkyl substituted triazabutadienes including synthesis, diazonium 

releasing rates in aqueous solution and structural property. Chapter three shows another 

interesting feature of the triazabutadiene: photoreactivity. This reactivity is associated with light-

induced isomerization. The configuration of unsymmetrical triazabutadienes is also discussed 

from the perspective of its stability. Chapter four reports the design, synthesis and evaluation of 

an affinity-based glycoprotein-targeted photocrosslinker.  
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Tyrosine-based protein labeling 

The modification of proteins using synthetic small molecules is an important method in chemical 

biology and pharmaceutical sciences1. It is widely used in probing native biological systems, 

generating therapeutic conjugates, and creating new biomaterials. The most commonly used 

strategies involve electrophilic reagents that react with nucleophilic side chains such as lysine and 

cysteine. Despite of the prevalence and efficiency of these strategies, new methods that target other 

amino acid side chains are also in high demand in order to complement this technique. Unlike 

other nucleophilic side chains, aromatic amino acids possess fundamentally different reactivity 

which is orthogonal to that of cysteine, lysine and carboxylate-containing residues. Moreover, they 

usually have moderate to low abundancy on the protein surface, which provides opportunity for 

selective labeling. In particular, tyrosine residues have been considered as an attractive target for 

protein labeling due to the unique reactivity of phenolic side chains2.  

Metal-catalyzed tyrosine labeling 

In the early attempts to modify tyrosine resides, transition-metal-catalyzed reactions compatible 

with aqueous conditions are often used. In 1995, Kodadek and co-workers have demonstrated the 

first example that employs a nickel(II)-peptide complex (Figure 1.1) to catalyze an oxidative 

coupling of two proteins3. A later development based on the same principle uses ruthenium metal 

complex coupled with visible light to generate high yield of crosslinking product after a very short 

period of irradiation4. Finn and co-workers have reported using the same reagents to crosslink viral 

capsid proteins by tyrosine oxidation5. One of the main advantages of the metal-catalyzed 

oxidative crosslinking strategies is the rapidity of the reactions. However, these methods generally 

require proximity of reactive residues to achieve good efficiency. Another major restraint is the 
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multiplicity of crosslinking possibilities, which is usually favored when the crosslinking regions 

are flexible. As a consequence, these methods display relatively poor selectivity since residues 

with similar chemical property (Tyr, Trp and Cys) can be crosslinked simultaneously.  

 

Figure 1.1. Metal complex catalysts used in protein crosslinking. Left: Ni(II)-peptide complex; 

right: ruthenium(II) tris-bipyridyl dication; bottom: oxidative coupling of tyrosine residues on viral 

capsid 

Metal-free tyrosine labeling 

Metal-free strategies, on the other hand, offer comparable reaction efficiency but are more 

compatible with biological systems. Francis and co-workers have utilized a Mannich-type reaction 

to selectively label tyrosines2. In this three-component process, tyrosine residues are conjugated 

with the combination of aldehydes and anilines (Figure 1.2). In a more recent example, Nakamura 
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and co-workers achieved tyrosine-specific labeling by in situ generating luminol derivatives that 

effectively modify tyrosine residues under oxidative conditions6. When combined with click 

chemistry, modified proteins are further functionalized by fluorescent dyes and polyethylene 

glycol (PEG) (Figure 1.2).  

 

 

Figure 1.2. Examples of metal-free tyrosine labeling: a) Mannich-type reaction for tyrosine 

labeling; b) luminol derivative conjugates with tyrosine residue 

While possessing good reactivity towards tyrosine residues, these methods also require multi-step 

process or multiple reagents. Alternatively, Barbas and co-workers reported an ene-type reaction 

based tyrosine bioconjugation method using 4-phenyl-3H-1,2,4- triazole-3,5(4H)-dione (PTAD)7. 

PTAD and its derivatives react rapidly and selectively with phenol side chain of tyrosine under 

mild conditions, which enable broad application in protein modification (Figure 1.3).  
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Figure 1.3. Tyrosine ligation reaction with PTAD 

Similarly, diazonium ions offer a simple but effective way for the same purpose. Aryl diazonium 

salts have been used to synthesize azo compounds for more than 100 years. Surprisingly enough, 

the use of diazonium to target amino acids is almost as old as its dye-making history8. Their 

reactivity towards electron-rich functional groups allows coupling two aromatic molecules to form 

a highly conjugated system that is extensively used in dye industry. Recently, azo coupling 

chemistry has been rejuvenated to serve as useful tools in protein labeling. Several reports have 

described the modification of tyrosine residues on tobacco mosaic virus9, bacteriophage MS2 viral 

capsids10 and M13 bacteriophage11. Haddleton and co-workers have explored a similar strategy to 

covalently PEGylate a therapeutic peptide through tyrosine-diazonium coupling12, which 

effectively extends the peptide’s half-life (Figure 1.4). 
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Figure 1.4. PEGylation of peptide by azo coupling 

Releasing of diazonium ions by the triazabutadiene 

A couple of years ago, our group reported a triazabutadiene-based system that releases aryl 

diazonium ions in situ upon acidification or photoirradiation13-14 (Figure 1.5), which offers a very 

mild way for in situ tyrosine labeling. With this strategy, diazonium ions can be “caged” and stored 

until being treated with acid or UV light. The triazabutadiene also allows pre-installation of other 

functional groups making it possible to deliver functionalized diazonium ions which may be 

otherwise difficult to synthesize. Ever since, we have successfully employed the triazabutadiene 

for several applications on proteins15-16. In the meanwhile, our study of triazabutadienes with 

different substituents has led us to better reactivity and deeper understanding of their structural 

properties (see chapter two and three). 
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Figure 1.5. Release of diazonium ion by water-soluble triazabutadiene 

Photocrosslinking of proteins 

In the attempt to understand molecular mechanisms inside cells, it is critical to identify and 

characterize the network of interactions between biomolecules. From a chemical perspective, 

crosslinkers create covalent bonds with two interacting biomolecules, and therefore the complexes 

of interest can be isolated for further analysis. To trigger the crosslinking reaction, photochemistry 

is one of the most commonly used methods as it offers high efficiency and good orthogonality 

with biomolecules. Numerous photo-reactive compounds have been identified as possible 

photocrosslinkers to study biological interactions. The following section reviews the typical types 

of photocrosslinkers. 

Aryl azide     

Photolysis of simple aryl azides results in a wide range of products, the composition of which 

highly depends on temperature, solvent and the nature irradiation17. Those reactions are rarely 

clean and give moderate yields which make interpretations rather difficult (Figure 1.6). However, 
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the utility of aryl azides as protein photocrosslinker is limited by (a) high activation energy (~250 

nm), and (b) intramolecular rearrangement which leads to low crosslinking efficacy.  

 

 

Figure 1.6. Important reactions of aryl azides upon photoirradiation  

Diazo compounds and diazirines 

Diazirine and its isomer—the linear diazo compound have been implemented for generating highly 

reactive carbene species that undergo crosslinking reactions with biomolecules. Given the fact that 

diazirines are more photochemically responsive, they are generally preferred over diazo 
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compounds in the context of photocrosslinking. To form a reactive carbene, the diazirine must 

release molecular nitrogen after being photochemically excited. During this process, the two sigma 

bonds between sp3 carbon and the azo group are broken and bonding electrons are redistributed 

(Figure 1.7). The reactivity of diazirine-derived carbene has been demonstrated in early work by 

Richards and co-workers18. In their study, the diazirine was first excited by irradiation to form a 

carbene intermediate, which was then crosslinked with solvent following an insertion reaction 

(Figure 1.6).  

 

Figure 1.7. Photolysis of the diazirine and its crosslinking with methanol 

Nakanishi and co-workers have prepared a bifunctional photocrosslinking probe which contains a 

diazirine group and a photocleavable moiety19. The probe is connected with a biomolecule which 

facilitates separation of crosslinked target from non-crosslinked ones. Sequential photolysis allows 

cleavage of the biomolecule so that probe-target complex can be subjected to further analysis 

(Figure 1.8). 

 

Figure 1.8. Bifunctional diazirine-containing photocrosslinker 
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In our previous study, the diazirine was linked to a triarylphosphine reagent, which allows traceless 

Staudinger ligation with complex organic azides to yield amide-linked diazirine20. This strategy 

provides useful protein crosslinking reagents via one-step attachment and simple but reliable 

chemistry (Figure 1.9).   

 

Figure 1.9. A traceless Staudinger reagent to deliver diazirines 

Aryl ketones 

Since introduced in 1970s, aryl ketones are still among the most popular reagents for the purpose 

of photocrosslinking. Particularly, benzophenone was first shown to perform light-induced 

crosslinking with the -carbon of glycine21. The photolysis conditions (> 320 nm) of 

benzophenone are generally more suitable for biological applications than other aryl ketones22. 

This dissertation also includes an in-depth discussion of the photochemical properties of 

benzophenone in chapter four. It should be noted that these photocrosslinkers (including but not 

limited to benzophenone) can not only serve as exogenous reagent but also be incorporated in 

proteins using genetic methods. Yokoyama and co-workers demonstrated the site-specific 

incorporation of a photoreactive amino acid into proteins using expanded genetic code23 (Figure 
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1.10). Upon exposure to 365 nm light, proteins containing photoreactive amino acid were able to 

capture their nearby substrate.  

 

 

 

Figure 1.10. a) Benzophenone-based photoreactive amino acid; b) crosslinking between two 

proteins 

Chemical modification of glycoproteins 

Glycoproteins are generally difficult biomolecules to study, mainly because they are produced as 

heterogeneous mixtures where different types of oligosaccharides are attached to the same 

protein24. Clearly, proteins with glycans are involved in many important cellular processes; but 

only a limited number of glycan-selective strategies are currently available25. Thus chemists and 

biologists are sharing the same interest in developing synthetic probes that precisely modify 

glycoproteins through covalent bonds. One of advantages that synthetic tools have over protein 

fusion-based methods is that small organic molecules have less impact on the protein structures 

and hence can minimize the loss of protein functions26. Alternatively, unnatural sugars bearing 
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bioorthogonal functional groups can be enzymatically or metabolically installed onto 

glycoproteins of interest for isolation and/or identification purposes. However, those methods 

usually suffer from long processing time and low yields25. 

Glycoproteins fused with green fluorescent protein (GFP) 

Fluorescent proteins have been widely used as markers of gene expression and proteins in live 

cells and organisms for its great ability to emit highly visible green fluorescence27. Recombinant 

proteins carrying GFP allows monitoring the various steps of their synthesis and transport in live 

cells or tissues. In a study of herpes simplex virus type 1 (HSV-1) glycoprotein B (gB), Rozenberg 

and co-workers demonstrate that GFP can be fused to HSV gB that provides new opportunities to 

study its subcellular localization, viral replication cycle and assembly. However, when compared 

to wild-type virus, GFP-containing variant exhibits noticeable loss in replication ability28. Similar 

study published by Roufogalis and co-workers uses a P-glycoprotein-EGFP transfected HeLa cell 

to study the intracellular localization and trafficking of P-glycoprotein (P-gp)29. While still 

functional towards its substrate, the EGFP-fused protein only shows moderate activity compared 

to wild-type P-gp. As discussed earlier, studying glycoproteins using protein fusion-based strategy 

usually causes impairment of protein functions which may compromise the quality of the results. 

Therefore, using small molecule-based probes might be more ideal since it obviously reduces the 

chance of undesired activity change of proteins. 

Incorporation of bioorthogonal functional groups in glycoproteins  

Metabolic incorporation of unnatural sugars containing ketone, azide and thiol groups into 

glycoproteins has been proven as an effective method by previous literatures30-32. The Bertozzi 
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group is one of the pioneers who combine click chemistry and carbohydrate metabolism to study 

glycoproteins. In an early report, they metabolically incorporated an N-azidoacetylmannosamine 

(ManNAz) (Figure 1.11) into cell surface glycoconjugates, which can be then selectively labeled 

by a biotinylated triphenylphosphine through a modified Staudinger reaction (Figure 1.11)33. 31 

Recently, they described a new strategy where a cyclooctyne-aptamer conjugates selectively binds 

to cell surface glycoproteins labeled with N-azidoacetylneuraminic acid (SiaNAz) (Figure 1.11), 

which was generated from peracetylated N-azidoacetylmannosamine (Ac4ManNAz) for the 

purpose of glycosylation detection. The conjugated complex can be then identified by mass 

spectrometry, Western blotting, and flow cytometry. Similar to other unnatural sugar-

incorporation strategies, introducing azido sugars to glycoproteins takes up to 3 days to yield 

reasonable conversion34.  Besides, these methods require specific biological techniques and 

equipment which limit the accessibility to most chemistry labs. Thus, developing small synthetic 

tools for rapid and selective labeling of glycoproteins is an emerging need among chemists and 

chemical biologists. 

 

 

Figure 1.11. Structure of ManNAz and SiaNAz 
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Direct modification of glycoproteins with chemical reactions 

To date, there are only a few published methods that selectively label wild-type glycoproteins 

using small synthetic tools, most of which contain a sugar-directing group that delivers the whole 

probe to glycans on the surface of proteins35-37. One example from Lin and co-workers described 

a traceless labeling method of glycoproteins with boronic acid-tosyl probes37. In their study, phenyl 

boronic acid serves as an affinity head to deliver a tosyl attached alkyne probe to glycans. Then 

nearby nucleophilic residues are able to replace tosyl group through SN2 reactions. Finally the 

alkyne-modified glycoproteins are tagged by additional reporters (Figure 1.12) following click 

reaction. In spite of the excellent reactivity and specificity, this method has a fundamental 

limitation that is the need for nucleophilic residues to be in proximity to glycans. Hence in this 

dissertation, we propose a new boronic acid-based probe that possesses orthogonal reactivity 

(photoreactive) to biological systems, yet provides rapid and versatile modification of 

glycoproteins (see chapter four).     

 

Figure1.12. Illustration of glycoproteins labeled by boronic acid-tosyl probe 
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In conclusion, the use of small-molecule reagents for labeling biomolecules has been widely 

utilized by chemist and biologists to gain insight into biological processes. Although significant 

progress has been made in the development of a wide array of strategies, there is still an ongoing 

need for new reagents with better selectivity and biological compatibility. This dissertation will 

discuss our newly developed chemical tools for selectively probing proteins using mild conditions. 

We expect that these studies will expand the toolbox to study protein-protein interactions. 
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CHAPTER TWO 

DIAZONIUM ION-RELEASING AND INTRAMOLECULAR Π-INTERACTIONS OF 

TRIAZABUTADIENES 

Note: this chapter is based on a published work38, see Appendix A for the copy of the paper. 

In this chapter, I intend to provide a summary of a previously published work with regard to 

triazabutadienes as diazonium ion releasing agents and the insights of their configurations. As the 

first of author of this published work38, I have completed the majority of the experiments while 

Dr. Flora Kimani has performed some preliminary kinetic tests of triazabutadienes (not shown in 

the paper or this dissertation) and has provided the synthetic route for compounds 1, 2 and 3. A 

few experiments that are not included in published work but relevant to this project will be 

discussed below in order to deliver a thorough and comprehensive presentation. 

In this project, water-soluble triazabutadienes with different substitutes (compound 1-4) were 

synthesized to analyze the steric impact of substituents on diazonium ion-releasing rates, in hope 

of identifying probes with better reactivity. Two compounds (2 and 3) were found to release 

diazonium ions under basic aqueous condition with unprecedented ease which, along with our new 

findings of protection strategy39, could largely expand the application scope of triazabutadiene-

based probes. However, the observed rate difference between triazabutadienes cannot be fully 
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ascribed to their corresponding steric features. Particularly, tert-butyl substituted triazabutadiene 

(2) exhibited much higher rate than its methyl (3) and aromatic analogues (1 and 4) even though 

it contains a bulky substituent. Subsequent NMR experiments revealed that aromatic 

triazabutadienes are likely to be stabilized by π-interactions whereas aliphatic triazabutadienes are 

lacking such intramolecular interactions. 

Attempted synthesis of 9a and 9b 

 

Figure 2.1. Synthesis of 9a and 9b 

In order to compare the reactivity of aromatic triazabutadienes, I attempted to introduce electron-

neutral (9a) and electron-withdrawing (9b) groups to the phenyl ring. The synthetic route of 9a 

and 9b was similar to that of other triazabutadienes. Intermediates 8a and 8b were successfully 

made following known method (see Appendix A). However, I failed to synthesize the target 

compounds after trying a number of reaction conditions (e.g., temperature, bases). The crude NMR 

of products suggested that the starting materials have been fully consumed but no desired 

compounds (for both 9a and 9b) were present. Instead, unidentifiable byproducts were found. A 
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tentative explanation for the failure is that without having 2,6-dimethyl (as in compounds 1 and 4) 

the whole molecule becomes unstable and susceptible to degradation under the strong basic 

condition.  

Temperature-dependent NMR study of 3 

As mentioned in the published work, NOESY spectrum indicates that 3 exists as a mixture of both 

E and Z configurations. But protons NMR does not show the two species, which suggests that the 

two isomers exchange too fast to be recorded separately by proton NMR.  However, at elevated 

temperature (60 °C), proton NMR still does not show noticeable difference between the two 

isomers, but NOESY spectrum clearly indicates that the ratio of two isomers has been changed 

compared to the spectrum at room temperature (30 °C). As shown in Figure 2.2a, the crosspeak 

between protons on C12/C16 and protons on C7 shows nearly the same intensity as the crosspeak 

between protons on C12/C16 and protons on C6. This implies that the two isomers exist at close 

to 1:1 ratio. On the contrary, Figure 2.2b shows that the equilibrium favors E-isomers over Z-

isomers at higher temperature. These results might be explained by the steric effect of methyl 

group, namely a small substituent allows interchange of the two isomers.  
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Figure 2.2a. NOESY spectrum of 3 at room temperature 
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Figure 2.2b. NOESY spectrum of 3 at 60 °C 

Perspective 

Combining these new findings with our recently reported triazabutadiene protection strategy39, it 

should greatly expand the utility for those wishing to exploit the power of these unique aryl 

diazonium protecting groups. Furthermore, we will continue working on the modification of 

current triazabutadienes in pursuit of better reactivity and versatility. With the ease of installing 

other functionalities (e.g. fluorophores, bioorthogonal handles) into the triazabutadiene system, we 

envision that the next generation of our probes will be able to (1) release diazonium ions in a more 

precise and selective manner; (2) carry out multitasking-type applications (e.g., labelling, cargo-

delivery)  in the study of protein-protein interactions. 
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CHAPTER THREE 

PHOTOREACTIVITY OF THE TRIAZABUTADIENE 

Note: This chapter is based on a published work14, see Appendix B for the copy of the paper. 

This chapter summarizes a previously published work describing the photoisomerization of the 

triazabutadiene upon UV irradiation (Appendix B)14. As the first author of this published paper, I 

finished all the light-involved experiments, NMR studies and a small part of synthesis while Dr. 

Flora Kimani did most of the synthetic work.  

In this work, we reported that the triazabutadiene can be rendered more basic upon 

photoisomerization. When treated with UV light, a water-soluble triazabutadiene is able to rapidly 

isomerize and increase the pH of the aqueous solution. The conformational change associated with 

photoisomerization was confirmed by NOESY NMR experiments. Change of basicity is likely to 

be the result of loss of conjugation in a π-system and the repulsion between lone pairs of adjacent 

nitrogen atoms (-effect). Furthermore, we also synthesized a triazabutadiene that is soluble in 

organic solvent to catalyze a Henry reaction with the help of light. Another study regarding the 

photolysis of triazabutadienes will be discussed in the following paragraph since it was only briefly 

mentioned in the supporting information of our published paper (see Appendix B). 
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Time-dependent photo-degradation of triazabutadienes 

Derivatives of 1 were made to examine the electronic perturbations on the light-induced 

degradation. Electron deficient aryl rings are more stable at lower pH40,41 and this trend generally 

holds true for the photochemical reactions as well. Time-dependent photo-degradation was carried 

out using a benchtop UV lamp and monitored by proton NMR (Figure 3.1a). A sodium borate 

buffer was chosen due to its alkaline nature and lack of complicating signals in proton NMR. 

Compounds 3-5 all have absorption spectra that are well within the range of our UV lamp (Figure 

3.1b). Electron withdrawing m-NO2 (3) and p-CN (4) showed similar rates but are both slower than 

1. Interestingly, p-chloro (5) derivative, which is also electron withdrawing, was resistant to 

degradation (Figure 3.1c).  
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Compound Ar = max (nm)  (cm-1M-1) 

1 Ph 370 14300 

3 m-NO2Ph 361 16700 

4 p-CNPh 395 24300 

5 p-ClPh 383 15500 

 

Figure 3.1. Time-dependent photo-degradation of triazabutadienes: a) The reaction was monitored 

by comparing starting materials with product, 2. b) Peak absorption and extinction coefficients for 

all of the compounds were excitable by the UV source used. c) Time-dependent conversation of 

compounds as measured by NMR integration. 

Perspective 

The aforementioned new findings of the triazabutadiene are leading our future research to (1) 

design a photobase with better durability in aqueous environment, (2) use light-induced releasing 

of diazonium ions for protein labeling and, (3) apply the same principle in other triazenes or azo 

compounds to find new reactivities.  
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CHAPTER FOUR 

GLYCOPROTEIN-TARGETED PHOTOCROSSLINKER 

Chemists and biologists have shared a long-term interest in developing tools to study protein-

protein interactions. In particular, glycoproteins play vital roles in recognition events involved in 

physiological and pathological processes. Thus studying glycoproteins and their substrates are of 

special importance in understanding various intra- and intercellular interactions. In recent years, 

several successful approaches have exploited labeling of glycoproteins using unnatural glycans 

that bear bioorthogonal handles (e.g. azide, alkyne, aldehyde)42,43.   Conjugation of azides using 

triphenylphosphine derivatives is a wide used method to label glycoproteins, cells and living 

animals44, but its relatively slow reaction rate has been a limitation. Substituted-alkynes, on the 

other hand, offers a much higher rate when used for azide conjugation, but requires copper catalyst. 

Ring-strained alkynes may be used to perform copper-free conjugation with azide, which provides 

better compatibility with living cells. However, preparation of ring-strained alkynes can be 

synthetically challenging. Lastly, commercially available reagents offer convenient approaches for 

conjugation with aldehydes and ketones when the substrates (protein or cells) are acid-stable since 

they typically require acidic environment (pH 5-6)45. Besides the disadvantages discussed above, 
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a major limitation for all these methods is that unnatural glycans need to be genetically 

incorporated prior to labeling. 

Design 

Here we describe a simple strategy to selectively label glycoproteins and their substrates. Our 

method employs a small clickable photocrosslinker with glycan-binding affinity (Scheme 4.1). In 

principle, the probe first binds to a glycan on the surface of glycoprotein. When the substrate of 

this glycoprotein is in good proximity to the probe, a light reaction can be triggered to crosslink 

the photoreactive group of the probe and the backbone of the substrate (presumably another 

protein). With the help of pre-installed bioorthogonal handle, the probe-protein adduct can be 

subjected to further analysis (e.g. fluorescent labeling and protein pull-down) 

 

Scheme 4.1. Glycoprotein labeling strategy. 

We chose benzophenone as the photoreactive group due to its selectivity and compatibility with 

aqueous conditions (Figure 4.1)46. It has been shown that, upon UV irradiation, benzophenone 

generates a biradical that reacts with protein backbone following an abstraction-recombination 
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mechanism, which allows selective reaction with hydrogen from C-H bonds rather than the 

stronger O-H bonds. Also, addition of water forms an unstable hydrate that is prone to form ketone. 

The excitation of benzophenone is a reversible process such that if no abstraction hydrogen occurs 

during the excited state, biradical could return to the ketone form47.  

 

Figure 4.1. Mechanism of photo-induced crosslinking by benzophenone. 

To deliver the photocrosslinker to glycoprotein, we chose to attach a simple phenylboronic acid as 

the glycan-binding group. Phenylboronic acid is relatively small in size and synthetically easy to 

prepare. It also has shown good compatibility with benzophenone in a protein-labeling study48. 

The binding affinity of boronic acid to saccharides is determined by the conformation of hydroxyl 

groups, which makes selective binding possible.49 Among all the monosaccharides, boronic acid 

exhibits highest affinity towards fructose due to the fact that fructose offers syn-periplanar 

hydroxyl groups (25% of its composition) for boronic acid binding (Figure 4.2)50,51. Glucose, on 

the contrary, has only less than 1% of its composition that contains binding-preferable syn-

periplanar hydroxyl groups, making its binding constant forty times smaller than that of fructose. 

A general trend in binding affinity of boronic acid with monosaccharides has been described as 
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fructose > galactose > mannose > glucose52. Thus, glycoproteins containing fructose, galactose or 

even mannose should exhibit reasonable affinity to our photocrosslinker. However, it would be 

necessary to have other types of boronic acid (e.g., ortho-substituted arylboronic acids) to achieve 

optimal binding affinity against glycoproteins that don’t have such saccharides. 

 

Figure 4.2. Dominant form and the form that contains syn-periplanar hydroxyl groups of fructose 

and glucose. 

Synthesis 

Our proposed retrosynthesis is summarized Figure 4.3. Benzophenone serves as the core structure, 

to which moieties with different functions can be incorporated (i.e., boronic acid, bioorthogonal 

handle). Boronic acid is protected until the last step due to its sensitivity of most reaction 

conditions used in this synthesis. The bioorthogonal handle (a propargyl group in this case) is 

installed at a late stage using very mild condition so that other functional groups can stay intact. 

Substituted benzophenone is formed in two consecutive steps: lithiation of protected 

bromophenylboronic acid by lithium-halogen exchange and its subsequent coupling reaction with 
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substituted benzaldehyde. As discussed above, boronic acid should be protected in the first step 

employing a robust protecting group that is able to survive through all the consequent steps. 

 

 

Figure 4.3. Retrosynthesis of the photocrosslinker. 

In our first attempt to make substituted benzophenone (Figure 4.4), pinacol-protected 4-

bromophenylboronic ester (d2) was first lithiated by n-BuLi in the presence of lithium 

isopropoxide, which was shown to in situ protect arylboronates during metal-halogen exchange53. 

Then the lithiated product was added into methyl 4-formylbenzoate (d1). However, we were 

unable to obtain the desired product d3. The failure is likely to be caused by inadequate protection 

of boronic ester and the similar reactivity between aldehyde and methyl ester of d1.    

 

Figure 4.4. Attempted synthesis of d3. 

On the basis of the first attempt, we envisioned that a more resistant protecting group needs to be 

installed before lithium-halogen exchange and the substituted benzaldehyde should contain no 

functional groups other than aldehyde to possibly react with lithiation product. In that regard, 
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boronic acid was converted to trifluoroborate salt which is known to be an effective protecting 

group for lithium-halogen exchange54. On the other hand, benzyl protected 4-

hydroxybenzaldehyde (d4) was used in place of d1 (Figure 4.5). The reaction between d4 and d5 

was successfully done using standard procedure. However, addition of extra KHF2 in aqueous 

solution was required for crystallization. Alcohol d6 was then subjected to Dess-Martin 

Oxidation55 to afford d7, which was treated with pinacol and TMSCl to give pinacol boronate ester 

d856. Due to the high polarity of trifluoroborate salt, we were unable to purify intermediate d6 and 

d7 by column chromatography. Purification of d8 provided the product with 40% yield in three 

steps.  

 

Figure 4.5. Preparation of substituted benzophenone d8. 

Deprotection of benzyl ether was first carried out by a palladium catalyzed hydrogenation 

process57 resulting in removal of both benzyl group and boronate ester to form d9 as the major 

product (Figure 4.6). Consequently, a milder condition that uses BCl3 at -78 °C was able to 

selectively deprotect benzyl ether giving the phenol product (d10) in 52% yield.  
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Figure 4.6. Deprotection of benzyl ether. 

In the next step, d10 was treated with propargyl bromide to form a mixture of d11 and d12 in 

moderate yield (Figure 4.7). The desired compound d11 was obtained as the minor product 

presumably due to oxidative deboronation caused by prolonged reaction time (24 h to consume all 

the starting material) and the trace amount of water in acetone. Further optimization of this reaction 

is still under investigation. Deprotection of d11 in the presence of sodium periodate and 

ammonium acetate58 provides the final product d13 (Figure 4.8).  
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Figure 4.7. Preparation of d11. 

 

Figure 4.8. Deprotection of pinacol boronate ester. 

Applications in glycoprotein labeling 

 

Scheme 4.2. Photocrosslinker “proof of concept”. 

To simply test our idea, d13 can be photochemically attached to the same glycoprotein it binds to. 

Then, by installing a fluorescent reporter through click reaction, the probe-protein complex can be 

separated using SDS-PAGE and detected by fluorescence scanner (Scheme 4.2). To examine the 
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selectivity of d13, its boron-free analogue (Figure 4.9) will be also tested for glycoprotein labeling. 

Alternatively, the glycoprotein can be pre-saturated with excessive sugars before incubating with 

the photocrosslinker. These experiments are currently under investigation. 

 

Figure 4.9. Synthesis of d15.  

Future direction 

As discussed above, a “proof of concept” experiment will be carried out in the near future to test 

the effectiveness of d15 in labeling isolated glycoproteins. This experiment intends to 

comprehensively examine the three functionalities of the photocrosslinker (i.e. photoreactivity, 

bioorthogonal reactivity and sugar-binding affinity) in biologically related environment. Success 

of this test will bring confidence to the application of d15 in a more complex system where 

glycoproteins and their substrates are selectively labeled in the presence of non-glycosylated 

proteins. Otherwise, structural modifications of d15 are needed to achieve the desired functions. 

For example, a different sugar-binding group might be used to increase affinity and/or selectivity 

against various glycans. The development of glycoprotein-targeted photocrosslinkers may require 

several cycles of testing, redesign and structural modification to obtain the ideal compounds. Thus, 

building a reliable and easy to use platform for biological evaluations is also critical for this project. 
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Experimental section 

General procedures 

All reactions were performed under an argon atmosphere, with the flasks oven dried and cooled in 

a vacuum oven prior to use. All compounds and solvents were commercially obtained and used as 

received. 1H and 13C NMR data was acquired on Bruker AVIII-400, DRX-500 or DRX-600 and 

referenced with residual solvent peaks; CDCl3 7.26 ppm and 77.0 ppm; DMSO-d6 2.49 ppm and 

39.5 ppm; MeOD 4.87 ppm and 49.0 ppm; D2O 4.80 ppm. Coupling constants are expressed in 

hertz and abbreviations for multiplicities given as s = singlet, d = doublet, t = triplet, dd = doublet 

of doublets, ddd = doublet of doublets of doublets, td = triplet of doublets, and m = multiplet where 

applicable. Mass spectral analysis was performed on a Bruker ICR ESI.  

Synthesis 

4-(benzyloxy)benzaldehyde (d4) 

 

The synthesis of d4 was finished following published method59. To a mixture of 4-hydroxyl 

benzaldehyde (1.51 g, 12.4 mmol) and K2CO3 (2.21 g, 16 mmol, 1.3 equiv.) in 5 mL DMF was 

added benzyl bromide (1.61 mL, 13.6 mmol, 1.1 equiv.) and the mixture was heated at 60 °C for 

70 min. After cooling, the mixture was poured into water and extracted with Et2O. The organic 

layer was washed with sat. NaCl and dried over MgSO4 and concentrated under vacuum to give 

white solid. The solid was washed with hexanes to afford product (quant.). 1H NMR (400 MHz, 
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CDCl3) δ 9.91 (1H, s), 7.88 – 7.86 (2H, m), 7.47 – 7.38 (5H, m), 7.12 – 7.10 (2H, m), 5.18 (2H, 

s). The spectral data matches with published paper59.  

Potassium 4-bromophenyltrifluoroborate (d5) 

 

4-Bromophenylboronic acid (2.06 g, 10.3 mmol) was dissolved in MeOH (20 mL). The solution 

was cooled to 0 °C and sat. KHF2 (4.5 M aqueous solution, 11.4 mL, 51.4 mmol) was added 

dropwise and then allowed to warm to room temperature and stirred for an additional 30 min. The 

solution was concentrated in vacuo and the resulting white solid was subjected to high vacuum 

overnight. Crude product was dissolved in a minimal amount of hot acetone (~3 mL), and Et2O 

(~20 mL) was added to precipitate the product. The pure compound was filtered and dried in vacuo 

and obtained as a white crystalline solid in 92% yield (2.48 g, 9.31 mmol). 1H NMR (400 MHz, 

MeOD) δ 7.41 – 7.39 (2H, m), 7.32 – 7.30 (2H, m). 19F NMR (377 MHz, MeOD) δ -144.3. The 

1H and 19F NMR data matches with published literature60. 

(4-(benzyloxy)phenyl)(potassium 4-(trifluoroboranyl)phenyl)methanol (d6) 

 

To an oven-dried round bottom flask (50 mL) was added d5 (558 mg, 2.1 mmol). The flask was 

evacuated and back-filled with argon three times before adding freshly distilled THF (10 mL). A 

dry ice/acetone bath was then used to cool the reaction to –78 °C and n-BuLi (1.2 equiv.) was 

added dropwise. The reaction was then left to stir at –78 °C for 1 h, during which time an insoluble 

salt precipitated. Next, a solution of d4 in THF (450 mg, 2.1 mmol) was added dropwise, and 
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stirring was continued for an additional 10 min at –78 °C. After warming to room temperature, the 

reaction was stirred for 30 min, then sat. KHF2 (aq) (827 mg, 10.6 mmol) was added, and the 

reaction was stirred at room temperature for an additional 10 min. Evaporation of the solvent in 

vacuo was followed by drying under high vacuum for a minimum of 6 h. Acetone extraction (3 x 

20 mL) and filtration of the solids gave a solution of the product trifluoroborate in acetone. 

Reduction of the solvent followed by dropwise addition of Et2O led to precipitation of the product. 

The product was then filtered, collected, and dried overnight under high vacuum to afford d3 as 

white solid. The compound was used for next step without further purification.  

(4-(benzyloxy)phenyl)(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanone 

(d8) 

 

To a 50 mL flask was added crude d6 (~1 g), Dess-Martin reagent61 (3.2 g, 7.7 mmol) and 15 mL 

acetone. The mixture was brought to reflux for 6 h. After cooling, the mixture was filtered and 

concentrated under vacuum to give dark brown residue (~800 mg) as crude d7. To a mixture of 

d7, potassium carbonate (2 equiv.), and pinacol (1 equiv.) in acetonitrile was added TMSCl (1.5 

equiv.) and the reaction stirred 2 h. The reaction was diluted with ether and filtered and the solvent 

evaporated under reduced pressure. The crude residue obtained was purified by column 

chromatography (eluted with ethyl 1:1 acetate/hexanes), yielding the corresponding pinacol 

boronate ester d8 as viscous liquid (370 mg, 40% from d4). 1H NMR (400 MHz, MeOD) δ 7.91 – 

7.89 (2H, m), 7.83 – 7.80 (2H, m), 7.72 – 7.69 (2H, m), 7.49 – 7.39 (5H, m), 7.15 – 7.13 (2H, m), 
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5.22 (2H, s), 1.40 (12H, s). 13C NMR (100 MHz, MeOD) δ 196.2, 162.3, 134.1, 132.3, 128.3, 

128.2, 127.7, 127.2, 114.3, 84.1, 69.8, 53.4, 23.8. 11B NMR (128 MHz, MeOD) δ 30.88. 

(4-hydroxyphenyl)(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)methanone (d10) 

 

To a solution of d8 (370 mg, 0.9 mmol) in 15 mL DCM was added BCl3 (1.8 mL, 1 M solution in 

DCM) at -78 °C and stirred for 30 min before warming up to 0 °C and stirring another 90 min. sat. 

NaHCO3 was added to quench reaction and mixture was extracted by DCM. After removal of 

solvent, crude product was purified by column chromatography (EtOAc/Hexanes = 1/5) to give 

d10 as white solid (150 mg, 52%). 1H NMR (400 MHz, CDCl3) δ 7.94 – 7.92 (2H, m), 7.81 – 7.78 

(2H, m), 7.75 – 7.73 (2H, m), 6.93 – 6.91 (2H, m), 1.40 (12H, s). 11B NMR (128 MHz, CDCl3) δ 

30.94. 

(4-(prop-2-yn-1-yloxy)phenyl)(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)methanone (d11) 

 

To a solution of d8 (100 mg, 0.3 mmol) in DMF (4 mL) was added K2CO3 (85 mg, 0.6 mmol) in 

one portion. Then the mixture was stirred at room temperature for 20 minutes. Propargyl bromide 

(0.06 mL, 0.5 mmol) was added and the mixture was stirred at room temperature for 2 h. TLC 

(Hexanes/EtOAc = 3/1) indicated the reaction was completed. H2O (4 mL) was added and the 
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mixture was extracted with EtOAc (2 x 5 mL), the organic layer was concentrated under reduced 

pressure and the residue was purified by silica gel flash chromatography to afford the title 

compound d11 (30 mg, 27%) as an off-white solid. 1H NMR (400 MHz, CDCl3) δ 7.92 – 7.86 

(2H, m), 7.84 – 7.76 (2H, m), 7.76 – 7.74 (2H, m), 7.07 – 7.05 (2H, m), 4.80 (2H, d, J = 2.40 Hz), 

2.59 (1H, t, J = 2.38 Hz). 11B NMR (128 MHz, CDCl3) δ 30.95. HRMS calcd. for C22H24BO4 [M 

+ H]+ 363.1766, found 363.1768.  

(4-(4-(prop-2-yn-1-yloxy)benzoyl)phenyl)boronic acid (d13) 

 

To a suspension of the d11 (30 mg, 0.08 mmol) in acetone (1 mL) and water (1 mL) was added 

NH4OAc (16.0 mg, 0.2 mmol) and NaIO4 (44.3 mg, 0.2 mmol), and the mixture was stirred at 

room temperature for 15 h. The solvent was evaporated, and the residue was diluted with EtOAc. 

The organic layer was separated, washed with water and brine, dried over MgSO4, and evaporated 

under reduced pressure to give 15 mg (65%) of the title compound d13 as a white solid. 1H NMR 

(400 MHz, CDCl3) δ 7.83 – 7.81 (2H, m),  7.80 – 7.76 (2H, m), 7.08 – 7.06 (2H, m), 6.95 – 6.93 

(2H, m), 4.80 (2H, d, J = 2.40 Hz), 2.60 (1H, t, J = 2.41 Hz). 11B NMR (128 MHz, CDCl3) δ 28.58. 

HRMS calcd. for C16H213BO4 [M + H]+ 281.0983, found 281.0983. 

phenyl(4-(prop-2-yn-1-yloxy)phenyl)methanone (d15) 
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To a solution of d14 (100 mg, 0.5 mmol) in DMF (4 mL) was added K2CO3 (139 mg, 1.0 mmol) 

in one portion. Then the mixture was stirred at room temperature for 20 minutes. Propargyl 

bromide (0.08 mL, 0.76 mmol) was added and the mixture was stirred at room temperature for 2 

h. TLC (Hexanes/EtOAc = 3/1) indicated the reaction was completed. H2O (4 mL) was added and 

the mixture was extracted with EtOAc (2 x 5 mL), the organic layer was concentrated under 

reduced pressure and the residue was purified by silica gel flash chromatography to afford the title 

compound d15 (107 mg, 90%) as an off-white solid. 1H NMR (400 MHz, CDCl3) δ 7.88 – 7.85 

(2H, m), 7.80 – 7.77 (2H, m), 7.61 – 7.57 (1H, m), 7.52 – 7.48 (2H, m), 7.09 – 7.06 (2H, m), 4.81 

(2H, d, J = 2.40 Hz), 2.60 (1H, t, J = 2.40 Hz). 13C NMR (100 MHz, CDCl3) δ 195.5, 171.1, 161.0, 

138.1, 132.4, 132.0, 129.8, 128.2, 114.4, 60.4, 55.9, 21.1, 14.2.  
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Abstract Aryl diazonium ions are useful across a range of chemi-
cal/biochemical areas. These species are generally made using strongly
acidic conditions, which can be detrimental to acid-sensitive functional
groups. The ability to generate benzene diazonium ions under basic
aqueous conditions is reported herein along with newfound under-
standing on the aqueous reactivity of solubilized triazabutadienes
whereby π-interactions appear to confer a large degree of stability.

Key words diazonium ions, acids, cleavage, bioorganic chemistry,
protecting groups

While one of the oldest transformations in organic
chemistry, the generation of aryl diazonium ions has largely
remained the same since Griess’ work in 1858. The strongly
acidic reaction conditions used limits the diversity of func-
tionality that could otherwise be found connected to the
aryl diazonium species (Scheme 1, a). In spite of this chal-
lenge, the products of aryl diazonium ions have been a
mainstay in photoswitching chemistry,1 dye chemistry,2
and had a foundational role in the area of bioconjugation.3
We recently reported water-soluble triazabutadiene probes
that release benzene diazonium ions when exposed to
mildly acidic physiologically relevant conditions (Scheme 1,
b).4–6 The design of these probes was initially inspired by
literature reports on the factors contributing to the stability
and reactivity of the triazabutadiene scaffold.7 The value of
the triazabutadiene moiety is manifest when it is consid-
ered as a protecting group for aryl diazonium ions.6 In this
role, it enables acid-sensitive or highly functionalized cargo
be attached to the diazonium ion.8 Such was the case when
we labeled proteins with triazabutadienes and liberated re-
active aryl diazonium species that went on to react with ty-
rosine mimics.9 A limitation of the existing protection

chemistry is that it generally requires liberation under
mildly acidic media or with the aid of light and is slow in
the absence of those two conditions.10 Herein, we report a
new benchstable triazabutadiene that can readily liberate
benzene diazonium ions with remarkable ease in neutral
and even basic environments.

Scheme 1  Aqueous syntheses of aryl diazonium ions. (a) Historically 
aryl diazonium ions have been made using a nitrosonium ion generated 
under strongly acidic conditions. (b) More recently, triazabutadienes 
have been shown to be a source of aryl diazonium ions that can be 
formed under mild conditions.

In our previous work we had determined that having a
mesityl group on the imidazole-derived left half (R in
Scheme 1, b) provided a good balance between stability and
reactivity for release of the diazonium below pH 7.4 Indeed,
the majority of our earlier studies were focused on the me-
sityl-substituted triazabutadiene due to the stability it af-
forded when compared to alkyl-substituted counterparts.
We hypothesized that the mesityl stability was primarily
due to steric consideration; but upon irradiating the com-
pound with light, we found that our understanding was in-
complete. We later showed that light can isomerize the tri-
azabutadiene about the N1–N2 bond, and while trying to
understand the photoinduced conformational changes we
came to recognize that 1 sits contrasteric, such that the me-
sityl is on the same side of the molecule as the phenyl ring

H2N
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HCl

N

N

R'

N
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N N
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(Figure 1).4 This orientation was counterintuitive based on
the steric implications of having these bulky groups in close
proximity, but we hypothesized that it was the result of sta-
bilization from π-interaction. It was within this context that
we pursued the synthesis of tert-butyl derivative 2 to an-
swer the question of what effect a non-π-interaction steri-
cally large group would have on the reactivity of these
uniquely pH-responsive molecules.

Figure 1  Triazabutadienes can sit in two conformations, as R becomes 
large, the steric repulsion should favor the E form (to the left).

The synthesis of 2 was straightforward and it was stable
both in organic solution and as a solid at room temperature
(see Scheme S1 in the Supporting Information).11 Once dis-
solved into water the remarkable instability of the com-
pound became apparent. We were surprised by the reactiv-
ity of 2; it had the shortest diazonium ion releasing half-life
in water solutions observed to date. Indeed, tert-butyl-sub-
stituted 2 was more reactive than the methyl-substituted 3.
To better quantify the differences in reactivity we prepared
a series of buffered solutions and used NMR analysis to
track the degradation of the compounds to phenyl diazoni-
um salts. At pH 7, triazabutadiene 2 reacted at a much fast-
er rate (the time to half-consumption was less than 1 min-
ute, and not detectable by 8 minutes), when compared to
mesityl triazabutadiene 1 (half-life of roughly 1 hour).
While much more reactive than 1, trace amounts of 3 were
still visible at 8 minutes. In order to better assess relative
rates, compounds 1–3 were dissolved into more basic buf-
fers. Both the tert-butyl and methyl triazabutadienes (2 and
3, respectively) degraded quickly at elevated pH 8 and even
pH 9, with half the starting material being consumed with-
in 10 and 30 minutes, respectively (Table 1). Compared with
1, these rates are nearly 60-fold faster. To our surprise, 2
and 3 were even able to react at pH 10 and 11. At pH 10,
90% of 2 was consumed after 18 hours as compared with
67% of 3 (Figure S4 in the Supporting Information). Similar
levels of conversion took over 90 hours at pH 11 (Figure S5
in the Supporting Information). Based on the dependence
of pH, it appears that the mechanism of diazonium ion re-
lease remains the same across these compounds, however,
somehow 2 and 3 are significantly more basic than 1.

To better understand the origin of increased basicity we
performed 2D NMR experiments on these compounds (see
Figures S9–S11 in the Supporting Information). As noted
above, we had previously established through NOESY ex-
periments that the mesityl on 1 sits in a contra-steric Z con-

formation (Figure 2, a).10 The NOESY data obtained for 2
showed that the tert-butyl group was oriented in the E con-
formation (Figure 2, d). This is consistent with a sterically
dominated model lacking the energy stabilization from π-
interaction. The methyl-substituted triazabutadiene 3 ap-
peared to have a mixture of the two conformers in solution
with the major conformer being more similar to the mesityl
(that is, positioned away from the alkyl sulfonate as in Fig-
ure 2, a and c).

N

N
N

R

N N

O3S
3

E

N3

N2 N1

R = Mes, 1
       t-Bu, 2
       Me,  3

N

N
N

R

O3S
3

N N

Z

Table 1  Relative Reaction Rates of Triazabutadienes 1–3 in Phosphate-
Buffered Solutionsa

pH R Half-consumed Rate (1/s)

8 Mes 20% at 1 h 0.03·10–3

t-Bu 2 min 2·10–3

Me 9 min 0.9·10–3

9 Mes <5% at 1 h 0.009·10–3

t-Bu 10 min 0.6·10–3

Me 30 min 0.3·10–3

a See Figures S1–S3 in the Supporting Information.

N
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N
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N N

O3S
3

pH
N2

Figure 2  Structures of 1 (a and b) and 2 (c and d) are shown with ar-
rows to indicate NOE signals observed (solid green) or not observed 
(dotted red). Compound 1 sits in the Z conformation (b), whereas 2 sits 
as the E conformer (d).
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We hypothesize that the stabilizing effect that drove the
two aryl groups to be on the same side of the molecule
stemmed from a π–π interaction. This interaction explained
the conformational preference of this derivative where the
attractive interactions outweighed the repulsive forces.5 In
the absence of this stabilizing phenomenon tert-butyl triaz-
abutadiene 2 sits with the phenyl ring situated far away
from the bulky tert-butyl moiety. The 60-fold rate differ-
ence observed (Table 1) correlates to ~10 kJ/mol difference
in stability (assuming the same reaction mechanism). This
number falls within standard values for π–π interactions,
and as such we ascribe the majority of the rate difference to
these interactions or lack thereof.12 We cannot rule out the
possibility that both conformers are in rapid equilibrium
and that one somehow reacts faster than the other. Indeed,
the methyl-substituted triazabutadiene 3 offers evidence
that such an equilibrium can occur. Simple proton NMR of 3
does not show two species, but NOESY experiments suggest
that 3 exists as a mixture of both E and Z conformations.
This indicates that these two isomers likely interconvert
rapidly on the NMR timescale in water and DMSO so as to
give a time-averaged spectrum. Neither 1 nor 2 have cross-
peaks coming from the other isomer in the NOESY, indicat-
ing that they spend the vast majority of the time as Z or E,
respectively. Again, 3 is unique, presumably due to the min-
imal size difference between the methyl and extended
chain substituents. That said, the subtle, twofold, rate dif-
ference between 2 and 3 is best attributed to the differenc-
es in electron-donating capabilities of tert-butyl versus
methyl and casts doubt on the idea that the E conformer is
somehow intrinsically more reactive/basic. 

While the rates of the two alkyl-substituted compounds
were different, we also investigated the effect of changing
the electronic nature of the mesityl ring. We synthesized
triazabutadiene (4,13 Figure 3), which maintained steric
bulk, but had an inductively electron-withdrawing bromine
atom in place of the mildly electron-donating p-methyl of
the mesityl ring on the imidazolium core of the scaffold.14

Despite the significant electronic change, the rate of hydro-
lysis for this compound was found to be quite similar to that
for 1 (Figures S6 and S7 in the Supporting Information).
They were so close that a direct competition experiment
was used to further confirm that p-bromo-substituted 4
was indeed mildly more stable than 1 (Figure S8 in the Sup-
porting Information). Upon inspection by NOESY, it was
confirmed that 4 exists as the Z isomer in solution just like
1 (Figure 2, b; see Figure S12 in the Supporting Informa-
tion). These data further support the proposal that π-inter-
actions play a more significant role in stabilizing the overall
HOMO than the electron-withdrawing nature of the mesityl
ring.

Figure 3  Bromine-substituted compound 4 maintains a similar steric 
bulk to 1 while changing the electronic environment.

In conclusion, we reported a bench-stable compound
that can be readily synthesized and handled, but releases
aryl diazonium ions with unprecedented ease in neutral
water. A better understanding of which structural and elec-
tronic components lead to the most dramatic effects on rate
will help to design reagents with tailored release dynamics.
Finally, combining these release rates with our recently re-
ported triazabutadiene protection strategy15 should greatly
expand the utility for those wishing to exploit the power of
these unique aryl diazonium protecting groups. 
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General Procedures 

All reactions were performed under an argon atmosphere, with the flasks oven dried and cooled in a vacuum 

oven prior to use. All compounds and solvents were commercially obtained and used as received. 1H and 

13C NMR data was acquired on Bruker AVIII-400, DRX-500 or DRX-600 and referenced with residual 

solvent peaks; CDCl3 7.26 ppm and 77.0 ppm; DMSO-d6 2.49 ppm and 39.5 ppm; MeOD 4.87 ppm and 

49.0 ppm; D2O 4.80 ppm. Coupling constants are expressed in hertz and abbreviations for multiplicities 

given as s = singlet, d = doublet, t = triplet, dd = doublet of doublets, ddd = doublet of doublets of doublets, 

td = triplet of doublets, and m = multiplet where applicable. Mass spectral analysis was performed on a 

Bruker ICR ESI.  

Synthesis 

Compounds 1 and 3 were synthesized according to our previously published methods.1 The general 

synthetic route of compounds 2 and 4 is summarized in Scheme S1.  

Scheme S1. Synthetic route of compounds 2 and 4.	

3-(1-(tert-butyl)-1H-imidazol-3-ium-3-yl)propane-1-sulfonate (S2a) 

Tert-butylamine (1.46 g, 20 mmol) was dissolved in 5 mL methanol in round bottom flask and with stirring 

2.94 mL (20 mmol) of glyoxal solution in water (40% w/w) was added. After a few minutes, a yellow sticky 

solid formed to which 2.14 g (40 mmol) of ammonium chloride and 3.2 mL formaldehyde (37% wt in water) 
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were added and the resulting mixture was diluted with 40 mL methanol. The mixture was then refluxed for 

1 h before 2.8 mL of phosphoric acid (85% wt in water) was added dropwise. The reaction was stirred at 

reflux overnight. Solvent was removed under vacuum and residue was poured into 30 g ice. The aqueous 

mixture was neutralized with 40% KOH to pH 9 and extracted with dichloromethane. The organic layer 

was separated, dried and concentrated to give crude product, which was then dissolved in 20 mL toluene 

and 1.4 equiv. of 1,3-propane sultone and the reaction mixture was refluxed for 16 h. An off-white 

precipitate was observed and on cooling, was isolated as the product (67%). 1H NMR (500 MHz, DMSO-

d6) δ 9.27 (1H, t, J = 1.7 Hz), 8.01 (1H, t, J = 1.9 Hz), 7.86 (1H, t, J = 1.8 Hz), 4.28 (2H, t, J = 7.1 Hz), 

2.46 – 2.38 (2H, m), 2.18 – 2.06 (2H, m), 1.59 (9H, s). 13C NMR (125 MHz, DMSO-d6) δ 135.1, 123.1, 

120.6, 59.8, 48.5, 48.1, 29.5, 26.7. HRMS C10H18N2O3S [M+H+]: calculated: 247.11109, measured: 

247.1111.   

3-(1-(4-bromo-2,6-dimethylphenyl)-1H-imidazol-3-ium-3-yl)propane-1-sulfonate (S2b) 

4-bromo-2,6-dimethylaniline (4 g, 20 mmol) was dissolved in 5 mL methanol in round bottom flask and 

with stirring 2.94 mL (20 mmol) of glyoxal solution in water (40% w/w) was added. After a few minutes, 

a yellow sticky solid formed to which 2.14 g (40 mmol) of ammonium chloride and 3.2 mL formaldehyde 

(37% wt in water) were added and the resulting mixture was diluted with 40 mL methanol. The mixture 

was then refluxed for 1 h before 2.8 mL of phosphoric acid (85% wt in water) was added dropwise. The 

reaction was stirred at reflux overnight. Solvent was removed under vacuum and residue was poured into 

30 g ice. The aqueous mixture was neutralized with 40% KOH to pH 9 and extracted with dichloromethane. 

The organic layer was separated, dried and concentrated to give compound S1b as light brown solid (50%).   

1H NMR (400 MHz, DMSO-d6) δ 7.69 (1H, dd, J = 1.2, 1.0 Hz), 7.53 – 7.48 (2H, m), 7.24 (1H, t, J = 1.3 

Hz), 7.14 (1H, dd, J = 1.2, 1.0 Hz), 1.97 (6H, t, J = 0.7 Hz).  

To a round bottom flask, S1b (2.5 g, 9.96 mmol) and 1,3-propane sultone (1.8 g, 14.9 mmol) were added 

which was followed by the addition of 100 mL toluene. The mixture was then brought to reflux overnight. 

After cooling down to room temperature, precipitate was filtered and washed with ether to give white solid 
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(54%). Product was used for the next step without further purification. 1H NMR (400 MHz, DMSO-d6) δ 

9.41 (1H, t, J = 1.6 Hz), 8.13 (1H, dd, J = 2.0, 1.5 Hz), 7.95 (1H, t, J = 1.8 Hz), 7.62 (2H, t, J = 0.7), 4.44 

(2H, t, J = 7.0 Hz), 2.46 (2H, t, J = 7.0 Hz), 2.22 (2H, quint, J = 7.0 Hz), 2.08 (6H, s).  

3-((Z)-3-(tert-butyl)-2-((E)-phenyltriaz-2-en-1-ylidene)-2,3-dihydro-1H-imidazol-1-yl)propane-1-

sulfonate (2) 

To a solution of S2a (211 mg, 0.86 mmol) in 10 mL THF, azidobenzene (102 mg, 0.86 mmol) was added 

in THF solution (1 M). The mixture was stirred for 5 min in an ice bath. Then potassium tert-butoxide (192 

mg, 1.72 mmol) was added in one portion. The mixture was slowly allowed to warm up to room temperature 

and stirred overnight. Reaction mixture was filtered through a plug of celite and solvent was removed under 

vacuum to give the product as yellow solid (25%). 1H NMR (400 MHz, DMSO-d6) δ 7.35 – 7.30 (4H, m), 

7.09 (1H, d, J = 2.7 Hz), 7.08 (1H, m), 6.96 (1H, d, J = 2.6 Hz), 4.24 (2H, t, J = 6.7 Hz), 2.40 – 2.36 (2H, 

m), 2.04 – 2.01 (2H, m), 1.63 (9H, s). 13C NMR (100 MHz, DMSO-d6) δ 152.6, 150.8, 128.8, 124.5, 120.1, 

117.1, 112.9, 57.5, 48.4, 47.8, 28.2, 26.0. HRMS C16H22N5O3S [M-H-]: calculated: 364.14434, measured: 

364.14481.  

3-((E)-3-(4-bromo-2,6-dimethylphenyl)-2-((E)-phenyltriaz-2-en-1-ylidene)-2,3-dihydro-1H-

imidazol-1-yl)propane-1-sulfonate (4) 

To a solution of S2b (200 mg, 0.54 mmol) in 10 mL THF, azidobenzene (64.3 mg, 0.54 mmol) was added 

in THF solution (1 M). The mixture was stirred for 5 min in an ice bath. Then potassium tert-butoxide (78.1 

mg, 0.70 mmol) was added in one portion. The mixture was slowly allowed to warm up to room temperature 

and stirred overnight. Reaction mixture was filtered through a plug of celite and solvent was removed under 

vacuum to give the product as yellow solid (53%). 1H NMR (400 MHz, DMSO-d6) δ 7.47 (2H, s), 7.32 

(1H, d, J = 2.5 Hz), 7.09 (2H, dd, J = 8.3, 7.2 Hz), 7.02 – 6.97 (1H, m), 6.87 (1H, d, J = 2.5 Hz), 6.51 – 

6.38 (2H, m), 4.06 (2H, t, J = 7.1 Hz), 2.50 – 2.47 (2H, m), 2.07 – 2.05 (2H, m), 1.97 (6H, s). 13C NMR 

63



(100 MHz, DMSO-d6) δ 152.1, 151.1, 138.2, 137.5, 131.3, 128.7, 125.5, 121.3, 120.8, 118.0, 116.8, 48.5, 

45.0, 25.7, 17.7.  

Degradation test in aqueous buffers 

All the tests were done in triplicate experiments. Empty NMR tubes were charged with different 

triazabutadienes (10 µmol), to which 0.5 mL aqueous buffers (pre-mixed with 10% D2O) were added to 

initial the reaction. For pH 6, 7, 8 and 9, 0.1 M sodium phosphate buffers were used. For pH 10 and 11, 0.1 

M borate buffers were used. 1H NMR experiments at pH 6 to 9 were taken at 2, 4, 8, 16, 32 and 64 (if 

necessary) minutes (Figure S1 to S5); experiments at pH 10 (Figure S6) were taken at 0.5, 18 and 72 hours; 

experiments at pH 11 (Figure S7) were taken at 1, 24, 96 hours. Characteristic peaks of each compound 

were followed (in both starting materials and products) to calculate the remaining concentrations of starting 

materials.  For the comparison experiment of compound 1 and compound 4, an empty NMR tube was 

charged with 10 µmol of each compound and the rest procedure was the same as described above (Figure 

S5).  

  

64



Figure S1. Degradation curves of compound 1 at different pH values. For pH 7, see ref 1.  
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Figure S2. Degradation curves of compound 2 at different pH values. 

 

0

2

4

6

8

10

12

14

16

18

20

0 5 10 15 20 25 30 35

C
on

ce
nt

ra
tio

n 
(m

M
)

Time (minutes)

pH 7a

pH 7b

pH 7c

pH 8a

pH 8b

pH 8c

pH 9a

pH 9b

pH 9c

66



Figure S3. Degradation curves of compound 3 at different pH values. 

 

  

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

20.0

0 5 10 15 20 25 30 35

C
on

ce
nt

ra
tio

n 
(m

M
)

Time (minutes)

pH 7a

pH 7b

pH 7c

pH 8a

pH 8b

pH 8c

pH 9a

pH 9b

pH 9c

67



Figure S4. Comparison of compounds 2 and 3 at pH 10 

 

Figure S5. Comparison of compounds 2 and 3 at pH 11 
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Figure S6. Degradation curves of compound 4 at pH 6.  

 

Figure S7. Degradation curves of compound 4 at pH 7.  
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Figure S8. Comparison of compounds 1 and 4 at pH 6 and 7 
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NOESY Experiments 

Triazabutadienes were dissolved in DMSO-d6. NMR spectra were collected at 25 °C using a Bruker DRX-

600 spectrometer at 600.13 MHz equipped with a 5 mm Nalorac H-C-N Z-axis gradient probe. NOESY 

spectra in TPPI quadrature detection mode were recorded with 512 real data points in the t1 dimension and 

4k real data points in t2 dimension. NOESY experiments mixing time was set to 600 ms. The spectrum 

width was 7 ppm centered at 4.5 ppm. The number of scans was 8 and the relaxation delay was 1 s. The 

chemical shifts were referenced to DMSO solvent peak (2.49 ppm). Data were processed using XWINNMR 

and analyzed with the software MestReNova. Cross peaks of interest were integrated according to their 

peak volume on NOESY spectrum. All values were normalized by concentration difference (peaks from 

different molecules). NOE cross peaks of interest (Figure S82 to S11) are shown below (integration values 

are shown in blue numbers). 
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Figure S9. NOESY spectrum of 1 
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Figure S10. NOESY spectrum of 2 
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Figure S11. NOESY spectrum of 3 
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Figure S12. NOESY spectrum of 4 
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NMR spectra 

Spectrum 1. 1H NMR of Compound 1 
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Spectrum 2. 1H NMR of Compound 2 
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Spectrum 3. 1H NMR of Compound 3 

 

 

  

78



Spectrum 4. 1H NMR of Compound 4 
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Spectrum 5. 13C NMR of compound 1 
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Spectrum 6. 13C NMR of Compound 2 
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Spectrum 7. 13C NMR of Compound 3 

 

  

82



Spectrum 8. 13C NMR of Compound 4 
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ABSTRACT: Controlling chemical reactivity using light is
a longstanding practice within organic chemistry, yet little
has been done to modulate the basicity of compounds.
Reported herein is a triazabutadiene that is rendered basic
upon photoisomerization. The pH of an aqueous solution
containing the water-soluble triazabutadiene can be
adjusted with 350 nm light. Upon synthesizing a
triazabutadiene that is soluble in aprotic organic solvents,
we noted a similar light-induced change in basicity. As a
proof of concept we took this photobase and used it to
catalyze a condensation reaction.

The ability to control chemical reactions and reactivity
using light has been of interest to organic chemists since

Klinger’s first forays into photochemical reactions in cloud-
bedeviled Germany.1 Since its inception, the synthetic power of
photochemistry has been used to elegantly solve numerous
synthetic riddles,2,3 but much less has been done in an area of
chemistry so intrinsic to its core, namely basicity. Whereas
Brønsted photoacids that dissociate more rapidly in the singlet
excited state than the ground state are known,4 there are fewer
examples of Lewis photoacids,5 and an analogous photobase
has thus far escaped exposure. Our work fills in this last
remaining gap. To be sure, bases protected with photolabile
groups have been reported, but generally the photochemistry is
being used to break apart a mask, not change the inherent
property of the molecule (Figure 1a).6,7 Following with a more
recent trend to utilize the photoinduced E/Z isomerization of
azobenzene compounds, Hecht cleverly employed a steric wall
to block access to a basic nitrogen atom’s lone pair of electrons
(Figure 1b).8,9 To the best of our knowledge, the Lewis basicity
of a functional group has yet to be altered with photochemistry
(Figure 1c). Herein we report a water-soluble compound that,
upon photoirradiation, is rendered significantly more basic in a
reversible fashion. Furthermore, an organic-soluble derivative is
used to catalyze a Henry reaction in a light-dependent manner.
We recently reported a triazabutadiene scaffold, 1 (Figure

2a), which was water-soluble and reacted with hydronium ions
to liberate a protected aryl diazonium species under
physiologically relevant, mild conditions.10 Inspired by
Fanghan̈el’s report establishing that this general class of
compounds readily photoisomerize to a more reactive Z-
form,11 we irradiated a pH 9 buffered solution of 1. Indeed,
with a simple hand-held UV lamp (“365 nm”, measured at 350
nm), we observed complete consumption of 1 after only a few
hours.12 The non-irradiated reaction under similar conditions
was stable for days. We hypothesized that, if a two-electron

process (illustrated in Scheme S1) is occurring, then 1-Z must
be more basic than 1-E. Initial NMR analysis of samples post-
irradiation clearly showed cyclic guanidine 2 (Figure 2a), but
we did not observe evidence of a benzene diazonium species or
phenol/azobenzene products derived therefrom. We conducted
a trapping experiment with resorcinol because it can serve a
dual role as a radical scavenger and a trap for the benzene
diazonium species that could be formed. In the event, we added
an excess of resorcinol to a pH 9 borate-buffered solution of 1
and irradiated the mixture with light (Scheme S2). Gratifyingly,
the known azobenzene, Sudan Orange G, was formed in a 65%
yield (versus 4% for the non-irradiated reaction).13

We observed that non-buffered solutions became basic upon
exposure to light in a time-dependent manner. This increase in
pH correlated with the appearance of 2, which is mildly basic.

Received: April 27, 2015
Published: July 27, 2015

Figure 1. Photochemically generated bases. (a) Upon exposure to
light, the protecting group of a masked base decomposes to reveal a
basic nitrogen atom. (b) The basic nitrogen atom of a molecule is
obscured by a steric wall that is reversibly swung away in a
photochemically triggered fashion. (c) The intrinsic basicity of a
nitrogen-containing functional group is altered by a photochemical
event.
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To assess the basicity of 1-Z, a non-buffered solution of water
was irradiated with light while the pH was monitored in real-
time. Compound 1 was dissolved in water, and the pH was
adjusted to ∼9 to prevent the formation of 2 in the absence of
light. Upon exposure to 350 nm light, the solution rapidly
spiked up to a pH of 9.8 over the course of several minutes;
upon longer exposure, it slowly became more basic (black line,
Figure 2b). At a low concentration of 1, these spikes were
followed by a decrease in pH (green line). These data suggest
that 1-Z is more basic than 2, a fact that is corroborated by the
finding that 1 is able to deprotonate water absent of hydronium
ions.14 Once the more basic Z isomer is formed, it can go on to
form 2 or revert to 1. Assuming that 10% of 1 is isomerized in
the first 30 s of irradiation15 and that 1 is completely consumed
at 25 min, the relative pKb values of 1-Z and 2 in water were
found to be 5.1 and 6.0, respectively (see the Supporting
Information for the calculations).
In spite of the jump in pH suggesting its existence, 1-Z

remained uncharacterized by NMR in water, even at low
temperatures. Attributing this to a low steady-state concen-
tration of 1-Z that both decomposes and thermally reverts the
inability to directly observe the elusive 1-Z in water prompted a
swapping of solvents to DMSO. As noted previously, 1 is quite
stable to an excess of acetic acid in DMSO,10 showing only 12%
degradation to 2 over 14 h at room temperature. Upon
irradiation with light, 1 was completely converted to 2 over the
same time frame. Gratifyingly, irradiation of 1 in acid-free
DMSO for ∼2 h provided a mixture of two compounds, the
starting material and what appeared to be its isomer (1-E and 1-
Z, respectively). Moreover, unlike what we assumed was
occurring in water, the thermal reversion from Z to E in pure
DMSO is slow, with a half-life on the order of days. This long
half-life enabled NOESY experiments that delivered a clear
picture of the identity and conformation of the two isomers
(Figures 3 and S1). To bolster our contention that the new
species in DMSO was the phantom Z-isomer, AcOH was added
to a 70:30 (E:Z) mixture in the absence of light, and within 2

min the Z isomer was gone (Figure 3b,c). The speed of its
disappearance was remarkable, and all that remained was a
mixture of the E isomer and newly formed 2 in a 92:8 ratio. We
draw from this two conclusions: (1) 1-Z is significantly more
basic than 1-E, and (2) the differentially basic N1 and N3
nitrogen atoms provide two pathways of reaction for 1-Z, and
proton-catalyzed reversion to 1-E (likely from N1-protonation)
is dominant.16 Indeed Fanghan̈el had previously reported that
an N1 alkylated triazabutadiene was able to isomerize
thermally.17

To the best of our knowledge, this phenomenon of an
isomerization-induced pKb change has escaped the eyes of
watchful chemists, as it almost did ours. Unlike the case where
Hecht’s compound is rendered basic upon irradiation by way of
moving a steric wall (Figure 1b),8 it is unlikely that steric
factors play a significant role in our chemistry, especially in
water. Our current rationale for this effect is that the E isomer
has a stable conjugated π-system with alternating non-π-
involved lone pairs of electrons,18,19 whereas the Z isomer lacks

Figure 2. (a) Compound 1 is rendered more basic upon exposure to
light. (b) Constant UV irradiation of dilute solutions shows a quick
spike in pH (presumably from 1-Z) followed by a leveling off resulting
from complete conversion of 1 to 2.

Figure 3. (a) Compound 1 in DMSO was irradiated with UV light for
1.75 h and analyzed by NOESY. Signals were normalized to the
strongest NOE observed (numbers in circles) taking into consid-
eration relative concentrations of E and Z. (b,c) A solution of 1 in
DMSO (black spectrum) was treated with UV light for 1 h and
analyzed by NMR (blue spectrum). The solution was treated with 10
equiv of AcOH, and an NMR spectrum was collected after 2 min (red
spectrum). The Z isomer was consumed within this time.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.5b04367
J. Am. Chem. Soc. 2015, 137, 9764−9767

9765

86

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04367/suppl_file/ja5b04367_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04367/suppl_file/ja5b04367_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b04367/suppl_file/ja5b04367_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b04367


these features and has a higher energy HOMO. This higher
energy HOMO stems from a break in the conjugation between
the phenyl ring and the nitrogen π-system of the Z isomer
(consistent with NOE data, Figure 3a, and diminution of UV−
vis spectrum compared with the E isomer, Figure S3) and
repulsion between the two adjacent lone pairs of electrons on
the N1−N2 nitrogen atoms. These factors render the N1-
nitrogen atom more electron rich than in the E isomer, and
thus more basic. This model is bolstered by 15N NMR data
collected on the same general class of compounds in the early
1980s.20−22 These studies observed a significant upfield shift in
the N1-nitrogen signal with a minimal effect on the N3-
nitrogen upon examination of the E vs Z isomer. Data from the
same study suggest that a similar effect is true of simple azo-
benzenes, but these compounds are generally so much less
basic than 123 that the switching occurs in a less synthetically
useful or observable range. This hypothesis is corroborated by
derivatives of 1 with electron-withdrawing groups that were
synthesized and irradiated with light in a buffered solution
(Figure S4). Whereas these compounds decomposed to form 2,
when tested in pure water an initial rapid spike in pH was not
observed, but simply a slow increase due to 2 forming.
Seeing the potential utility of 1 as a photocatalytic24 base in

the context of organic reactions, we desired to test its ability to
catalyze a simple condensation reaction. Due to the limited
organic solubility of 1, we synthesized 3, a compound
previously reported by Bielawski (Figure 4a).25 With 3 we
noted similar light-induced acid sensitivity in DMSO and slow
thermal isomerization. As such, we used what we had learned

from 1 to select a proof-of-concept reaction. Based on the
apparent pKb of 3,

26 we matched pKa values to condensation
substrates. A Henry reaction between nitroethane (4) and p-
nitrobenzaldehyde (5) was chosen to demonstrate the virtues
of 3 (Figure 4b).27 Indeed, the reaction between 4 and 5
occurred rapidly at room temperature in a light- and catalyst-
dependent manner (Figure 4c). The reaction with 25 mol% 3
in the absence of light was exceedingly slow. Likewise, the
reaction with light but no catalyst also failed to proceed (Figure
S5). The cyclic guanidine was not observed during a post-
reaction analysis of the components from a 25 mol% 3 run,
indicating that the Z-isomer of 3 is likely to be the catalytically
active species in solution.28 Worried that a trace of cyclic
guanidine could catalyze the reaction, we treated a mixture of 4
and 5 with 1% guanidine and found that it did indeed catalyze
the reaction to near completion with 3 h (Figure S5). In order
to discriminate between 3-Z and guanidine as the relevant
catalyst that we were observing, we ran a reaction with light and
turned it off once the slope matched that of the guanidine-
catalyzed reaction. True to our model, the reaction slowed and
stopped, presumably as 3-Z became protonated and thermally
isomerized (Figure S5). Interestingly, the reaction photo-
catalyzed with 3 was significantly faster than the same reaction
reported by Hecht.8

In closing, we have reported a remarkable transformation
whereby a molecule is rendered basic upon photoisomerization.
Steric arguments cannot be employed to explain the dramatic
change, but instead loss of conjugation in a π-system and
coplanar lone pairs of electrons on adjacent nitrogen atoms
appear to be the key differences. These findings are guiding
ongoing divergent efforts in our research to (1) better control
the release of diazonium species and (2) design a photobase
with long-term stability. The operational ease by which these
compounds are rendered basic should allow them to find their
way into other applications. Furthermore, we hope that these
findings will promote a better understanding of factors that
should be assessed when examining Lewis basicity and will
inspire researchers in the area of catalysis, both organic and
organometallic.
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General Procedures 

All reactions were performed under an argon atmosphere, with the flasks oven dried and 

cooled in a vacuum oven prior to use. N-methylimidazole, potassium tert-butoxide, 

sodium hydride and 1, 3-propane sultone and the below utilized solvents were 

commercially obtained and used as received. 1H and 13C NMR data was acquired on 

Bruker DRX-500, or DRX-600 and referenced with residual solvent peaks; CDCl3 7.26 

ppm and 77.0 ppm; (CD3)2SO 2.50 ppm and 39.5 ppm; MeOD 4.87 ppm and 49.0 ppm; 

D2O 4.80 ppm. Coupling constants are expressed in hertz and abbreviations for 

multiplicities given as s = singlet, d = doublet, t = triplet, dd = doublet of doublets, ddd = 

doublet of doublets of doublets, td = triplet of doublets, and m = multiplet where 

applicable. Mass spectral analysis was performed on a Bruker ICR ESI. All light 

reactions were performed using either: Spectroline UV lamp (115 volts, 50 Hz, 0.20 

amps) with a 365 nm wavelength setting (peak measure at 350 nm); a homebuilt UV-

LED array, see below. The distance between UV lamp and reaction vessels was kept at 

5 cm. UV-Vis absorption spectra were obtained from an Agilent 8453 spectrophotometer 

equipped with a VWR 1180S temperature controller set at 25.0 °C. The pH probe 

(Thermo Scientific Orion) was connected through an electrode amplifier (Vernier 

Software Technology) to a laptop. Logger Pro 3.9 was used to calibrate the pH probe 

and to record all pH values versus time. 
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Specifications of our homebuilt UV-LED Array 

The device was made by placing 9 UV-LEDs (“High Power 3W UV 365 nm,” measured 
to be 350 nm) all in parallel with resistors to protect from surges. These were set up in 
groups of 3 on circuit boards. Aluminum was added to act as a heat sink (not required if 
run at low power). Fabric strips were used to connect the boards and provide flexibility to 
wrap around tubes. The device is powered by a variable voltage source and for the 
results published in this manuscript it was run at a constant 3.3 V (not maximum 
brightness). 
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Scheme S1. The reaction of 1 with a proton source to yield 2 is greatly accelerated upon 

irradiation with light. 

 

Synthesis 

Compounds 1, 3, S1 and S3 and all the intermediates were synthesized according to 

reported method.1, 2 Compound S2 was synthesized using our previous method1 with 

minor modifications (Scheme S3). Products of light induced degradation (Scheme S4) 

were characterized by NMR and mass spectroscopy.  
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Potassium 3-(3-mesityl-2-(phenyltriaz-2-en-1-ylidene)-2,3-dihydro-1H-imidazol-1-yl) 

propane-1-sulfonate (1) 

E isomer: 1H NMR (500 MHz, DMSO-d6) δ  7.32 (1H, d, J = 2.4 Hz), 7.05 – 7.00 (4H, m), 

6.97 – 6.92 (1H, m), 6.83 (1H, d, J = 2.4 Hz), 6.49 – 6.46 (2H, m), 4.07 (2H, t, J = 7.1 

Hz), 2.52 – 2.47 (2H, m, overlapped with DMSO), 2.32 (3H, s), 2.10 – 2.03 (2H, m), 1.93 

(6H, s); (500 MHz, 10% D2O in H2O) δ 6.94 (1H, s), 6.87 – 6.84 (2H, m), 6.77 – 6.74 (1H, 

m), 6.58 (2H, s), 6.34 – 6.33 (2H, m), 6.12 (1H, s), 3.98 – 3.97 (2H, m), 2.85 – 2.81 (2H, 

m), 2.17 – 2.12 (2H, m), 2.04 (3H, s), 1.65 (6H, s); (500 MHz, CD3OD) δ  7.22 (1H, d, J = 

2.5 Hz), 7.09 – 7.05 (2H, m), 7.04 (2H, d, J = 0.7 Hz), 7.02 – 6.99 (1H, m), 6.70 (2H, d, J 

= 2.5 Hz), 6.59 – 6.56 (2H, m), 4.27 (2H, t, J = 7.1 Hz), 2.93 (2H, dd, J = 6.6, 8.1 Hz), 

2.39 (3H, s), 2.38 – 2.33 (2H, m), 2.05 (6H, s);  13C NMR (125 MHz, DMSO-d6) δ 151.7, 

150.6, 137.4, 135.6, 133.8, 128.8, 128.1, 124.7, 120.4, 117.1, 116.7, 48.0, 44.5, 25.3, 

20.5, 17.4. Z isomer: 1H NMR (500 MHz, DMSO-d6) δ  7.24 (1H, d, J = 2.5 

Hz), 7.20 (2H, t, J = 7.8 Hz), 7.10 (2H, dd, J = 1.40, 8.2 Hz), 6.99 – 6.94 (5H, m, 

overlapped with E isomer), 6.83 (1H, d, J = 2.5 Hz), 3.86 (2H, t, J = 6.7 Hz), 2.52 – 2.46 

(13H, overlapped with DMSO), 2.12 – 2.16 (5H, m, overlapped with E isomer), 2.29 (3H, 

s), 1.99 (6H, s); (500 MHz, CD3OD) δ  7.26 (2H, dd, J = 7.3, 8.3 Hz), 7.09 – 7.06 (2H, m, 

overlapped with E isomer), 6.97 (2H, d, J = 0.7 Hz), 6.72 (1H, d, 2.5 Hz), 4.12 – 4.05 (2H, 

m), 2.80 – 2.76 (2H, m), 2.33 (3H, s), 2.30 – 2.18 (8H, overlapped with E isomer), 2.08 

(6H, s). HRMS calculated for C21H24N5O3S [M-H-]: 426.1605, found 426.1604 

Potassium 3-(2-imino-3-mesityl-2, 3-dihydro-1H-imidazol-1-yl) propane-1-sulfonate 

(2) 

1H NMR (500 MHz, DMSO-d6) δ 7.84 (s, 2H), 7.35 (s, 1H), 7.12 (s, 2H), 7.11 (d, J = 2.5 

Hz, 1H), 4.10 (s, 2H), 2.45 (s, 2H), 2.32 (s, 3H), 2.03 (s, 2H), 1.99 (s, 6H); 1H NMR (500 

MHz, CD3OD); δ 7.21 (1H, d, J = 2.5 Hz), 7.12 – 7.10 (2H, m), 6.93 (1H, d, J = 2.5 Hz), 
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4.18 (2H, t, J = 7.1 Hz), 2.87 (2H, t, J = 6.9 Hz), 2.36 (3H, s), 2.30 - 2.24 (2H, m), 2.08 

(6H, s); (500 MHz, DMSO-d6) δ 7.37 (1H, s), 7.35 (2H, d, J = 2.5 Hz), 7.12 (2H, s), 7.11 

(1H, d, J = 2.5 Hz), 4.09 (2H, t, J = 6.7 Hz), 2.46 (2H, t, J = 7.1 Hz), 2.33 (3H, s), 2.05 – 

2.01 (2H, m), 2.00 (6H, s); (500 MHz, 10 % D2O in H2O) δ 7.02 (2H, s), 6.79 (1H, d, J = 

2.6 Hz), 6.50 (1H, d, J = 2.6 Hz), 3.88 (2H, t, J = 6.9 Hz), 2.89 (2H, dd, J = 6.4, 8.9 Hz), 

2.33 (3H, s), 2.16 – 2.14 (2H, m), 1.94 (6H, s); 13C NMR (125 MHz, CD3OD) δ 147.1, 

142.3, 137.3, 130.9, 130.2, 117.9, 117.8, 48.3, 45.7, 25.8, 21.1, 17.5. HRMS calculated 

for C15H20N3O3S [M-H-]: 322.1231, found 322.1231.  

 

Scheme S2. Reaction of 1 with resorcinol.  

Trapping the diazonium ion formed with resorcinol 

To a solution of borate buffer (4 mL, 100 mM) was added (20. mg, 0.043 mmol) and 

resorcinol (47 mg, 0.43 mmol), then UV light (365 nm) was turned on for 10h. Control 

experiment was carried out in the absence of UV light. After the reaction, HCl (0.1M) 

was added to bring the pH to 5. Precipitate was filtered and dried to give red solid (65% 

with light, 4% without light). The product was confirmed as Sudan Orange G by NMR. 1H 

NMR (500 MHz, CDCl3) δ 7.87 – 7.77 (3H, m), 7.52 (2H, t, J = 7.6 Hz), 7.49 – 7.42 (1H, 

m), 6.58 (1H, d, J = 8.8 Hz), 6.45 (1H, s). 
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Scheme S3. Synthesis of compound S2. 

Potassium 3-((Z)-2-((E)-(4-cyanophenyl)triaz-2-en-1-ylidene)-3-mesityl-2,3-dihydro-

1H-imidazol-1-yl)propane-1-sulfonate (S2) 

To a slurry of 3-(1-mesityl-1H-imidazol-3-ium-3-yl) propane-1-sulfonate (0.64 mmol, 200 

mg) in dry THF (6 mL), in a -78 degree bath, p-cyano phenyl azide (93 mg) was added. 

In one portion, 1.3 equivalents KOtBu (96 mg) was added to the reaction vessel and the 

resulting mixture was stirred under argon for overnight slowly warming to room temp. 

The mixture was filtered and solvent was removed and the residue recrystallized 

DCM/Hexane system to give yellow solid (214 mg, 77%). 1H NMR (500 MHz, DMSO-d6) 

δ  7.46 (1H, d, J = 2.5 Hz), 7.45 – 7.43 (2H, m), 7.07 – 7.05 (2H, m), 7.01 (1H, d, J = 2.4 

Hz), 4.14 (2H, t, J = 7.1 Hz), 2.52 – 2.48 (3.82 H, m, overlapped with DMSO), 2.36 (3H, 

s), 2.10 (2H, m), 1.94 (6H, s); (500 MHz, 10% D2O in H2O) δ 7.28 (2H, d, J = 7.0 Hz), 

7.16 (1H, s), 6.85 (2H, s), 6.62 (1H, s), 6.39 (2H, d, J = 7.1 Hz), 2.87 (2H, dd, J = 6.1, 

9.0 Hz), 2.15 (7H, m), 1.79 (6H, s); 13C NMR (125 MHz, DMSO-d6) δ 156.3, 150.4, 138.4, 

135.7, 134.2, 132.9, 129.5, 121.2, 120.0, 118.4, 118.1, 106.1, 48.5, 45.4, 26.0, 21.1, 

17.8. HRMS calculated for C22H23N6O3S [M-K+]: 451.1552, found 451.1569. 

1,3-dimesityl-2-(phenyltriaz-2-en-1-ylidene)-2,3-dihydro-1H-imidazole (3) 

E isomer: 1H NMR (500 MHz, DMSO-d6) δ  7.18 (2H, s), 7.08 (4H, s), 7.03 – 6.98 (2H, 

m), 6.97 – 6.94 (1H, m), 6.36 – 6.33 (2H, m), 2.35 (6H, s), 2.09 (12H, s); (400 MHz, 

CDCl3) δ  7.07 – 6.98 (7H, m), 6.61 – 6.56 (4H, m), 2.38 (6H, s), 2.19 (12H, s). Z isomer: 

1H NMR (500 MHz, CDCl3) δ  6.97 - 6.89 (13H, m, overlapped with E isomer), 6.43 – 

6.36 (4H, m, overlapped with E isomer), 2.24 (6H, s), 2.05 (12H, s).  
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1,3-dimesityl-1,3-dihydro-2H-imidazol-2-imine (S4) 

A solution of compound 3 in acetone was treated with HCl. After bubbling subsided the 

solution was concentrated and the resulting residue was dissolved in ethyl acetate. The 

organic layer was washed with sodium bicarbonate (saturated) and after removing 

solvent the solid was washed with hexanes. After confirmation of purity by NMR S4 was 

used without further purification. 

1H NMR (500 MHz, CDCl3) δ  7.03 (4H, d, J = 0.64), 6.73 (2H, s), 2.33 (6H, s), 2.15 

(12H ,s) 

 

Concentration-dependent pH change under light 

To a quartz test tube solutions of 1 were added. Solutions of 0.5 mM and 1.0 mM of 

compound 1 in deionized water were obtained by dissolving 1.9 mg in 2.0 mL of solvent 

and performing dilutions to obtain the desired concentrations to a total volume of 2.0 mL. 

A 4.0 mM solution was prepared by dissolving 3.9 mg of compound 1 in 2.0 mL of 

deionized water. The pH probe was submerged into reaction solution and the solutions 

were adjusted to pH 9.0 using a 10 mM NaOH solution. Data collection commenced 

once the pH leveled and after 1 minute the solutions were irradiated with the UV-LED 

array set to 3.3 V (roughly the same UV output as a handheld UV lamp). The data from 

these experiments are shown in Figure 2 of the accompanying manuscript. 

 

Calculation of pKb of 1-Z and 2 

Using data shown in Figure 2b (manuscript text) several key assumptions have been 

made to calculate the pKb. First, we assume that at early time points the jump in 
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measured pH is only due to a 1-Z (no 2 formed). Second, the measure pH at early time 

points is the result of 10% of the initial 1-E has been isomerized to 1-Z (based on 8% 1-Z 

observed in DMSO after irradiation for 1 minute). Third, we assume that the 

concentration of 1-E has a negligible effect on pH (that is, we do not take into account 

the decrease of 1-E but instead treat the calculation as if we are adding 1-Z or 2 

exogenously and not generating them in situ). Finally, the concentration of sodium ions 

has a minimal effect on the measured pH. Measured values are bold italic.  

 

	  
0.5	  mM	   1	  mM	   4	  mM	  

	  
2	   Z	   2	   Z	   2	   Z	  

[base]	  initial	   5.0E-‐04	   5.0E-‐05	   1.0E-‐03	   1.0E-‐04	   4.0E-‐03	   4.0E-‐04	  
[OH]-‐	  initial	   7.8E-‐06	   7.8E-‐06	   7.6E-‐06	   7.6E-‐06	   1.0E-‐05	   1.0E-‐05	  
[OH]-‐	  final	   1.8E-‐05	   2.1E-‐05	   4.3E-‐05	   3.6E-‐05	   9.5E-‐05	   5.0E-‐05	  
[base-‐H]+	  final	   1.0E-‐05	   1.4E-‐05	   3.5E-‐05	   2.9E-‐05	   8.5E-‐05	   4.0E-‐05	  
[base]	  final	   4.9E-‐04	   3.6E-‐05	   9.6E-‐04	   7.1E-‐05	   3.9E-‐03	   3.6E-‐04	  

	  
	  	   	  	   	  	   	  	   	  	   	  	  

	  
	  	   	  	   	  	   	  	   	  	   	  	  

Kb	   3.9E-‐07	   8.0E-‐06	   1.6E-‐06	   1.5E-‐05	   2.1E-‐06	   5.6E-‐06	  
pKb	   6.4	   5.1	   5.8	   4.8	   5.7	   5.3	  

	  
	  	   	  	   	  	   	  	   	  	   	  	  

	  
	  	   	  	   	  	   	  	   	  	   	  	  

Ka	   2.6E-‐08	   1.2E-‐09	   6.4E-‐09	   6.8E-‐10	   4.8E-‐09	   1.8E-‐09	  
pKa	   7.6	   8.9	   8.2	   9.2	   8.3	   8.7	  

	   	   	   	   	   	   	  pKa	  (averaged)	   Z	   8.9	  
	  

pKb	  (averaged)	   Z	   5.1	  

	  
2	   8.0	  

	   	  
2	   6.0	  

 

NOESY Experiment 

A solution of 1 in DMSO (36 mM) was added to a quartz NMR tube and irradiated with 

the UV-LED system for 1.75 hours. NMR spectra were collected at 25 °C using a Bruker 

DRX600 spectrometer at 600.13 MHz equipped with a 5 mm Nalorac H-C-N Z-axis 

gradient probe. NOESY spectra in TPPI quadrature detection mode were recorded with 

base H2O+ +base-H OH
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512 real data points in the t1 dimension and 4k real data points in t2 dimension. NOESY 

experiments mixing time was set to 500 ms. The spectrum width was 5.985 ppm 

centered at 4.690 ppm. The number of scans was 8 and the relaxation delay was 1 s. 

The chemical shifts were referenced to DMSO solvent peak (2.49 ppm). Data were 

processed using XWINNMR and analyzed with the software MestReNova. Cross peaks 

of interest were integrated according to their peak volume on NOESY spectrum. All 

values were normalized by concentration difference (peaks from different molecules). 

The full spectrum is found below with the other NMR section. 

 

Figure S1. NOESY spectra for 1 post-irradiation 
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Thermal reversion of 1 in water 

Compound 1 (9.3 mg, 10 mM) was dissolved in water (2 ml) with either the presence or 

absence of CuSO4·5H2O (0.5 mg, 1 mM) and added to a quartz test tube. The pH probe 

was submerged into reaction solution and the solutions were adjusted to 8.5 (the Cu-

containing solution began at pH 8.5, the other solution needed to be adjusted). Data 

collection began and the tube was irradiated with the UV-LED light followed by periods 

of no light. The light was turned on at 3, 6, 12 & 22 minutes and turned off at 3.5, 7, 13.3 

& 23.4 minutes  

 

Figure S2. Effect of Cu2+ ion on thermal reversion of light-induced isomerization. 

 

UV analysis of compound 1 

A solution of 64 µM was made by dissolving 3.0 mg of compound 1 in 10 mL of DMSO 

and performing a dilution with the prepared stock solution to achieve the desired 

time (minutes)

p
H
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concentration. After obtaining a blank spectra with DMSO, 3.0mL of the solution was 

syringed into a quartz cuvette and a baseline UV spectrum obtained. After this, the same 

sample was illuminated for 5 minute intervals, taking a spectra between every 

illumination interval. 

 

Figure S3. Time-dependent UV-vis Spectra of 1 

 

Light and Acid induced isomerization of compound 1 

In a quartz NMR tube, 10 mg of 1 was added into 0.75 ml of DMSO-d6. 1H NMR 

spectrum was taken before light treatment as reference. Then the NMR tube was placed 

under 365 nm UV lamp for 1 h and 1H spectrum was taken again. One drop of acetic 

acid was added into the NMR tube to initiate thermal isomerization and decomposition. 

1H NMR was done immediately (2 min) to check the reaction progress (see Figure 3c in 

main text and NMR spectra below).  
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Buffered time-dependent photo-degradation of triazabutadienes 

Boric acid / NaOH buffer solution (100 mM) at pH 9 was made to perform all the tests. 

Triazabutadienes (10 mM) were added into a quartz test tube (15 x 120 mm) and 

dissolved in 2 mL buffer solution. The UV lamp was placed against the test tube and a 

handheld UV light turned to “365 nm” was turned on at a time point defined a t0. The 

peak emission of the lamp was found to be ~350 nm. The reactions were analyzed at 

different time points by NMR (spectra below). At set time points, 0.4 mL of reaction 

solution was taken and mixed with 0.1 mL of D2O in a NMR tube and spectrum was 

recorded.  

	  

	  

ReactIR Procedures 

Photo-catalyzed reaction was followed by Mettler Toledo ReactIRTM 15. To perform 

reaction, 4-nitrobenzaldehyde (5, 22.7mg, 0.15 mmol), nitroethane (4, 112.5 mg, 1.5 

mmol) and compound 3 (0, 5, 10 and 25 mole % compared to 4-nitrobenzaldehyde) 
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Figure S4. Time-‐dependent	   photo-‐
induced	   degradation	   of	   triazabutadienes.	  
a)	   The	   reaction	   was	   monitored	   by	  
comparing	  starting	  materials	  with	  product,	  
2.	   b)	   Peak	   absorption	   and	   extinction	  
coefficients	  for	  all	  of	  the	  compounds	  were	  
excitable	  by	   the	  UV	   source	  used.	   c)	   Time-‐
dependent	   conversion	   of	   compounds	   as	  
measured	  by	  NMR	  integration.	  
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were dissolved in THF (1 mL) in a quartz test tube, which was equipped with the 

ReactIR probe. The mixture was stirring at room temperature for 10 minutes followed by 

irradiation using a handheld UV lamp for 10 min (Figure S5) or continuously (Figure 4c, 

main text). Reaction progress was monitored by following the peak height of C=O 

(~1712 cm-1) of 4-nitrobenzaldehyde. Standard concentration curve was also obtained to 

determine the concentration of 4-nitrobenzaldehyde (Figure S6). In a separate, no light, 

experiment bis-mesityl guanidine (S4) was added after 15 minutes to assess its viability 

as a catalyst. Upon completion of each of the reactions, solvent was removed under 

vacuum and residue was re-dissolved in CDCl3. 1H NMR spectrum was taken to 

determine reaction yield as well as the integrity of the catalyst.  

 

Figure S5. Control experiments for 3 acting as a photobasic catalyst  

 

Figure S6. Standard curve of peak height vs concentration of 4-nitrobenzaldehyde.  
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NMR Spectra 

Spectrum S1. NOESY of compound 1 in DMSO

 

Spectrum S2. Compound 1 in DMSO 
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Spectrum S3. Compound 1 in DMSO after 1 hour of light  

 

Spectrum S4. Compound 1 in DMSO after 1 h. light, 2 min. after acetic acid addition 
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Spectrum S5. Compound 2•HCl in DMSO 

 

Spectrum S6. Compound 1 in pH 9 buffer after 30 minutes of light 
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Spectrum S7. Compound 1 in pH 9 buffer after 10 hours of light 

 

Spectrum S8. Compound 1 in pH 9 buffer after 20 hours of light 
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Spectrum S9. Compound S1 in pH 9 buffer after 30 minutes of light 

 

Spectrum S10. Compound S1 in pH 9 buffer after 10 hours of light 
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Spectrum S11. Compound S1 in pH 9 buffer after 20 hours of light 

 

Spectrum S12. Compound S2 in pH 9 buffer after 30 minutes of light 
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Spectrum S13. Compound S2 in pH 9 buffer after 10 hours of light 

 

Spectrum S14. Compound S2 in pH 9 buffer after 20 hours light 
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Spectrum S15. Compound S3 in pH 9 buffer after 30 minutes of light 

 

Spectrum S16. Compound S3 in pH 9 buffer after 10 hours of light 
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Spectrum S17. Compound S3 in pH 9 buffer after 20 hours of light 
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Appendix C 

Spectral data 

1H NMR of 1-(4-bromo-2,6-dimethylphenyl)-1H-imidazole
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1H NMR of 3-(1-(4-bromo-2,6-dimethylphenyl)-1H-imidazol-3-ium-3-yl)propane-1-sulfonate 
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1H NMR of 1-phenyl-1H-imidazole 
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1H NMR of 3-(1-phenyl-1H-imidazol-3-ium-3-yl)propane-1-sulfonate 
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1H NMR of azidobenzene 
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1H NMR of 1-(4-(trifluoromethyl)phenyl)-1H-imidazole 
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1H NMR of 3-(1-(4-(trifluoromethyl)phenyl)-1H-imidazol-3-ium-3-yl)propane-1-sulfonate 
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1H NMR of 2-(4-bromophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
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1H NMR of potassium (4-bromophenyl)trifluoroborate 
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19F NMR of potassium (4-bromophenyl)trifluoroborate 
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1H NMR of methyl 4-formylbenzoate 
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1H NMR of 4-((tert-butyldimethylsilyl)oxy)benzaldehyde 
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1H NMR of 4-(benzyloxy)benzaldehyde 
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1H NMR of potassium (4-((4-(benzyloxy)phenyl)(hydroxy)methyl)phenyl)trifluoroborate 
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19F NMR of potassium (4-((4-(benzyloxy)phenyl)(hydroxy)methyl)phenyl)trifluoroborate  
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1H NMR of potassium (4-(4-(benzyloxy)benzoyl)phenyl)trifluoroborate 
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13C NMR of potassium (4-(4-(benzyloxy)benzoyl)phenyl)trifluoroborate  
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19F NMR of potassium (4-(4-(benzyloxy)benzoyl)phenyl)trifluoroborate  
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1H NMR of (4-(benzyloxy)phenyl)(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-

methanone 

 

 

  

  



131 

11B NMR of (4-(benzyloxy)phenyl)(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-

methanone 
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13C NMR of (4-(benzyloxy)phenyl)(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-

methanone 
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1H NMR of (4-hydroxyphenyl)(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-

methanone 
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11B NMR of (4-hydroxyphenyl)(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-

methanone  
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1H NMR of (4-(prop-2-yn-1-yloxy)phenyl)(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

phenyl)methanone 
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11B NMR of (4-(prop-2-yn-1-yloxy)phenyl)(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

phenyl)methanone  
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1H NMR of (4-(4-(prop-2-yn-1-yloxy)benzoyl)phenyl)boronic acid 
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11B NMR of (4-(4-(prop-2-yn-1-yloxy)benzoyl)phenyl)boronic acid 
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1H NMR of phenyl(4-(prop-2-yn-1-yloxy)phenyl)methanone 
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13C NMR of phenyl(4-(prop-2-yn-1-yloxy)phenyl)methanone 

 

 




